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PREFACE

ghis paper was prepared by Dear R. F@sitag, Chief, Mobility Section,
Army Mobility Research Branch, Mobility and Enviroumentel Division, U, S.
Army Engireer Waterways Experiment Stetion, and Zoltan J. Janosi, engineér,
Land Locomotion Laboratory, U, S. Army Mank-Automotive Center, Detroit
Arsenal, Detroit, Michigan. The paper was presented at the Fourth Meeting
of the Quadripartite Standing Wérking Group on Ground Mobility held in
London; Englend, during the period 2 June through 2 July 1963.

To study an area of common interest, the paper utilizes the dats,
techniques, resources, and experience of the Land Locomotion Laboratory,
U. S. Army Tank-Autcmotive Commend, and of the Army Mobility Research
Branch, Mobility and Environmerntal Division, Waterways Ixperiment Station.

Besides the individuals listed as authors, the following pexsonnel
conbributed significently to the analyses of the data and to the prepara-
tion of the paper: Mc. R. A. Liston, Director, Land Locomotlon Laboratory;
and - from the Waterways Experiment Station, Mr. W. J. Turnbull, Technical
Assistant for Soils and Environmentel Engineering; Mr. W. G. Shockley,
Chief, Mobility and Environmental Division; end Mr. S. J. Knight, Chief,
Army Mobility Research Branch.

Col. Alex G. Sutton, Jr., CE, was Director of the Waterveys Experi-

ment Station during this study. Mr. J. B. Tiffany was Technical Director.
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Bach time a new vehicle is proposed the choice of running gear can
only be made after a careful consideration of factors such as mission, ,
initial cost, suspension vulnerability, obstacle performance, ridebility,
fuel economy, reliability, maintenance cost! and soft-soil herfor?ance.

Of these several factors the most infl;éntial one dictating the qe; of
tracks over wheels is that of soft-soll performance.

A detailed examination of the latter aspect reveals that most wheeled
vehicles used at the present time have less mobility than tracked_veh{cles .
of the same weight. If the mobility of either type of veE}cles is to be
improved, designs having contact pressure as low as possible must be.de-
veloped. As far eas wheeled vehicles ;re'concerned, this can be achieved by
increasing the number of wheels or by incfeasing the size of the tires, or
by & combination thereof.

The analysis seems to indicate that it is more effective to increase

the tire size than the number of wheels. The analysis also indicates that

the smaller tire sizes are rot capable of providing extremely good mobility

for heavy wheeled vehicles. While light vehicles could be equipped with
available tires that would make them competitive with tracks on soft ground,
the analysis indicates that the tracked vehicles have higher-pull/weight

ratios on firm sodl.
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Introduction

The phrase "tracﬁ; versus wheels" implies that some sort of conflict
exists between tracks and wheels. It almost seems as if the problem should
be approached in debating-team style with formal arguments pro and con.
Therefore, this discussion will be initiated somewhat in this manner. .
Iater, it is 1htended to endeavor to cast the cold light of experimental
data on one facet of the total question.

The problem of tracks versus wheels has been the subject of a wide
range of treatments from idle conversations to full-fledged investigations.
In almost all cases, there seems to be a desperate seeking for an unassail-
able conclusive answer that yill, once and for éll, eliminate future dis-
cussion and banish the problem. In all reality, however, it seems evident
that a final answer is not possible. Each time that a new vehicle require-
ment 1s posed, the problem of wheels versus tracks must be reconsidered.
Therefore, this paper will not eliminéfe the wheel-versus-tracks contro-
versy but it may shed a little more light on one small phase: the relative
performance of tracked and wheeled vehicles in soft solls and snow.

Before further discussion, one oovious but pertinent observation
" should be made. This is that there would be no need for a tracked suspen-
"sion to have been invented if the same degree of performance could have
been realized with a wheeled vehicle, all other factors being equal.

When & decision is to be made whether to use a wheeled or a tracked
vehicle, a large number of factors must be considered. A fairly complete

list of these factors would include vehicle mission, initial cost, auspen-

sion vulnerability, soft-soil performance, obstacle performance, ridability,



fuel economy, power losses, reiiability, and r'naigtenaix_ce cost.l* The z:gla;
tive importance placed on these *.'a,riousﬁfa'étora can obvicusly produce en-
_tirely different answers. Thus it happens trlza.t one army has selected
wheeled armored personnel carriers while a.noigﬁgr uses only tracked srmored
p'ersonnel carriers. Unfortunately, it does not seen possii)le to dc;’cermige
which set of yeighting factors 1s more nearly correct until the comparative
utility of 'tpe two tyves of carriers in some' future wer wisl ht;.ve been *
evaluated.

It is rather obvious that the mission of the vehicle must be the
first factor to be considered in the evalustion. The mission establishes
the size of the vehicle, the general characteristics, and the probable
operating environment. Broadly speaking, in the. I:ast » vehicle missiors
have been considered to consist of combat, combat-logistical, and logis-
ticel cperations. It 1s proposed that o fourth mission be recognized--
remote ares operation. If a vehicle has a com‘paf mission, it obviously
must be capable of operating in an off-the-road environment with high effi-
ciency. The combat-logistical mission implies en epproximately equal split
between on- and off-road operations. However, the comﬁat-logistical vehi-
cle has a choice of rogte se.!.ection.not avallable to the combat vehicle.
The former .vehicle must opera'bé in naturall :terrain but it can bypass ob-
stacles that the combat vehicle must ov.e:come and it can rely on such
c:;'utches as wincbes or special traction aids thet are impi*actical for the

combat vehicle. The logistical vehicle is a hiéhway reltine pure and sim-

ple end, militerily speaking, may well be & thing of the past. The

* Ralged nuabers refer to list of references at end of tnis paper.
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sffosoad.performsnse required is miphmai sisce it is assumed. that time snd.
equipment are availsble to make_the‘enyirosﬁent sympathetic to the vehicle:
The statement that log;stic vehicles. may be a thisg of the past sssumes'
that aerial delivery of supplies may eliminate the necessity for. long high-
way hauls. Unlikely as this may seem to some investigators, tribute must
be pald to those planners who heve demonstrateq the ability of making eso—
teric plans become hard reality. The remoté‘axea mission vehicle must
operate in all sorts of exotic environmenfs, even in some,%hst mey now seem
impossible. A remote area mission must at the outspt be sssumed to require
elmost complete operation off the road or else tbe area would not be remote.
It is seen, then, that the vehicle mission establishes the amount of on-
and off-highway operation expected for a vehicle'snd %ﬁis, in twrn, estab-

lishes the relative lmportence of soft-soil‘psrformance. ,

Ths factor of initial coet can be elasbiaﬁed upon only vaguex&.and
with difficulby. Obviously a conventional trscked suspension will cost
more than a conventional wheeled suspension. The qualifying "conventiosal"
must be included in this statement since, if equsl performance with both
eystems were demanded, the cost of the track would likely be competitive
with the wheel. Howev-, it is not an accident that economy-minded off-
road construction machinery designers are currently favoring wheeled ver-
sions. It can be concluded that the initial cost of tracked vehicles is
highe. than that of wheeled vehicles. |

An examination of the relative suspension vulnerability of tracks aund
tires indicates that a tracked vehicle holds an advantage over a pneuﬁatic-

tired wheeled vehicle. Extensive research and aevelopment have veen de-

voted to producting pneumatic tires that would be immune to small arms fire.
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Some of the results hevé/?gé@;ﬁoét successful. Uhhappily; this success was
e ; ‘ achiévédxat~thpvéxpepse of, benefits ygualxy_asadciated'with & pneumatic
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tire since the si§gyalﬁé*ﬁérg go—stféng that a rigid wheel resulted. Obvi-
’ . :i : ousiy, a'weil-piéced'miﬁegdifhoﬁiééér round can he very unkind to a. track;

‘ | | gevérﬁpelesé, a considerable fbgce~ls-reqnired to inflict real damage. It

1 ‘ ¥ thus sppears thet. & track 18 considerably less vulnerable than & pneumatic-

tired whesl. ~ Cra s e o

- .‘> The foctors of fuel economy, power losses, ridability, reliability,
and maintenance cuits must e analyzed in two sets of circumstances, on-
road operations and off-road operations. On the highway the wheeled vehi-

cle is obviously superior in all factors. This is evidenced by the fact
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ST TANRERY SIS e )

th&t there are no trackel vehicles operatigg commercially on the highway.
When the off-road situation is considéreq, the analysis 1s no longer
oy .. . 1 - quite so simple. If fuel consump%ion is ﬁéasu?ed between two specific
points, the fact that & wheeled vehicle may reéuire & more circultous route
to avoid obstacles or soft soil can greatly reduce the spread betwe.w the
two vehicle forms. Further, if the wheeled vehicle operates at & high slip

rate over much of the terrain, the relative advantage of a wheal is again

reduced. Differences in power losses become much less significant when

off-road operatlon is considered, since motion resistance from the soil
becomes the dominant factor and slight differences in the loss between the
engine and the ground no longer are significant. This fector is, of course,

closely related to soft-soll performance which will be examined in detail

¢ a— o m——— ——

later in the paper.
The ride of the tracked vehicle is generally considered superior to

the wheeled vehicle in off-road conditions. There 18 no obvious reason why
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" a properly designed wheeled vehicle ahould not provide a.good ride off the
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road; bt the- point is that such a "properly designed" vehicle ‘has not ‘been
offéred for compar?.eon. The tracked vehicle ‘normally benefits: from & high
sprung-to-ﬁnnsprung’maés ratio and great vertizcal travel of the bogle wheels.
It ha.‘s‘ often been demonstrated that a tank, for example, could move over
;'ough 'Eerraj.n at a speed several times that of & truck. Furthermore, ob-
servations of a tracked 5-ton cargo carrier and a wheeled 5-ton truck ix;di-
cated thal.“b the tracked machine developed a hig!'l'er speed, but this msy have
been due as much to driver diffe;'ences as to vehicle differencee. However,
in the absence of contrary evidence, it is s:g'sume\d that a.better ride is
produccd by a tracked vehicie in 6ff-thg-road OP%;ations.

The‘ rela'bi..vg;. reliabili‘by and medntenance costs for wheels and tracks
are difficult to establish since no data on these factors’ are at hand for
examination. It would seem reasonable to expeét'thét a wheeled vehicle
especlally designed for off-road operation 'would compete fé_vorably with
"l;;racke& vehicl;as. On the other hand, it wdﬁld geem equain reaconable that
a vheeled v;ehicle des:l.ghed primarily for highway operation would suffer by
comparison in off-road tran}el, since the suepensi‘c}p would receive frequznt
loads and ixppalct’s considerably in excess ofn ti.xo'se' for which the vehicle wes
designed.

Tﬁe factoz.‘ .of o‘bsfarle performance has been lef{ untouched pri-
mar.il_y because this characteristic is as much dependen'b on vehicle geom-
eti‘y as on “he suspension fgm chosen. If epproach and departure angles,
ground clearance, break angle, track or tire grouser configuration, wheel

or road wi:e'el spacing, dnd other factors affecting obstacle performance

ure carefully considered, good obstacle performsnce is possible either
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' ﬁs’might have been anticipateé, it iévap?arent that the principal
reason for the use of'%racked.véhiélés is their superéor goft-gdil'perform-
ance. Tﬁis observation was offered more or less at the outset of the dis-
cpssiq?. However, by examining a cross section of thé problens invélyed in
Belecting wheels or tracks, the field has been cleared to conceatrate on

this most significant factor. . A

“

comparative Performance of Whéeied énduﬁraékeE<VEhicles

The extent to which soft-ground mobility pr:sently is dependent upon
the type of running gear of a vehicle can te illustrated by comparing the
performances of tracked and wheeled vehizles now in operation. Many

vehicle-performance tests have been conducted by or under the auspices of.
the Transportation Corps end the Army Mbbility!Research Center (AMRC) of
the Soils Division, U. S. Army Engineer watérways Experiment Station (WES).
Data from these tests provide direct comparisons of performance and in ad-
dition furnish a factval basis for hypothesizing the significance of the
vehicle characteristics important to soft-ground mobility.

Before the results of the vehicle tests.can be assessed weaningfully,
the vehicles themselves, %heir performance, and the condition o the tests
must te expressed quant?iatively i a common set of terme.

Several measurable quantities sugge.t themselves as possib}y wseful
bases fcr comparison or descriptors of vehicles. They are‘weight, eontact
pres.ure, volume, cargo capacity; power, etec. The first two of these

quapti.iss have been selected for this analysis. Their limitations an

single - ehicle descriniors uce dhvious and well known. However, gros.




weighﬁ 13 a measure or an indicator dﬂiéverall's%;e, and the contact pres-
gure describes in & general way the iibéortiop of %he overall vehicle de-
voted %o providing support for the.vehicle's wei‘g'ht_.' -

The riominal contact preésure éf e tracked vehicle is obteined by di-

-v1ding the vehicle's weight by the overall-area of-track in contact when
. the vehicle‘ié ?esting o o firm surface. dﬁenings in the track and spac-
‘ings between links are considered part of the track in computing the area.
. gimilarly, the nominal contact pressure of a.pnéuﬁatic-tired vehicle is
obtained by dividing the vehicle's weight By the area of contact of the
tire when at rest on a Tirm surface. The areas are measured from conven-
%sional tire prints by considering the spaces between tread features as part
of the overall area.

The nominal eontac£ pressure\measufemenﬁ does not recognize the space
occupied by a necessary portion of running geér that is not in contact with
a.suriace. Therefore, to give some consideration %o the space required to
contain the traction elements, & vehicle descriptor termed "projected

-c&ntact pressure" has been introduced. To gpt this descriptor, vehicle
weights were divided by the projected area of the space actually occupied
by the running gear components. For tracked vehicles, this is the distance
from outside the front sprorkets to outside the rear sprockets times the
track width times the number of tracks. The projected area of a tire is
simply the overall .'re diemeter times the width. The projec’.ed areas of
all wheels of a wheeled vehicle that come into contact with the ground are

summed to get the total projected contact ares.
Two different quantities have seen used ‘o provide a numerical rating

of vehicle performance. One is %the convensional pull-weight ratio, / .
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From the standpoint of the traction elements, this ratio may have a differ-
ent meaning in sand or snow where frictional pr0perties largely govern be-
havior than it has in ;et, fine-greined soils. Nevertheless, it has fre-
quently been used to describe performance in all types of soils and should
at least serve as a basis for comparison of wheeled and tracked vehicles in
a particular soil type. As used in this study, the pull is the maximum.
sustained force the vehicle was able to exert on a tow cable, i.e., the
amount of thrust the vehicle's traction system was aile to generate over
and above that needed to propel itself in the test medium. The weight term
in the ratio is simply the total static weight of the vehicle. Refi..ements
such as distribution of load to individual wheels and dynamic loadings were
ignored. The other rating of vehicle performance is the vehicle cone index
(VCI) which has been develcped so far only for fine-grained soils. This
vaelue indicates the lowest soill strength that will support the passage of
the vehicle it describes. In the evaluation system developed at the WES,
it is the soil cone-index value that will Just;be sufficient to allow the
vehicle, with no towed load, to make 50 passes in the same tracks. A soil
vith a strength of 75 percent of this value is estimated to be Just strong
enoééh to permit one or two passes.

' Since the purpose of the analysis is to compare performance of vehi-
cles, the numerical ratings supplied are for the same set of conditions.
The VCI ratings are the soil-strength levels representing fhe point of zero
puil for all the vehicles. Pull-weight ratios.for the various vehicles
were obtained, either directly or by interpolafion, for the same soil
strength. Soil strengths were measured by the cone index in most of the

tests but were estimated in the remainder of the tests.
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The vehicles considered in the analysis arenlisted in table 1. Eaéh
vehicle has teen assigned a number to assist i: locating the corresponding
plotted pnints in the éraphical presentations. The weight, nominal contact
pressure, and projected contact pressure Qf each vehicle are alsoc listed.
Tre nominal contact pressure of vehicles with.pneumatic tires is that ob-
tained at 15-psi inflation pressure. The value of 15 psi was arbitrarily
chosen for fine-grained solls as a comm;ﬁ datum, as this was the inflation
pressure used in most of the actual field tests on such soils. Since in-
flation pressure affected results of tests on coarse-grained soils and snow
much more significantly than on fine-grained soils, various inflation pres-
sures are shown for the former maeterials. These data are listed in

subsequent tables as appropriate.

Fine-grained soils

The vehicles considered in this raper are listed in table 1. ‘The VCI
ratings shown were calculated by means of the equations developed by the
AMRC. These equations are given and described briefly in Appendix A. The
extent tc waich the calculated VCI compares with experimental results is
shown in figs. 1 and 2 for the vehicles actually tested. In these plots,
the.strength of the soil on which a test‘was run has been plotted on the
X exis, and the computed VCI's have been computed on the Y axis. Thus,
for each vehicle, there is a series of plotted points representing “go"
or "no-go" tests for that vehicle. Those tests in which the vehicle
failed to make 50 pasges are plotted as closed symbols. The tests in
which the vehicle was not immobilized within 50 passes are shown Ly an
open symbol. If the computed VCI's were absolutely correct, the 1:l.

line representing equal vehicle cone indexes and soil cone indexes would
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_completely geparatz the closed avmbele froﬁ'%he open symbols.
I% can be seen that the computed VCI'B tend to provide a slightiy
conservative estimste of vehicle performsnce.‘ In fig. 1, showing wheeled-
vehicle data for 226 tests on 27 vehicles, in only five igstances was &

vehicle immobilized on a soil condition rated stronger than the VCI. On

' the other hand, there were 1T teets in which, the veh*cle wag eble to travel

on & soil that would have been expected to cause immobillza* ion, i.e., ft

hed a cone index significantly {more than 2 cone ihdex) lower than the VCI.
In f£ig. 2, the pattern for the 123 tracked vehicle tests on 13 vehicles is
seen to be similar. There is Just one imarbilization on & soil rated ade-

quate, but there are 18 "go" tests on soils having cone indexes that are

_ less than the computed VCI by more then 2 cone index units. Thus, con=-

' gidering botn wheeled and tracked tests, the eYeiuation could be considered
t0 be correct about 88 percent of the time and correct or on the safe side
about 98 percent of the time. '

It has been aﬁparent from these plots that the vehicle cone index
calculation provides a reasonable evaluation of the probable performance
of vehicles not tested if the vehizles are not radically different from the
vehlcles actually evaluated. ,

‘The performance of vehicles in wet, fine-grained soil ad rated by the
vehicle cone index has been plotted against vehicle weight in fig. 3. A
linc 2w veen drawn on the plot that most nearly separater the wheeled
vehiclse !rom the tracked vehicles. The data show that a wheeled vehicle
usually has & higter VCI then a tracked vehicle of equal total weight.

This means that conventional wheeled vehicles tend to require stronger

soils to support them. The data snow also that lightweight vehicles, both

—
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wheeled and tracked, tend to have bett;r verformance than vary heavy ones.
Thers are three wheeled vehicle tests %hét plot on the tracked side

of the line. These vegicles are the 16-to£'GOER {ezpty), No. 1; the Marsh

Buggy with 10-ft tires, No. 30; and the xMh10, 8x8, No. 37. All three have

-lightly loaded, relatively large tires. Two %gackeﬂ vehicles plot well

into the region occupied by most hf the whééie& venicles. They are the I
tractor, No. 51; and the M5 tractor, No. 59. Thsde vehicles have re1a~.
tively narrow tracks.

Fig. 4 shows the VCI ratings of %racked and wheeled vehicles plotted
against their nominal contact pressure. Not all the vehicles in table 1
are represented, as contact pressﬁre dath were not evailable for some of
the wheeled vehicles. A line can be drawn that separateé completely the
wheels from the tracks, but for both wheeled and tracked vehicles there is
& falrly consistent trend for performance ‘to be best at the lowest nominal
contact pressure. It is esomewhat “surprising to observe further that
wheeled vehicles at a relatively high nomlnai céntact pressure have the
same computed VCI as tracked vehicles at leéser nominal contact pressure.
However, thie observaﬁion is not necesserily meaningful in an absolute
sense as the ﬁominal coﬁtaqt pressurs term_for wheeled vehicles is quile
arbifrary. Furthermore, it should be recognized that since the nominal
contact pressure of a tire normelly is not less than the inflation pres-
sure, the lower limit of this descriptor, as used in this'plot for wheeled
véhicles, is 15 psi. 'If the tire contact area data for ti. desecriptor had .
bec.. oblained at a lower inflation pressure, the wheeled vehicle . ta

points (in fig. 4) would all be shifted to the left, more nearly in line

with the tracked vehicls potats. (A reasonable ebsolute minimum pregsure

\
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would be the projected contact area, which will be discussed in a subse-
quent paragraph.) Neverthelsss the data in fig. L suggest that the per-

P4 .
formance of wheels is reasonably good considering that the nominal contect

pressures are relatively high. )

Observations of vehicles when towing loads and climbing slopes sug-
gest that tracked vehicles are capable of.utilizing the available soil
strength to better advantaée than ave wheeled vehicles. This advantage:
which may be the reeult of the more uniform préssure distribution and
aggresslve grousers, appears to be confirmed by field data. It seems per-
tinent, therefore, to compare the pulling ability on the basis of the nom-
inal contact preesure descriptor. In fig; 5, the nominal contact pressures
of the various vehicles are plotted against‘an estimated pull/weight (P/W).
rating on a cone index of 80. The P/W estimate was obtained using the
techniques described in WES Technical Memorandum 3-240, 1hth Supplement.
Fifty or more passes of the vehicle are assumed. A line can be drawn to
sreparate the wheeled and trecked vehicles piimarily because of the differ-
ences in nominal contact pressure. Nevertheless, the trend of the data
suggests that the wheeled vehicles would do as well as tracked vehicles 1if
the-nominal contact pressures were tne same, It must be noted, though,
that the use of the 15-psi inflation presrure datum limits the nominal
contact pressure of the wheeled vehicles to this value (15 psi). To get
lower nominal contact pressures, lower inflation pressﬁres must be used.
Unfortunately, the data are not adequate to explore this line of reasoning
further.

Projected contact pressure has been used as the vehicle descriptor in

plotting fig. 6. Not all the tracked vehicles are represented, as the
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necessary dimensions were not available for some. It is evident that this

descriptor is strongly related to the VCI. In fact, ar can be noted in the
J ! .

equation for the VCI of wvheeled vehicles in Appendix A, the descriptor is

exuactly twice the most important element of the equation, i.e.,

oes weight
(tire diameter/2) X tire width x No. of wheels

that the projected contact pfessuieéufor tracked vehicles are of the semé .
’

. It is of some interest

order of magnitude as for wheeled vehicles andlw;th some exceptions imply
the same level of performance. A single line woﬁld represent all the data
in fig. T quite well. The M46, M7, and M48 tanks (Nos.L3, LL, and 45) and
the M6 tractor (No. 58) are able to achieve a higher level of performance,
i.e., lower vehicle cone index, than other vehicles of the same projected
contact pressuce. The reason for this is not known, but it may be noted
that all vehicles are relatively heavy.

In summary, data on existing vehicles shc& that wheeled vehicles
have less mobility at the same weight than tracked vehicles in fine-grained
soils. From a careful study of figs. 4 and 5 it appears that the perform-
ance of many wheeled vehicles is equal to that of many tracked vehicles.
Hoﬁever, in terms of the P/W ratio (fig. 5) it can be seen that the best
tr;cked vehicles perform somewhat better than the best wheeled vehicles.
Also, the poorest tracked vehicles have better performance than a number
of the wheeled vehicles considered. For both wheeled and tracked vehicles,
the trend is for the more mobile vehicles to have contact pressures that
are relatively low in comparison to others of their type. Thus the data
imply that in we%t, fine-grained soil the le;s-mobile wvheeled vehicles

can be provided with soft-soil mobility equal to most tracked vehicles

by reducing the nominal contact pressure. This could be accomplished by



increasing the size and/or numbeyr of the wheels.

Coarse-grained ébil‘s Do

r

Mic oerformance ratings giw;en here for v'efx!i.clesv operating in coarse-

grained soils are exclusively in terms of the one-pass, pull-weight ratio

g; obtained in tests at one soil-strength 1eve:1'. Adequate dsta are available
B on 13 wheeled vehicles and € tzlacked vehicl;s. These vehicles and the ,
corresponding vehieclie num.bers are listed in table 2, together with nominal
: i contact i)ressure enéd performance data for at ".ez,as’t two different tire in-
—. flatign pressures. One of the inflation pressuz;es was about the lowest

;,, coneidered practicable for the tires tested (ﬁsual.‘ly less than 12 psi), and
z the other was either a typical "cross-country"' pressure (usually in the

” range of 15-25 psi) or one thai allowed onilyx moderate tire deflection.

’ ~.In fig. T, the P/W ratios of the vehi'cles on sand gt & cone index of
; 100 are shown in relation to their weights. "At any gross weight it is ap-
f parent that tracked vehicles are better performers than wheeled vehicles.

' Only one wheeled vehicle, No. 33, was as capable as the poorest of the

tracked vehicles tested, and this wheeled vehicle was a very lightly loaded
- "model" without a 'pract'ical load~carrying ability. All the tracked vehi-

’ ' cles deveJ.oped‘abou‘c thé'same P/W ratio. It eeéms apparent from these data
h that 'i;he weight Jescriptor is hot dir<etly related to performance. Part of

the spread in the performance of wheeled vehicles at any particular weight

s 'Ehe result of differences in ine tire inflation pressure, a factor that

greatly influences performance.

Fig. 8 compares vehicle performence with nominal contact pressure.

3 N

These date show that most of lhe wheeled vehicles opercte with nominal con-

tact préssures thet are much higher tiian the nominal contact pressures of

-




i trécked;vehicles. This is true even for the lowest inflation pressures
test°d. Only the unusual vehicles in the Marsh Buggy class were able to
develop the performance rating of the voorest of the tracked vehicles at a
compar@ble nominal pressure. These vehic%e; operate at loads per tire that
é&e qﬁite gméll in relation to the load éon%eptionally carried by tires of

" this size. Tﬂe data show also. that the perfor;ance of the wheeled vehid;es

was strongly related to the nominal coatact pressure. I¥ will be noted

that if & parallel ;elation is assumed for'tracks, the best wheeled vehi-
cles never will be able to operate as e.fectiveiy as fhe best tracked
vehicles i1f both have the same nominal contact éressure. It 1s of some
interest to note further that the tﬁree tracked vehicles that demonstrated

:Euperior performance are the engineér tractors. One of the distinguishing

features of these tractors is a relatively rigid track suspension. It
sesms possible that this may be a fact;; in'the.performance level achieved.

The relation of vehicle perfo;gance to the projected contact pressure
ig shown in fig; 9. The implications of this plot are much the same as the
nominal céntact pressure plot, except that the MSAh and M4 high-speed trac-
tors (Nos. 54 and 55) appear to fall more nearly in the seme zlass as the
engineer tractors. In both contact pressure plots, the M29C (No. L48) has

a relative performsnce rating more comparebie to the wheeled vehicles than

to the other tracked vehicles.

Overall, the datae show that in sand very few existing wheeled vehi-
cles achieve the level of performance of any of the tracked vehicles.

However, the datea suggest that a P/w performance rating equal to thet of

the poorer tracked vehicles could be realilzed if tie wheels were operated

at an equal value of contsct pressure. The general trend of the data is
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,:stich-_:as to imply th,a% the best wheeled vehicleg cannot"ﬁatgh the perform-

snce of the best tracked vehicles at equal contact pressures. The data
show the-conventional rigid-tracked engineer'{:ractqrs to be superior to
other types -of tracked vehicles in coa}'se-grained solls.

The data on the performemce of whe‘ele:é vehicles in snow are tco Pew
to permit a good comparison of track-versus-wheel performasce. Genera.l]q’r,
vheeled yehicles are considered to be unsuited for use in swow, bubt some
noteble exceptions do exist. |

Weight is known to influence wheel perlormance. The Marsh Buggy,
carrying 3500 1t on each of Its 10-ft-diameter tires, traveled easily on
Creenland ice-cap snow. The Sno-train tractor, using scmewhat wider 10-ft-
dlameter tires but carrying a tire load of 80(_)0 _'lb s was little mo:l'e than
marginally operative in Greenland. The Byrd Sno Cruiser with 17,500 1b on
each 10-~fY-diameter tire was a complete failure in the Anterctic in the
1930's. The Tournadozer, total veiéht 31,600 1b, nominal contact pressure
about 17 '.si, vas immoblile on the Greenland ice cap; but the MI135,
a-l/a-ton trruck, total weight 17,000 1lb, nom.nal contact pressure about
27 psi, could just propel itself. All the tracked vehicles tested in
Greenland, including the M48 tank at ll.2-p$i norinal contact pressure,
93_,000 1b total weight, were mobile and able to exert a significant level
of pull (P/W aporoximately 25). It should be recclled that ice-cap snows
tenél t0 be much stronger than suburctic and tree-line snows.

A Jew one-pass, drawba;r tests have been conducted with small, wheeled

vehicles in Geep, soft, subarctic snow. These data provide a few numerical

evaluaticns of whecl performance. Typical results are shown in fig. 1).
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Also shown in fig. 10 are the results of someone-pass tests with tracks in

a similar snow but which were cbtained at a different time and place than
/

the wheeled vehicle data. The trend of the deta is somewhat similar to

that for the coarse-grained soils. This result is in line with the concept

of dry; soft snow acting as & frictional material. The dste suggest tnat

lightly loeded wheels can approach the performance level of the poorer
tracked vehicles at equal nominal contact pressure but probebly cannot
metch thé ability of the better tracked vehicles. It shouid be noted also
that the wheeled vehicles were able to move cnly when the nominal contact

pressure was quite low.

While the snow date are far from conclusive, it seems clear that con-

[
»

ventional wheeled vehicles are not capable of performing acdequately in most
snow. It is likely, too, thet wheels will be found to be somewhat inferior

to tracks sven at equal weights and/or equal nominael contact pressures.

Redesign of Wheeled Vehicles

The intent of the foregoing enalvsis was tc compare the performance
of vheeled and tracked vehicles and to note any implicetion contained in
the data. A logical extension of thies study is to use this knowledge to-
gether with presently available analytical techniques to determine the
chenges that would be necessary to provide a specific wheeled vehicle with
& suft-soil performance level ecual to that of an existing tracked vehicle
vith a closely similar size end mission. This has been done for the three
vehicle peirs listeu in table k., In the analysis are included small,
medium, snd large .ehicles of relatively modern design.

7o Yimit the number of prsaible wheel configurations to be analyzed,
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orly twe types of change vere studied: (a) the number of wheels regnired
Por the desired mobility if the tire size actually used on the vehicles was
vetained and (b) the si%e of tires required if the same number of wheels
and same tire proportions (i.e., diameter-width ~atin) as presently used
were rﬁﬁained.

The analysis was carried out using both the technique based on the
AHMRC cone index system (described in Appendix A) and the equations de-
veloped by the Land Iocomotion Laboratory (LLL) based on the Bekker soil-
value system. Thece lavter methods and equations are descrired in come
detail in Apvendix B. The AMRC svstem permits the direct ~alculation of
the wheel configuration that would Just allow the vehicle to complete one
or 50 ptsses on the same soil on which the counterpart tracked vehicle also
would jus- complete cne or 50 passes. The LLL equatioans are used to cal-
culate the all a vihicle can exert on the first pauss o.er a soil with a
given set of va.ues. To make a comperison similar to that afforded by the
AMRC .ystem, wheel cheracteristics were Getermined that wouldé provide the
vehicle with Just a little more than zero drawbar pull on the same soil
conditions that would almost cause the counterpart tracked vehicle to
become immobilized. This was done by developing & series of curves of
P/W versus soil consistency "k" for a bracketing number of possibie wheel
configurations. 'The combined results ¢l both these calculations are given
in table 5.

Interestingly, the two systems ylelded the very same redesign conclu-
sions for the problem of providing thc necessary number of whecls with
tires of “ne size precently in use. The results of the tire slze coaputa-

tione yielded : gntly different results. The LLL estimales of the
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necessary tire size were consistently a few inches greater than the corre-
sponding AMRC estimates. Therefore, the values shown in table 5 are the
averages of the two sets of numbers.

The design estimates in table 5 show that wheeled vehicles can be de-
s;gned.to 1ave the same soft-ground mobility as tracked vehicles. However,
1¢ 18 equally evident that the size and/o; numper of wheels necessary to
accomplish this can create the awkward problem of incorporating them in &
practical vehicle. From the data, thie problem appears to be considerably
more acute for the large vehicles than for the small ones.'

It must be emphasized that the vehicle redesigns Just described pro-
vide Just sufficient mobility for the vheeled vehicles to-ffaverse the same
very soft soill that the tracked vehicle cen Just barely cross. This is the
condition for which the available P/W ratio gffectively is zero. If the
redesign had been made to meet a requiremeﬁt tha£ the wheeled vehicle be
able to equal the tracked vehicle at a large P/W ratio (i.e., on a rela-
tively strong soil), the wheeled configurations would have been even more
extreme and probably impractical to build. This problem will not be dealt
with in this paper in the interest of brevity, but a thorough study of the
computation systems 1nvAppendixes A and B, and particularly figs. A2, B3,
and Bb, will confirm this observation. Both the LLL and the AMRC systems
imply that the use of a greater number of the present tire sizes probatly
will not achieve the same P/W performance on strong soils as the better
trﬁcked vehicles. This is apparently true, eveh though the number c¢f tires
uéed becomes absurdly large. On the other hand, the LLL system calcula-
ﬁions indicate and recent WES field data tend to confirm that the tracked-

vehicle P/W levels can be reached by using tires of heroic proportions.
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Conclusions

On the basis of arguments advanced and.data presented, the following
points are concluded: |

a. A general solution to the problem of wheels versus tracks is
noé feaélble.

b. Whether to use wheels or tracks %s & question which must be:
answvered each time a new vehicle requirement is_posed.

c. The following are the principal féctors to be considered in
making the decision: mission, initial cost, suspénsion.vulnérability,
obstacle perfcormance, ridability, fuel economy, maintenancs ~0st, and
soft-soil performance.

d. Soft-soil performance is the principal factor that has moti-
vated the selection of tracks over wheels.

e. A study of actual performence data for existing wheeled and
tracked vehicles indicates:

(1) Tracked vehicles can operaﬁe on softer soils, pull
heavier loads, and climb steeper slopes than wheeled vehicles of the
same -weight.

(2) Reduction of contact pressure appears to be the most
effective, presently feasible way to improve the performance éf both
~ tracked and wheeled vehicles.

f. According to existing theoretical or quasi-theoretical knowl-
edge, reduciion of contact pressure in wheeled vehicles by increasing the
size of tires is mc ffective in improving vehicle performance than by

increasing the number of wheels and retaining the same tire size. This
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. stetement is especially appliceble if wvehicie perfcx"mance is judged mainly

on, the criterion of drawbar pull on firm soils.

g Redesing of wheelsd vehicles to endow them with tne ability
to trevel on soil as sof't as that ;zpon which “counterpert" vracked vehicles
can travel, can be accomplished but only at the expense of adding -axz
awkward or unrealistic number of wheels of the original size or by greatly
increasing the tire size while retaining the same numher of wheels. Re:ie-
sign of wheeled vehicles to provide them with P/W ratios on rirm soll as
high as tracked vehicle “counterparts" will require even a greater number
of wheels and/or larger tire sizes, according to iae best informaticn

available.
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' Teble 1
Vehicle Data
Fine-Grained Soi)s

- 42
Sy

hominal Projected

Vens Vehicle Contact Contact
cle No. of  Weight Cone Preseure  Pressure
No. Vehicle P Tye 8fze ¥heels b Index psi* psi

R 3
v e e
B A N reac iy ah Frciit o
SN GIOA AR W3 TR o s wrtad
tom il I

Wheeled Vehicles

¥ 1 16-ton GOER XM43TEL (empty)  29.5-25 b 39,300 k2 17 L.5
& 2 16-ton GOER XMU3TEL (loaded) 29.5-25 4 1,070 79 - 8.1
. 3 §-ton GOER XM520 18.00-26 b 26,667 57 17 6.0
A A 5-ton GOER XM520 15.00-34 4 26,667 66 19 6.9
P 5 6x6 Meill Flex-Trec 10.00-20 6 9,100 k43 25 3.8
; 6 lixh Neill Flex-Trac 10.00-20 b 9,100 55 27 5.3
7 Tournacozer 21.00-25 % 31,209 3] 21 6.0
- 8 2-1/2-ton ML35 11.00-20 6 17,700 59 31 6.4
9 2-1/2-ton M34 11.00-20 6 17,500 50 31 £.3
10 3/k-ton M3T 9.00-16 b 7,475 60 2L 6.1
1 hi-ton, 6x6 truck 1%.00-20 6 25,100 59 27 6.2
12 6-ton, 6x6 truck 1%.00-20 6 34,800 81 35 8.6
13 1/2-ton ¥274 (mule) 7+50-10 4 %,100 32 15 1.5
ak Bucket loader 14,00-24 4 13,815 L8 19 k.
15 1/h-ton Willye station wagon  7.00-15 L 3,665 53 -- 4.5
16 1/4-ton MISL (Jeep) 36x20-1h Y 3,450 25 15 1.3
17 1-2/2-ton Powerwagon L6x18-16 i 9,500 35 15 2.9
18 Gama Goat 12.4/11-16 6 5,770 34 - 2.4
19 2-1/2-ton Mg 9.00-20 10 13,490 48 28 3.9
20 #MHO9EY truck 16.00-20 8 46,450 70 -- 7.G
21 Rough terrain forvlift 16.00-24 L 30,625 7 -- 8.5
22 BARC 36.00-41 L 197,000 174 22 12.0
23 5-%on LARC 18.00-25 4 28,000 56 - 6.4
2l 15-ton LARC 24,0029 L 65,060 87 - 8.8
25 2.1/2~ton DUKW 11.00-18 6 20,055 T 27 7.6
26"  1/b-ton M38 (Jeep) 7.00-16 " 3,250 50 21 I
21 5-ton Mil 14.00-20 6 30,185 70 21 7.5
28 bxh Jumbo truck 18.00-26 4 20,100 54 21 6.3
29 *  3/u~ton M3T (empty) 9.00-16 Y 5,925 52 23 4.8
30 Marsh bugey 33.5-66 4 11,990 22 -- 0.7
31 Macsh buggy 18.00-25 b 1,745 35 : 2.7
32 Marsh buggy (model) 9.00-14 h 180 9 v 0.2
33 March buggy (mode?) 6.00-16 N 210 16 19 0.3
3h 3/%-ton XM408 7.00-16 6 h,562 Uy 21 3.7
35 8-ton XM520EL 18.00-33 L h3,k10 2 - 7.6
36 3/l-ton FC-1;0 9.00-16 L] 6,920 L5 23 h.3
37 2-1/2-ton X410 16.00-20 8 15,050 33 - 2.3
38 Saracen AFC 11.00-20 6 22,400 9 32 8.8
29 2-1/2-ton, €x6 truck 10.50-18 6 16,300 62 25 6.6
4o GOER, 5000 gal, XMu3BE2 29.5-25 i 72,000 80 - 8.2
(Continued)
#* Nominal contact prepswre. are tve tire inflation prescurc of 15 psi.
**  Welght of 14,000 i uned to obtair vehicle cone index.
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4 27
5 Teble 1 {Concluled) 3
= ~ Hoadbal  Projected
| Vebicle Gontact  Contact
3 Xo. of Weight Cone Pressure FPressure
N |- Vehicle Yire Size ¥heels 1b JIndex s psi
o | Tracked Vehicles
’ Mk tank - 35,800 58 1.3 6.2
2 w6 tank 92,000 64 13.3
43 M6 tenk 97,00 & 13.2 8.7
i M MY tank 97,200 6 13.7 8.7
4s 48 tank 98,400 ko 1.2 6.9
= 4% 792 towitzer 124,700 65 12.5 -
E Y7 M8 cargo tractor k9,700 4 7.8 4.8
5 18 ¥29 cargo carrter (weasel) 5,640 25 1.8 1.2
it k9 TR tenk 50,800 47 9.4 5.7
‘ 50 LVD-4 33,500 52 8.6 -
& ‘ 51 D4 engineer tractor 14,870 57 9.4 5.8
’, 52 D6 engineer tractor 22,670 ko 8.2 ——
E 53 DT engineer tractor 29500 ko 6.9 k.9
A 54 M54h hi-speed tractor 25,230 k2 6.3 b7
% 55 M4 hi-speed teactor 30,250 ks 7.1 k.9
56 MJAL hi-speed tractor 37,100 37 6.1 4.3
3 ST T48EL personnel carriur k2,000 43 8.3 -
§ 58 ¥6 hi-speed tractor 7,35 53 9.5 7.1
L 59 M5 hi-speed tractor 27,000 64 10.4 7.1
; - 60 Nodwell RN-200 cargo carrier 67,000 29 5.0 ---
; 61 M113 personnel carrier 22,900 k7 7.3 4.3
' 62 XMSTL utility carrier 7,700 21 2.1 -e-
63 XM548 cargo tractor 25,250 Ly 8.0 -
b 64 M59 hi-speed tractor 38,700 n 7.0 kb
k: 65 MBER cargo tractor 11,500 39 6.0 5.0
> 66 T28 superheavy tank 188,000 52 14.0 -
(44 M7 cargo carrier (otter) 12,200 “23 2.1 1.2
B i
Ee
A
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: ’ gable2 - - T
.-Yehicle Data .
“ Coarse-Grained Soils
E 4 - T S7TT YT “Nominal Pull/  Projected
- Contact Weight Contact
33 - Pressure at Fregsure
Vehicle Tire Size psi 100 CI p8i .
. Wheeled Vehicles
S-ton GOER XM520 _ 18.00-26 h.2  0.3%0 6.0
18.2 0.275
? Tournadozer 21..00-25 “17.1 0.34 6.0 °
'.:; 21‘02 00252
221/2-ton MI35 11.00-20 27.2 0:283 6.4
, 35.1  0.179
3/b-ton M3T 9.00-16 2.2 0.27% 6.1
ks : 27.2 0.177
Pucket loader 14.00-2k 15.7 0.316 T
22.8 0.215
2-1/2-ton DUKW 11.00-28 22.4 0.316 .
. 31.9 0.195
g 1/b-+on M38 T.00-16 17.8 0.329 hai -
B eh . h 0. 201‘
3 G-ton M4l 1%.00-20 21.8 0.332 7.5
29.8  0.23
b, bxl Jumbo truck 18.00-26 17.3 0.305 6.3
3 2k, 3 0.208
22,8 0.215
¥ Marsh buggy ' 33.5-66 5.8 0.400 0.7
3.6 0.h450
B Marsh buggy 18.00-25 9.2 0.415 2.7
3"' 12o6 00350
18.0 0.345
. Marsh buggy (model) 6.00-16 1.6 0. 540 0.3
2.0 0.%80
*: l« Tracked Vehicles
\ M29 cargo carrier (weasel) 1.8 0.494 1.2
D4 engineer tractor 9.4 0.55% 5.8
D6 engineer tractor 8.2 0.553 ~e-
DT engineer tractor 6. 0.527 h.9
) M5A% hi-speed tractor ' 6.3 0.490 b7
M4 hi-speed tractor 7.1 0.502 k.0

P Ty mmga L s & imn




8 . Table 3 |
i ; Vehicle Dita
, - Deep Dry Soft Spmow
2 ’ Nominal
1 * Contact
E i Pres- > awbar
Vehicle sure Pull/
B! Xo. Vehicle Tire Size psi Weight
j Wheeled Vehicles
E 32 Marsh buggy (model) 9.00-14 1.8 0.37
% i 2.8 0.01
33 Marsh buggy (model) 6.00-16 1.9 0.16
2.9 0.06
3.9 0.00
Tracked Vehicles
48 M29 cargo carrier (weasel) 1.5 0.2¢
5l M5AL hi-speed trastor 8.4 0.14
4 6l M59 hi-speed tractor 7.0 0.24
65 MAE2 cargo tractor 6.2 0.25

% gw».,:&'?i: a\(f-“ ¥
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Table 5

Ny e e wA B 8 s TR Am @ AReus A S G B -

Wheel Coni“igura.tiona Rem;ired for _
Eggifalent Mobility to 'l‘rackeé. Cmmterpa.rt

Wheeled

Vehicla
‘m

Gama Goat

Saracen

~Ti:re Size For Fresent Nimber

Nunber of Tires of Tires

of Present Size Width, in. Diameter, in.
0 16 52
12 DR | ¢ 65 *

20 96 2ko
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‘fig. Al.

AFPENDIX A: COMPUTATION OF VEHICLE CONE INDEX

The vehicle cone index (VZI), i.e. the minimm soil strength in the
critical layer required to support 50 passes of the vehicle in the same
tracks, is determined by First computing a mobility index (MZ) and then

reading the corresponding value of vehicle cone index from the curve,

The MI is obtuined by solution of the following equations:

For wheeled vehicTes

MI = <contact pressure factor X weight factor + wheel load factor

tire factor X grouser factor

-~ clearance facto%) X engire factor X transmission factor

X aifferential factor (1)
where
contact pressure - gross weight in pounds
factor tire width in inches X (overall diameter in inches

of wheels/2) X No. of tires

i}

weight factor 0.02 X gross weight in kips + 0.6

o tire width in inches + No. of wheels

tire factor

100
grouser = 1.05 with chains
factor 1.00 without chains
wheel load - Bross weight in kins
factor No. of wheels
clearance - ground clesrence in inches - 12
factor 2

1.0 when > 10 hp/ 'ton
engine factor = 1%, o< 10 hp/ton
differential - 0.95 if L pkout type
factox 1.00 if conventional type

Pz




Por tracked vehicles

{ contast pr jsure factor X weight factor

ML = kN track factor X grauser fector + togle factor (2)
-« clearance fe.ctor) P engine factor X transmission factor
-where
contact pressure _ gross weight in pounds
factor ~ area of tracks in contact with ground, sq in.
- weight < 50,000 io = 1.0
factor 50,000 to 69,999 1b = 1.2
70,000 to 99,999 1b = 1.4
> 100,000 1b = 1.8
track tracx width in inches
factor 1cC
grouser < i.5 in. high = 1.0
factor > 1.5 in. hizn = 1.1

gross welght in pounds divided by 10
= Total Xo. bogies in contact with ground X arca
of 1 track shoe

begle factor

clearance _ clearance in inches
factor N 10 ,
engine _ > 10 hp/ton = 1.00
factor = < 10 hp/ton = 1.05
. transmission hydraulic = 1.00
factor mechanical = 1.05

Estimation of Drawbar Pull or Slope Climb

A reasonably accurate estimate of the drawbar pull or the slope a ve-
hicle can climb on & fine-grained soil can be made for "conventional" ve-
hicles using the curves in fig., A2. As can be noted, all vehicles are rep-

resented by only three curves, one for wheeled vehicles, one for tracked

5 vehicles with grousers less than 1—1/2 in. high, and one for tracked

e 47
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vehicles with grousers more than 1~l/2 in. high. Note that the ordinate is

both towing foree or drawtar pull in percent of vehicle weight and slope in
y : ’

percent, and that the abscissa is rating cone index units above the vehicle

cone index.
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APPRNDIX B: COMPUTATICE OF VEXICLE PERFURMANCE CURVES

The Land Iocomotion Iaberatory (ILY) method for assessing the mo- .
bility of a vehicle permits the coxmputation of the drawbar pull on axy soil
strength and thus the developrent of & pull versus soil consistency curve
for thef vehicle. Waen this is done for two vehicles, the performarce of
the vehicles can be compered readily on the besic of the soil consistency;
required to just support the vehicles, i.e. that permitting a little more
than zero drawbar pull, as well as on the basis of drawoar fﬁlls at any
higher soil strength. Wnen the calculated sinkage exceeds the belly clear-
snce, the soil consistency at which this sccurs is considered to be that
required to permit passage.

The method employed for the calculation of the drawber pull hes been .
described in a number of publications;7’8’9 therefore, only a brief outline
is given hrelow. .

The general expression for the gross tractive effort ex:-ted by &

vehicle is:

H=jf’r’-3’dA (1)
y

where
H is the gross tractive effort (1b)

is the shear stress (lb/in.e)

2l

c_..l

is & horizontsl unit vector whose sense is opposite to the
direction of travel

dA 1is a surface element of the entire vehicle-soil interface (in.a)

A is the entire interface area (in.a)

4
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The right-band side of equation {1) is the sun of the horizontai cczponents
c? the shear stresses sctirg elong the interfece. It can c.ly be evaluated
if the shear stress is b;mm et every point of the surface A.

It is ascared thet the shear stress i;s a function of the horizontal

s50il deformation Gue to s3ip end the normal pressure:

T = (g + p tan &) £(J) (2

vhere
cp 15 the conesion measured by & bevemeter! (1v/ in.a)-
p 15 the stress rormal tc dA (lb/in.a)
¢B is the angle of friction measured btv 4 bevemeter (deg)

J ie the horizontal soil deformation due to slip (in.)

The function f£(J) i assumed to be of the following form: |

£(3) =1 - X (3)

where

K 1is the tangent modulus of &n experimental shear stress-strain
curve (in.)

The normal pressure has been calculaszed Sy means of Bekker's equation:

p = (/b + k) 2" (&)
where
kc s k¢ , and n are soll parameters
% 1s the sinksge of the element dA (in.)
L ié a characteristic dimension of the ground contsct area (3:1.) .

The sinkage may be obtained from en equation expressing the egquilid-

rium of the vertical forces: LL%




1

e-f[G-riBa (5)
30 |

Bgquations 1.5 perdit the evalaation of the gross traction of a track
or a wheei gs a functior of slip, pz:c?idad that J can be expressed 48 &
mgctiozg of slip (3 o) and the coordinates of the equation of the path of &
point of the running gear.

This is a very siz:ﬁie expression in case of & track: y

J=1x _ (6)

The mathematics become more involved for & wheel:

For BV > Bo .

J’g'{ Vel, - iﬁ cos (:BV'BO) - cos B+ (1 -4 ){sin (Bo'ﬁv)
+8in B +B_- B; - ﬁ]} (7

While for Bo > 5v we also use the following equation:

3t = -g[ 21 - ii (cos B - cos Bo) + (1 - io)(sin B, - sin B
+ By - B)J (8)
where

x 18 the distance between the front of the ground contact patch of
& track and an arbitrary point of the track (in.)

D is the diameter of the wheel (in.)

is the central angle < that point of the wheel perimeter to which
8 vertical velocity vector belongs (ra.dia.ns)

ic the central angle aswociated with the sinkage {radians)

is the centrnl angle between B and an arbitrary point (redians)

H4 - *




B4

Using the above equations and assuming a uniform normal pressure dis-
tribution under a track, the gross tractive effort of a track-laying ve.

hicle becomes: g

H = (Ac, + W tan §) [1 - % (1 - e'J)] (9)
where

J stands for 101/1(

The gross tractive effort for wheels (assuming that p does not vary in
the lateral directicn; and that T = O in equation 5) is:

For Bv > ﬁo

bD Py DY n
H==% f {CB + k<§> [cos (BV - B) - cos Bo] tan ¢B}
av'ao

% (1- €9%) cos (8, - 8) a8 (10)

For Bo > Bv

‘ g k

v o n

bD 5D 5

H=7 f (integrand of equation 10) - > f {CB + k <2>
° BB

v "o

x [cos (B, - cos So)]n tan ¢B} (1 - e"j'lx) cos (B - B) ap (11)

The net tractive effort or drawbar pull is calculated by subtracting
the motion resistance from the gross tractive effort.

The motion resistance is

Rsfﬁi'-ﬁdz\ (12)
A',

50
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vhich ylelds a general solution

. b k _n+l
. RegwIg (13)

Drawbar pull calculstions by fhe LLL“were carried out for the fol-

lqwing_pix sets of snil values:

Soil No. kc ﬁg n ¢ Q X
1 17.5 6.60 .530 1.60 29.2 1.0

2 9.5 5.60 .500 1.90 29.5 1.0

3 6.5 4.70 470, 2.05 25.5 1.0

4 4.5 3.75 425 1.58 23.5 1.0

5 3.3 2.80 390 1.05 21.5 1.0

6 2.2 1.00 .350 0.82 10.7 1.0

The computations were performed for 80 percent slip, for at this slip
the drawbar pull reaches its maximum end K no longer exerts an influence.
Therefore K = 1.0 was assumed for the sake of simplicity. It was further
assumed that all wheels met the same conditions, that is, the effect of the
passage of the preceding wheels on the performance of subsequent ones was
neglected.

The results of the calculations for one of the vehicle pairs studied
(Saracen and M113) are shown graphically in figs. Bl and Bik. Fig. Bl is a
plot of the calculated pull/weight (P/W) ratio versus the soil consistency
pavameter k for the 6x6 vehicle with several different tire sizes. In
fig. B2 the P/W ratio is plotted against k to show the performance of the
vehicle when evaluated with various multiples of wheels of the original
size. The P/W ratio of the Saracen on a soil of consistency k =5 is
shown in fig. B3 in relation to ‘the number of wheels. In fig. B4 the P/W
ratio on a soll of consistency k = 5 18 plotted against the tire width

for tires having a constant diameter/width ratio.
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