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FREDICTION OF MOBILITY AND DRAWBAR-PULL IN TOW-BIN TESTS
USIMG CONE, VANE-COME, AND BEVAMETER-TYPE TOOLS

FXECUTIVE SUMHANY

This report deats with an examination of three kinds af field 1esting

instruments presently advocated for use as measuring taols in the field to

provide input for prediction of mobility, There are undoubtedly many more
kinds of field measuring devices. Howewer, those were chasen because gf
their immediate availability and greater comron usage. The tools considered

gre the cone penetrometer, similar to the one used at WES; a laboratary
adaptation of the bevameter-type of tes: device, a wvane-cone test instrument

presantly used at McSill University.

The results of the study indicate that it is most important Lo

cbtaln proner simulation from these test devices of the mechanics of wehicle-
terrain interaction if a feasible prodiction Tar mohility is to be made. We
note that whilst measurements can be obtainad from these instruments which may
ar may not he pertinent to the actwal mechanics of wehicle-terrain interaction,
the ather important consideration for mobility predigtian is the actual
analytical framework within which these measurements must participate. Thus,
it is not only the instruments that are used that are iwportant for prediction

of mobility, bubt also the methad of appiication of the measurcments obtained

from these tools for analysis and predictian af mohility. Where the
proper appreciat ion of the actual syslem problem is obtained, both fram a

measurement and an analytical point of view, & viable prediction for mobility



is obrained, Thase points are examined i this report, and the results

indicate that the too! designed to account for the necessary mechanical

properties participating in the mechanics of wehicle-terraln interaction,

does indeed produce the lLetter correlation with respect to prediction of

mobility as determined in laboratory towm=-bin tests,

Note that regardless af the toal used, T4 fhe measuremends atre

rationally pbtained, and (§ these measurements are wlcdized L watdysed

which vroperly aegfect the whystcal indferzaction phenomonen to be predected,

sostafhfe mpAud iy wiid be cbtadaned.

misuse of

i

The above statement {s best highlighted by quoting an examgle of
measurements for computations leading to prediction of nmobility.
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PRECICTION OF HDBILITY AND DRAWBAR-PULL IM TOW-BIN TESTS
UsING COME,VWANE-COME, AND BEVAMETER-TYPL TQROLS

1.0 PROBLEM DEVELOPHENT

1.1 PRELIMINARY STATEMENTS

Imn prder o properly demonstrate the problem at hand, 11 i5 nécess-
ary o review, very briefly, the essential elemants which participate in the
production of mobil ity for a vehicle, together with the basie mechanics of
the vehicle=terrain interaction. The reasons for these review ocbaervations
are fournd {p the fact that if rational carrelation i to be desired for toaols
that are required to predict mobility from measurements of kerrain properties,
the sensing tools need to provide a proper reflection of the kinde of mechanisms

developed in the yehicle-soil interacrion problem,

These mechanisms are examined in this section from the vehicle=soil
imteraction point of view fur the surpose of developnent of the the reguire-
ments for ficld sampling teals. Following this, three kinds of tools avail-
able are listed and their respective performance mechanisms developod, R

show how they might relate to the probles at hand,

1.2 OEVICES FOR TERRAIM SEWSING FOR MOBILITY

Figure 1-1 shows a brief sumsary capsule uf the three principal
tools presently used for the predicrion of wehicle nobility. A Fuller
discusslion of these tocls will be glven in section 2.0, In this section,

we will restrict the discussion ko staterments providing & brief appreciation
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af the kindy of actions and reactions provoled by the uwse of the tool in
the terrain.  Figures 1-2, 1-3% and 1-4 show the eanae and effect yronlem
as demonstrated by the tools together with the descriptions of the kinds of
activities generated from the use of Lhe respective tools, The direct

applicatian af all these tools, together with their corresponding test

results will be presented in section 3.3 of this report.
1.2.1 VeRicle-Soil Interaction Mechanics

Interaction between vehicle and terrain is achiewed through the
running gear syster which is either a wheel system or a track/device, or
soille other equivalent system, The mechanics of interaceion Between whesl=-soil
and track=sgil have heen developed previcusly in many published reports by
Tongf The essential ftems for the inteéraction between these running gears

and the terrain are sumparized in Figs. 1-5 and 1-6.

Hote that For mability purposes, 1t 13 desirable that the vohicle
ke able to move from one point to another specified position. To achieve
this, the vohicle must oe supported by the terrain. in additian, the terrain
must provide sufficient rasistance {capability}) wherein thrust can be
developed between the running gear and the terrain itsel?, Iragb il 1zat ian
therefore can arise as 4 result of lack of ground support or fack of strength
in the terrain to provide the wherewithal for development of thrust. These
are demponstrated as sinwage immehilization, ar slip imrpobilization, There
are obvigusly combinations batween the twe which may provide Far irmoobilization

through interaction betwsen these twd primary mechanizations,

" See References at the end of this Report.
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1.3 SIMILARITY AEQUIREMENTS FOR PROPER PREDICTION

In order that onc might predict the behaviour of a2 system, it s
essential that a proper knowledye of the kinds ol mechanisws involwved be
understood. If a prediction s to be made, based uvpon a sampling of the
individual conponents or of the intcractive comporments, it is necessary
for the kinds of mechanisms developed amd sensed by Lhe sampling procedures
te be similar in ¢ssence to thaose jdentitied as responsible for the actual
systert hehaviour nceeded to be predictod. Figure 1-7 illustrates the

general requirement.

'E the sanpling or predictive techniques do not mirror or generate
mechanisms similar to that provoked by the actual or real syston (o bhe predicted,
it beconecs Tmrediately obwious that the abvility o predict the actual ar real
system becomes sevarcly hawpered. The turther one departs from the oimticop
mechaniam requi rement, the less is one's abibity to successfully predict the
bahaviaur of the real system, In the case of g wheel-sail interaction
prablem, it is5 obviogus that the ideal test system should use a wheel moving
on the sail. In this case the test wheel would be properly instrurented to

provide For the varicaus kinds of measurcients which can be translated directly

intc a large wheel performance and subsequencly into a total vehicle perform-

ance.

Correspondingly, For a track-soil interaction proaler, the ideal
tool would ke a small rrack acting on soil with the proper associated
instrumenkation. Since these evidently would becone cumbersome and since

the requirement for Lhe wodel wheels ar model tracks s=eeks to duplicate both
qeometric and other kinds af scaling essentials, the problem hccomes

horrendously complex.
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If one were to depart from the ideal prediction problem requiring
madelling of the actusl field situation to small test toels, the tiree kinds
of tocls given kn Figs. 1-1 through 1-4 offer themsclves as prime candidates,
The question that needs o be asked is how relevant are these tools with
respect to their appreciation of the actual mechanics af the real .wystem

iEself.

Ty reduce the problem to it most simple form, and to allow for
the greatest ease in development of similarity modelling, the concept of
cnergy conservation and its application provides for Lhe most attract ive
forr of comparison performanca, The details given in Fig. 1-8 partray the
inds of energy fields or quantities demanded by the wheel and track soil
interaction problem, tagethoer wlch the essential items produced by the
sansing devigcus. Hote that because of the fact that energy is a scalar
quantity, there is mo particular reguirement for a dupiication of the
sgrain or strain rate fieids, the stresy or the defprmation ficlds

assnciated between the real system and the test devices.

i.3.1 Deformation and Slip

As noted in Fig, 1-8, all the three tools araduce deformation
fields, for which the encrgy associated with the deformation aof the soil
can be obtained. How these refate as direct quantitics to thoe wrecel-soil
or Lrack-soil groblem is oane which requires analysis of the rest rasults
using 3 rodelling procedure wrich reflects the actual mechanics of the

FUANing qear=soil interaction, i.e. there must be a supportive analytical

Hote that the same principles apgply to trne probles of snow mobility and
trafficability.

"
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theary which utilizes energetics In the formulation of the mobility eguation.

Hote that the energy terms por $e do not provide one with an actual
direct prediction of mobility. The terms provide am appreciation of the
amount of energy expended in shear distortion and in defoarmationof the soil.
With refercnce to the sensing tools, soil deformation energy evaluation is
obtained either through the penetration of the ¢one ar vane-<ones devices, or
direct bearing of the plate from the bevamerer test. Cne might egquate the
subsoil deformatian aspects of the phenomencn material for a static loading

situation.

Recagni Zing that the running gear-soil interaction problem reguires
both deformation and slip for a complete appreciation of the mechanics of the
vehigla-terrain interaction problem, we obserye that the 3lip requirement is
not generdlly directly met by any af the toofs. However, the gencrative
mec hanisms necded to provide for computatiomal sufcess in determimation of
slip energy can be obrtained from a knowledge of the shear strength of the
material. The use of neasured shear stresses For computacion of slip

energy loss reguires the establishment of a proper analytical framework,

Suffice it to say thar the apaticabhility of any sensing tocl

insofar as mobrlity prediction is concerned, depends not anly on the

measuremenks made by the tocl, but also on the manncr of ucilization of the

measurenents consistent with the analytical Framgwork describing the

yehicle-sal!l interaction problem. This aspect of 1he problem canrat be

owerstated.

(. b MEASUREMENT AND ANALYSIS

As stated previousiy, the measurement madce by a sanpling 'ool is

13



one aspect ofF the problem, The other is the need for the transfer of that
measurement inia a nebilily prediccian, What is Frequently overlocoked in
prediccion requirements 1s that whilst the ool itself is an iwportant aspect
of the problem, the other sigoificany conlribytion {or prediction 15 tne
manner in which the obtained neasurements are anplind, Thus whilst the tool
itself might not specifically provoke the kinds of machanisms associared with
the real system, perhaps some similarity or correlative relationships mighe
ke ulilized which could serve as a transfer function, praviding therchy a
degree of respectability {ar acceptability) for the tool insefar as mobility

pradiction is concerned. Thus, whilst the various tools might produce

subscil or terrain deformation in one parg ot the test procedure, and show

shear resistance in the secondory part of the procedure, iC is nat neguessarily

true nor does it follow that these lters will be rationally used in the aro-

duction of prediction for mobilicy. how cne internreds and uses one Measure-

ment now hecomes the crux of tme problem,

The above point can be amply demanstrated by considering Lhe
example of 2 small wheel as a tester wnere reasuremonts are made woth the
small model wheel as 3 predictive ool If the reasurement- wade (ror
such a model whee! tester are used to predict total wheel porformance, it
becomes important te apply the proper Ainds of scaling since the poasureronbs
ecsontially are a dircct anc to one correspondence botueesn madel and prototype
nerfFormance o far as Mecnanismé ara Conoerned Heicwser, i F one wore *o use a
plate as & bearing Lool and o utilize the bearing copability ot the platce
to predict wheal perfornance, sevoral guestions arisc, These are [a) the
relationship between g static plales bearing peorforrance and a dynamic wheel phono-
menon, and, th) the translation of a bearing capacity Tere o a rahitity or

drawbar pull quantity.



Figure 1-9 iTlustrates this quandary. Im the discussian provided
in Fig. 1-3, 1t is obvious 1hat application of a static bearing prassure
prediction of rogbhility becomes diffieult as a direct agne to ane predictian,
Howeyer, if one chooses o perform a correlalive testing program whare a
body of actwal test data or wheel performance becomes awai lablae, it is not
unlikely that sare degree of correlation might be achicved. Hxeever, under
such circumstances, the carrelation functicn begomes sensifive to sevaral
parameters and factors associated mot only with the terrain, but particularly
with the ftarcing function -  §.e. the vehicle or the wheel ar the track etec.

ds a real system.

1.5  THE DILEMMA AND THE PROBLEM

From the previous discussions and diagrars, 1t becores obvigus Chat
for une €2 be able ta predict mobility and Jdracvhar pull production with any
sense of realism and confidence, the kinds of sensing toeols needed would
become cumbersore and complex, and the measurements needed would perhaps be
too comprehensive in scaope. Since the usefulness of any kind of predictive
tool is ils sirplicity, and For this particular situation, its partability,
ane 5 then forced into the situatian where certain sacrifices and trade-off
must be made. The value of the sensing 1oal becomes irmeasarably increased

if it were to be simple and portable allowing, therefare for greater usage

over a wider scope of torrain sitoations. Therein lics the dilernma. Singoe

portability and simplicity will require a certain amount of sacrifice tn *the

detailed requirements for the taol, the question that is asked is Zrw 2?0 oon

+

this Rind oFf gygtam predict o oomplex behauiopr puitera?

The problem thercefare is how can gne dewise a Les! system that

would be simple, portable and accurare “n proedicting ro3ilicty throwgh -
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aoorgper veasus et af ke sands of Geramcte- s
participating o tle probfom of el by, and
& use of these Tmeasuromeqts rarowgl a proper booy of

dralysis germans '@ oane celevant to tte actaal meemanics

of e webicle-soit inte-acting g-able-.



2.0 PENETROMETERS AMD TESTING DEVICES

2.1 (NTRODUCT 1ON

The three types of Fleld testing tools studied as identified in
section 1.0 are;

{1} The W.E.5. type cane penelraometer,

{2} The bevameter-type of tester adapted For
laboratory use,

{3} The vane-cone device devaloped in the mobility
laboratory of the Geotechnical Research Centre.

Im this secticn, the mechanisms developed with the use of these devices are
carpared with those thought to be responsible for the wehicle-soil interaction

problem.

From Figs. 1-% and 1-& the problem of vehicle=soil interaction can
he reduced ta one which examines the situation in enerqetics, i.e. the
mechanics of energy transfer where the two principal parasitic energy components
are idangified as interfacial {slip) erargy loss, and compression energy 1055ﬁ
Kote that the principies illustrated ir Figs. 1-3 a~d -6 can be equaliy applied
to vehiclesnow interaction, except that the relationships develaped fFor thase

parasitic cnergy components need to he more fully developed.

Far simplicity in presentation of the fiaures Tn this section, tho
running gear will be specified in same gencral farm, It is understood that

this running gear can eithar be & wheel systom or track device,

2.2 THE COHNE FENETROMETER

A% noted in Fig. 1-2 in the previcus section, the application of a
penetrating farce by the cone into the soil  produces a3 compression 2ame in
Mote that proof for proper predicticon of mobility using the mechanics of

energy transfer {energetics) has been shown in various publications, e.q.
References 8, 9, 10, 11, and 12.



the soil which results in material being displaced in the direction generally
normal to the Face of the cone as it penetrates. The exact direction of

flow depends on the properties of the soil and the surface praperties af the
cone. For a frictionless sail, and for the condition aof zero friction at the
cone surface, the direction of soil flow away from the cone surface can be
taken to be narmal to itS surface.  IF the soil is frictional, with friction
angle &, and if the sgil-cone frictior angle is 7, the diraction of sail flgw
from the cone surface is a function of 3 and .. Yong and Chen {1976} have

discussed this in detail.

At some distance away from tne fagce of the cong, following the
discussian given abave, the material moves along prescr ibed paths and
divections {slip lines) dictated by the properties of the marerial being
penetrated and the boundary canditions of the problem, In the diagram given
as Fig. I-2 in section 1.0, note that the particle paths for typical points
within the soil being penetrated describe trajecrtories which in actual face
conform to those that would be predicted if one applied limit equilibrium
thaeory. The corresponding energy losscs that can be cosputed, with a know-
tedge of these deformations or particle paths, would provide us with the details

as shown in Fig. 2-1.

From detalled experimentation and previcus studies by Yong, Chan
and Sylvestre-Williams (1972}, and Yong and Chen [1974), it is observed that
the development of the deformartien zone is also sensirive to the rate of
penetration and the size of cone | in addition ta soil properties,. Howawer,
these can be norimalized and the results abrtained thereby can be analyzed

accordingly as shawn by Yong et al. {1972},

Hence if the objections to the use of the cone as$ & penetrating
device for assessment of ~obility hings around the foct that come penctrometers

are:



20

TF1FLaalaUsd AuDD 0f B 40 uo|1PJlauad 01 Bnp P31y
Ablaua asiedissip Buipuodsailos pue s31J010a B 313134 ed 105 (=2 914

"yldap yim
ABusus paledissip

B21F 1iunsg| Ul siInoluas
10 uoringrals g

Abaaua ug)jewloyap 3. 4100dg 2140153 ledy 3i311dey

14
e —— e * * b * -
/._n_ 7 - " ; * - v Y49
Ut/ ur gg = ; . \ \
3184 UDI1EJ1BUay o - A Hc
- N ~ AN
Do 7 -
— ~ M
. o~ A
: - NN
._a.m.._m:.._w ff— -
TR Y- WAT-FET, . Y, .
..\... P e
N
—_ A

[o'a]

ummu:m ,:_,mcau mﬂ.ﬁ thmmucmu«_a ‘Ul fauan mcdu woldy 3ouelsrg
1125

LEU D10 #0135 yldag

‘ajEJJnS

“ul



{1} sensitive to size and geometry,

{2} senslitlve to rate of applicaiion of penetrating faorce,
provious studies hawve shown that these cam be accounted far in the reduction
of data, and the results used with duc attention Lo these factors - Yong et
al. {1972), Yong and Chen {1976}, Sylvescro-Williams {1973), Chen (1572}.
The point that should be made in actual fact i4 not that the device shows
the sensitivities, (simce theze can he properly accoountad for}, bul that
these devices will only produce response mechanisms in the sail which are
primarily compressive in paturc. Thus the dissipative cnergy component
of prime importance i1s the compression energy terr. Baecause af the actian
of the cone in penetrating the macterial, if Lhe cone surface 15 Smooth, wvery
litele slip enargy i5 lost (with respect Lo Friction ) at the interface
between the cone and the material. Thus in effecy the interface or slip
enerqgy loss obtained at the wheel-s50il Interface during forward motion of a

wheel 1§ not modelled or sensed.

2.2.1 Requirerent far Comparison and Predictlon

It is apparent from Fig. 2-1 that only ocne kind of trafficabilitcy
consideration is sensed by the cone. In effect, if s0f] cormpressian

characteristics leading to stability characterization is the sale criterion

for mobility, then Lhe tool provides us with a wvery useful means for describing

{vehicle} flotatinn robility. We abserve from this (echnique that if low
clip is encountered insofar as vehicle novement is concerned, the tool should
provide one with a reasonable means for correlation so long as the proper
transfer functlons (i.e. sensing roal to vehicle} are found. The

situatian becomes less clear and indecd more tonuous (F mability at hiogh slips

i5 tn be assessed or evaluated, This is bccause the sensing tool does not
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provide & means for determination of <1ip energy losscs, Its main and

prime capability is with respect ta a sensing of the material property
(compression resistance} which provides far stability in static bearing. We
observe that the cone penetration tool is 3 common toul in most geotechnical
enginearing practices where sounding measurements are used to provide for input

into bearing stability considaratiansg,

bt is because of the above consideratians that it is rat icproper
to use the ¢oie for evaluation af go, no-go situdtions throuch field correlations
and testing. There is wery litetle pretense in the application of the cone
measurements for situations beyond the go, no-go cases, Where extension of
the cone panctrometer readings iz necessary, several adaptations of these
read ings have been made, such as thosc qiven in sectian 3.3, These by and
large depond wupen correlative techniques and dimensianail analyscs which have
been developed inte empirical functions, The direct input for these are then

sean (0 terms of ¢computer modelling such as the AMC-7L.

2.3 BEYAMETER-TYPE LABORATORY TODL

The bevameter-type |aboratory tool ysed s as described in
section 3.0 {following), The general zrinciple of the tool does not differ
From that presanted by Bekkar, excent that the circular plate (for comsression

of the soil), and the annulus used to provide the surficial shear resistance

test, are adapted far laboratory purposes. The technicue followed is
identical to that recommended v Bekker - i.e. using at least “wo ciffering
stzes of circular plates faor comaression followed 2y shear with the annulus

vane.
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Figures 1-4 and 2-2 show the kinds of mechanisms for compression and shear
developed with the bevamerer ool technique, As indicated in the Figures, the
chrcular plares will provide compression in the soil, developing therahy the
deformat jon characteristics simbfar to that idenmtified with a simple load
bearing problem, Hate that this part of the procedure 1s identical to the
plate-foad tests wsed in geotechnical engineering. The results obtalined
from such tests in gectechnical enqineering are used directly to obtain static

foundation design requirements,

The energy consurmed by loading the eircular Learing plate can be
expressaed Iin the Farm aof sail deformation energy. Mate again that this is
a direct logd-bearing problem, and that it does not differ from a standard
gegtechnical soil mechanics problem of stability of foundations. However,
From detaited cxparicnces from reneral geotechnical engineering practice,
the problems of plate sizes, lgading techmique, utilization of test data, etc.

have been throughly investigatea - for at least 50 years!

The application of the annulus shear device at the surface
produces a shear resistance phenorenon ngt unlike that given 83 a direct
shear test™ The value of the shear strength obtained is obviously thercfore
a Function of the rate of rotation of the annulus. 3y constructing the
analytical framework accordingly, one can abtain a shear-siip energy relaticn-
shlp which is sensitive to the rate of rotation, It is partinent to notao
that a similar type of surface vame tool ic used in gerctechnical engincearing
investigations. The tool measures allout two Tnches in diameter, and s
conslderad and used as a nand-held instrument, The results cbtained are

direct!y trapslated in terms of shear resistance 0f *he soil.

A
Note that a small hand-held annulus shear device is available on the market
as & commercial "rough and ready' tester used in Geotechnical Engineering soil

exploracion. The tester is small engugb ta be held in the palm of the “and,
and the procedure calls Tar rotation of the tester in sail wailst "palming"
the tester. The results albitained are "internretcd in *erms of friction

angle ¢ and coheslon ¢ of the soil material tested.
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2.3.1 Application for Mobility Prediction

25

It is obvious from Fligs. -4 and 2-2 that Lhe two prime components for

energy dissipetion in the mobility problem can be sensed with the
bevameter-type technlgue where borh the plate and the annulus shear
devices are used. [t now becomes necessdary to translate these measurements

into application to the running gear-soil interaction problem,

Note that the size of plates used For the bearing compression
problem has been thoraughly investigated and that corrections can be
made (o account for size effects. ln the present method of application of
the test results, the constants derived from reduction of the bearing plate
data depends upon the validity of the limit equilibrium principle which is

sufficiently well constraimed and conditioned.

2.4 THE VANE-CONE DEYICE

The vane-cone device shown in section 1.0 was developed with the
knowledge that the two prime parasitic edergy COMPOnENtS are Compressian
and interfacial erergy loss. In addition, the reguirement for simplicity

arnd portability dictated that the instrument be sufficientiy simple.

Figure 2-% shows the kinds of mechanisos developed with applicatiaon
of the vane-cone device. As in the cone aspect of the devigce, the kinds of
mechanisms deve'oped due to penetration of the cone are not unfike those

shown in section 2.1, Thus onily the deformation cnergy component s sensed,

As remarked previously, the cone, in essence, does not develpp a significant shear

§iress at the interface If the surface of the cone is smoath and if the soil
is frictionless. Thus one is left with devising a technigue which would

provige for slip energy loss characterization,
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The wane portion of the vane-cone device will pravide a shear
strength evaluation of the soil if the vane-cane is rotated. The
technigue requires that the cone be penstrated to the required depth and
maintained &t that depth for rotation of the vane. In actual fack one would
nate that the mechanisms developed as the vane-cone 15 rolated are ngt unlike
that for the annulus vane in the bevarmeter-type dcvfce? The resislance

values or shear strength measurements chtained thereby cam ba converted into

slip energy loss relationshlps not unlike that gbtained for the annulus device

if, and only if, the proper encrgy transfer mechanics frarework is provided
with the annulus device. In actual fact, we note that the cevamater
annulus device does not utilize this kind of a framework, and therefore the
direct translation of annulus information to slip energy loss has not been

aghilained,

24,1 Application for Mability Prediction

It is clear fFrom Flg. 2-3 that the shear and resistance mechanisms
developed with the vane-cone device are not dissirilar to rhar produced
wilh the bevameter—-tyue device. Whilst hoth deformatiaon and interfacial
enerqy losses can be sensed, the energy transfer analytical Framework which
utilizes the kinds of sensing device mgasurements made has only been
developed In conjunction with the vanme-cone device. Thus, insafar as
mebility prediction can be obtained through cnergetics consideration, it is

tlear that the vane-cone measurerents £an be suitably wused,

If only the cone measurcments are used, the Poauer Method

describad in section 3.3.2 can be used to arrive at a prediction of rability.

27

Its success and cradibility can he seen in the results prescented in section 4.J.

" MNote that the wane portion of the vanc-cone device is in actual fact nat
dissimilar to the commercially available vane shear devices used in the
Geotechnical Emgineering practice. It in common practice in Gegrtechnical
Enginecring to use vane shear values for evaluation of soil properties and
strength,



28

With the addition of the vane shear measurements obtained by
rotating the vane-cone device, the added feature of slip-energy loss can
be facrtared into the general energy conservation squation to permit evaluation
af drawbar pull. This application is graphically tllustrated in Figs. 2-3,
1-7 and 1-B. Section 4.0 shows the kinds of predictions ohbtained with the
vane-cone in comparlison to the cone and bevameter predictions and actual

tow-bin test resulrs.
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3.0 EXPERIMENTATION AMD ANALYT!CAL TFCHHIQUES

3.1 INTRODUCT ION

In this section, the types of experiments parformed are given together
with the methods used for reduction of the various kinds af data For application
te the vehicle-soi! interaction problem, Thus for instance, if the cone is
used, the measurements obtained from the experimental tests are reduced according
to the procedures used by the agencies applying this particular technligue as a
predictive device. Extensians of the approaches used have heen cansistent with
the philosophy of the rechnique itself, especially with regard to the cone. This
should be evident in the presentation of the methad of amalysis since, by and
large, common usage oF the cone penmetrometer for predictlon of mobiiity has been

with respecr to go or no-go situations.

Recent advancement in the use of the cane penetrometer, especially for
application with the AMC~71 and the AMC-74 has seen the vse of the so-called
mobility numbers associated with the gone penetration readings. These have by
and large taken the cone penetration device one step beyond the go no-go

situation.

3.2  EXPERIMEHTATICN

The kinds of experimentation performed in the study included three
kinds of predictive tools, and wheel-soil tests im a tow hin to provide data far
comparison with the predictions gbtained using the various sensing devices and

their measurements.
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3.2.1 Sail Preparatiaon for Predictive
Tool Tests and Tow Bin Tests

The soi) used was a kaolinitic soil with moisture content of about
47 to 5] percent. This represented a saturatian af about 9% percent. The soil
was compacted in layers in the tow bin and alsa in the test box used for appli-
cation of the predictive tool tests. The density of the soil variecd betwean
93 and 103 pounds per cubic foot and the corresponding shear screngths of the
sail determined through plane strain triaxial tests provided valuas for cohesion
and friction as follows:

Cohesion = 0.8 psi

Friction angle = 5 to 10°

3.2.2 Tow Bin Tests and Apparatus

The tow bin facility and associated instrumentation have been described
In previous reports and papers as follows:
Yong, R.N., Boyd, C.W. and Windiseh, S.J. {1965) Sofl Verirl: iateraction St:ly,
Sth Meeting Quadrupartite Group, Report Mo. D.Phys. R(G} Misc. 21, Directorate
af Physical Research, DRB, Canada.

Yong, R.N. and Webb, G.L. (1969) Emeryy Diasivusicr and Druwbar Pull Prediction in
Soil-Nheel Imteraetion, Proc., 3rd Int. Conf. 15T¥S, Vol.1:93-142.

Yong, R.H. and Windisch, 5.J. (1970} Betarmination of Wheel Contact Stresses [rom
Measured fnetantancous Soil Veformatione, J. Terramechanics, Vol.7, Hos. 3 £ 4,
pp.57-67.

The scil wehicle test referred to in the above is shown in Figure 3-1.

}.2.3 Test Facility for Predictive Tools

The test facility used for all three predictive tools is shown in
Flg. 3-2. The physical facility allows for interchangeability of the testing tool

and wlth the cone, bevameter anoulus device, plate, or vane-cone. Recording of
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the vertical thrust or rotational torgue values was obtained through the associated
instrumentation as shown in Fig, 3-2. PRotation of the shear unit of the vane-cone

or the bevameter annulus was obtained through a motorized unit.

Following preparatfon of the test soil in the test facility, the proper
test tool was placed in the facility and the tool advanced into the soli material.
Depending uvpon the kind of tool used, the measurements taken provided a record of
elther the peretration force together with the penetration depth, or the other

measuremants associated with the rotational shear zspect of the test.

3.2.% Cone Penetration Tests

in addltion to the size of the cone used which was similar Lo that as
glven by the spocifications From Waterways Experiment Station, other variable cone
kizas were also examined. Only one soi!l type was used and cone penecration

readings were recorded a5 load-penetratlon relationships.

The technlgue for the pepetration tests was identical to that used by
Waterways Experiment Station. Variable rates of penetration ranging from 0.1 to
B In.imin peretration rate up to a depth of 6.0 in. were also investigated. The
infFluence of cone size and rates of penztration has been fully examined and docu-
manted previously by Yeng and Chen (1978) and Yong, Chen and Sylvestre-Williams

(1472). Typical load penetration curves are qiven in Fig. 3-3.

J.2.5 Bevameter-tvpe Tests

Three sizes of pressure plates were used in the rests, They were
1.8 x 1.5, 1.5 x 3.0, and 1.5 x 4.5 in. plates. These were individually
mounted on to the device shown in Fig. 3-2 and separate plate penatration tests

conducted.

# . -
Note that plate bearing thecry allows cne to substitute rectangular
plates for circular slates so Tong as the boundary conditions are properly

specif ied.
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The size of the bevamatar—type annulus shear device used was 1,625 in. §.0,
and 3.125 in, 0.0, with shear vanes protruding ©.375% in. The number of shear wvanes

on the annulus was four.

The rate of penetration of the pressure plates into the test 301l was
1.¢ in./min, and the rate of angular rotation for the annulus was 72 degrees/min.
Figures 3-% and 3-5 show the results for the plate penetration tests and the annulus
shear tesrs. Kote that a s¢hematic of the annulus shear device is shown in Fig.3-5

together with typical test results.

1.2.6  vanc-Cone Tests

Tre size of the vane-cone used s shown in schematic form together with
the typical set of results for cone penctration in Fig. 3-6. The corresponding

shear tests for the vane portion of the vane-cone device are shown in Fig. 3-7.

The procedure for application aof the vane-cone device requlres
that the cone be penetrated into the s0il at the same rate as that used in the
WES cone - i.2. less than 72 in,fmin? At the required specified depth of pene-
traticn, the cone s maintained at that depth of penetration whilst being rotated
te produce the vane shear sensing aspect of the vane-cane device. Note the
Importance for the requirement for the vane-cone to he maintained at that position
with no penetration whilst the vane-cone 14 helng rotated, since the analyses
parformed must relate soil strangth to the depth of soil stratum sarpied. The
rate of rorarion of the vane-cone is conditioned by the shzar resistance of the soil.
If daslrad, the vane-cone may be further penetrated into the soil and the procedure
for wane shear repeated at a lower depth whilst maintaining the cone at the new

panetrated depth.

#* . .

Mate from Fig. 3-1 that the penetrating force for the vane-cone is almost
ldentical to that of the cone (by itself}). To all intents and purposes, one
would consider the penetratlion of the vane-cone equal to the cone.
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3.} PROCEDURE FQOR UTILIZATION OF CONE FENETRATICH
READ INGS FROM WES PENETROMETER

Initial use of the cone readings has been to assess mability through
empirical correlations where cone penetration readings given as cone indices
were correlated wlth actual parformance of typlical vehicles. Through empirical
correlations with such vehlcles, judgments and evaluations were rmade as to go
or no-qa criteria where direct one to one correspondence with the cone indices
can be stated, By and large, this has been the traditional visualization of

the application of cone penatration readings for predicrion of mebility.

Since the development of the AMC-71 and AMC-74 require rore than
dascriptive go no-go pradictions, the ¢one indices have been extended in
application to provide for a means lor prediction af mobility performance with
respect to slip. Im all, together with the previous go no-go situation producing
thereby a mobil ity number approach, there are two other applications which may
be considered as extensions and impravements of the cone penetration test appli-
cation, All these are basically dimensionless technigques which include wheel or

track parameters and soil data obtained by the penetromecer.

3.3.1 The {lay and Sand Number Approach ([WES)

This approach depends an the production of a graphical relationship

developed between dimensionless numbers for clay or sand and a pull or tow

coefficient,
P Full PT Towed Force
gl W and T= ‘--“TE‘EFI:_'= pull and tow coefficients.

Tha clay number can be wriktten as:

.
tbd (5" _1 (3.1)



B

whera

{ = avarage cone penetration resistance,
B,d = unloaded tire width and diameter,
W

= vertical lead or vehicle weight,

L+
In

tire deflection,

o
1]

tire section height.

3.3.2 Power Humber Approach {WES)

This approach also depends on the production of a graphical relation

between power number (PH} and pull coefficient {5—- ﬁg%é%?ﬁ a5 shown in Fig.3-8

wheare:

Mo
PH = {3.2)

a

torgue,

]

ratatianal velocity,

]

wheel load,

= £ p X

test carriage or wehicle speed. i

3.3.3 Extension of Power Number Approach

With the results given in Fig. 3-8, the approach can be extendcd using
infarmation abtained with the McGiT] vane-cane device, Te implement this proced-

ure, the dynamic sinkage, and tangential stresses can be obtained using vane-cona

measurements. The input torgue can be obtained or calculated fror a knowledge of
the dynamlg sinkage and tangential stresses. With 3 knuwledge of the slip and
the corvesponding angular velocilty, the power number coan bz calculated. With

this kind of information, Fig. 3-8 can now provide the corresponding pull ratio

ar different slips.

It is evident that the augmentation of the power nurbar approach using

infFormation From the McGill vana-conc can increase the capability of the cone for




a

Power number PN = Muw/WY

0.6

0.4
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{Melzer, 1972)
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prediction of drawbar pull with slip. We note in passing that in effect, cone

penetration can actually be obtained with the cone portion of the vane-cone device,

3.4 UTILIZATION OF REVAMETER-TYPE READINGS USING BREKKER APPRUACHﬁ

The use of bevameter readings for prediction is as Fol lows:
{a]l Thrust or traction prediction.

{b} mMotion resistance prediction (which includes rolling and
bulldozing resistances).

{c} Drawbar pull prediction which can be cbtained by subtracting
fa) from [b) as foliows:

DP = H - R (1.3}
where
DP = drawbar pull,
H = thrust ar traction,
R = reslstance,
r Bulldozing resistance if the 1
_ | Roliing [or towing) wheel moves on hard surface |
i.e. B = + N
Reslstance covarad with loose soil or
mud or Snow
1,41 Thrust Prediction
H = Il r da {Bekker, 1956} (3.4}
whe re

—
1

tangential shear stress obtained as discussed previously
from annulus shear test and shown in Fig.3-9.

‘E-jfﬁj

{C + ptand) (1 {3.5)
A = conptact area.

To calculate the contact area, a sinkage farmula based also on the plate

equation has been ysed by Bekkerf as:

n + |
L ][ (3.6)

t- [ta-n} CRERTRE

* Note that a recent modification of the Bekker formulation for sinkage can be
used. The results cbtained do not deviate measurably from the data given in
this section. The recent modification of the Bekker formulation is given in

the Appendix.
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where Hc' K, and n are soil wvalues,
1

it
W * wheel lgoad,

D @ wheel diamerer,

b = wheel width.
Hote that the relationship is essentially a static bearing stability Farmula.
The soil values are obtained from three separate plate load tests as shown in
Fig. 3-9. The pressure sinkage rglati0n5 shown in this figure are replotted

again an log P-log Z graph as shown in Fig. 3-10.

Considering the ideallzed straight Tines shown In Fig. 3-10, the

following equation can be applied:

Log P, = log (K /B, + K.) + n log 2, (3.7}

3 P, g (k. /b, + K] 9

where 1 and j  are specified guantities obtafned from the tests.

Picking values on] - 2 inches, andzz - 1 inch and the corresponding values For P

from Fig. 3-10, the following eguations are obtained:

log 4.6 = lag C(KCHD.SE} + K¢] +n log 2.0 (3.8a)
log 4.1 = log [{K_/1.16) + K1+ n log 2.0 {3.8b})
log 3.9 = log [ (K /1.45) + K, 2 +n lag 2.0 {3.8c)
lag 3.5 = log f{HCHG,ES} * K¢] (3.9a)
icg 3.0 = log EIHCII.TE} + K$1 {3.9b)}
log 2.9 = log ({K /1.45) + K¢] (3.9¢)
Note that 0.83, 1.16 and 1.45 are the effective radii of the piates uscd in this

study,

Solution of the above equations provides the average soil values as:



Pressure psi
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- Curved lines are the actual
resul ks

- straight Tines are the
idealfzed resules.

FIG. 3-10

Log-log plot of load-penetration curves



Substituting these soil values in Eg. [3.6) the sinkage obtained for 13.5 in.
diameter test wheel used and 3.75 in. width leadod with 34, 5S4, and 74 b as in

the actual laboratory test condition (for the rtow-bin tescs) provides:

Z3h = 1.16 in. {(for 34 Ib test wheel},
Z51I = 1.88 [n, {for 54 1b test wheal},
Z?h = 2.60 in. {(for 74 1% tesr wheel),

The wheel contact areas corresponding to these sinkages are:

Ay, = 14.88 in?
Ao, = 18.88 in?
A?*I'I = 22-05 in%

Thus, with knowledge of the contact areas and the tangential stresscs the

tetal thrust or traction can be calculated from Ea. (3.4). The calculated
tractions are given in Table 3-1. These values and results have been used
to provide for the comparison of predictions and measured wheei oerformances

in secghon 4.0,

3.4,2 Reslstances

f1h Rolling {or towlng) Resistsnce - The generalired equation far rolling or

tawing resistances given by Hekker [1969) is:

int?
Zn+|
_ (3w}
A= 2+l 1T oA t3.7)
{3+n}2n+| {n+1) [Kc+bK?]2n+1 D2n+|

where

W = wheel [oad,

b and 0 = wheel wid!h and wheel diancter,

Kc’“* and n = soil constants as obtained previously,
o



Predicted Thrust and Brawbar Pull using Bevameter Approach

TABLE 3-!

Wheel Load

Average
Slip Shear b Ik 54 b FIY:
% Stress
T Traccion Pull Traction Pull Traction Pull
psi 16 ib b b b Ib
0 Q 0 -8.,64 0 -17.5 g -28.4
5 0.5 7.44 -1.20 .44 - 8.06 11,03 -17.37
1 0.675% 9.67 1.03 12.74 - 4,76 14,88 -13.52
15 .72 1071 2.07 13.59 - 3.91 15 .88 -12.52
20 0.73 10.86 2.22 13.78 - 3.72 15.10 -12.30
jo 0.74 17.01 2.37 13.97 - 3.53 16.32 =-12.08
Lo 0.74 .o 2.37 13.97 - 3.53 16.32 -12.0B
L 0.74 (I 2.37 13.97 -~ 3.53 16.32 =-12.08
60 0.74 .ot 2.37 13.97 - 3.53 16.32 -12.08
70 0.74 11.01 2.37 13.97 - 3.53 16.32 =-12.08

b
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Applying the whee! and soil data inta the above relationship the

following results are cbtained:

th = 8.6h4 1b {for 34 Ib wheel lgad),
R5ﬁ-=l?'50 Ib {for 5% b wheal lgad),
a?!ﬁzﬂ,h Ib {for 74 |b wheel load).
{i7) Bulldozing Resistance - The bulldozing resistance equation as given

by Bekker {1968) is:

Tl v(90-4)
T

__bsin {u+¢h 2
Rb 2 5in o cos 2T K * ¥z KY] *

= R

Cnl
;

+ —'w + C L. tan “I'_J} + {3.8]

o
LXTESS

-
~
L]

soil constants,

L. = dimension, function of sinkage and angle of
internal fricticon,

tr = angle of approach.

in the present case, there is no need for this resistance as defiped in

Eg. (3.3}, since the soil used in the bin is a cohesive sail.

3.4.3 Drawbar Pul!l

The drawbar pul! tan be cbtained at cach degree of slip by cunsider-
ing the whee! thrust and wheel resistances as discussed in the precediog sub-

sections and in Table 3-1. The same results are restatad in Fig. 3-11.

The results can be represented in terrs of specific energy values
for the purpose of comparison with the energy analysis as identified with
vane-cone predictions. The values given in Table 3-2 are obrained as fol lows

from Table 3-1:
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[ FIG. 3-17  Traction and pul! curve as developed by

the Bevameter approach.



TABLE 3-¢

Praedicted Specific Energy Componants using Bavameter Apargach
{Input Energy and Pull Enerqy)

Wheal Load
$lip Average 34 b G4 b 74 b
S Siaar
Stress  Specific Specific Specific Specific Specific Specific
T Input Puill Input Pul Input Full
psi Erergy  Enerqgy Enargy Enerqgy Erergy  Energy
4] 0 4] -2.3 0 -4 . 67 0 -7.57
5 3.5 1. 86 =0.12 237 -2.15 2.76 -4.61
16 0,675 2.55 0.27 3.36 -1.27 3.93 -3.861
15 0.72 3.00 0.55 3.3 -1.04 b.4g -3.34
20 0.73 3.22 .59 4.08 -0.99 W77 -3.28
30 &.7h 3.73 0.63 .73 -0.954 5.513 -3.22
40 0.74 h.35 0.63 5.51 -0.94 A, L4 -3.22
50 0.7 £.21 Q.63 b .64 ~0.94 775 -3.2¢
60 0.74 6.52 0.63 8.28 -0.94 9,66 -3.22

70 0.74 8.90 0.63 11.04 -0.9% 12.88 -1.22
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Pull force = 1ranslaticnat speed

Specific pull energy =
Wheel widih » translational speed

Specific interfacial emergy =

Traction force » wheel radius = angular velocity

Wheel width x translational speed

Specilic energy has units of b in. funit width/unit of travel.

Mote that the results comparing the predictions of drawbar pull
etc. between the varigus test devices and actual tow bin test wheel megsure-

ments are given in section %.0.

3.5 VANE-CONE PREDICTION METHOD

Im this appreach it is recogn zed that the actual whee!l or track
performance, inm regard to subsoil deformatian, is influenced Ly many factors
such as wheel or track dimensions, |oads, comtact surfFace characteristics
and angular and translational velocities, This performance may be discussed

in terms of energy transfer mechanisms at the wheel or track interface.

The energy transfer component assaciated with the subsoil
deformation must obviously depend on the mechanics of transfer at, and
teneath, the interface and 15 thus related directly toe the interface inpuot
energy component., The procedure regquires an analysis of the averall probiem

in terms of the rationale for partiticning the camporents of parasitic energy.

It is desirable to scparate the vane-cona method of prediction into

tw approaches:

{a) PRiaorous appragch which considers most of the variables and parameters

affecting the real prob|em.



(b)
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This might require a more detailed examinarion of expearimental
measurements coupied with theorelical analyses. This approach
is not developed in this report. The detailed procedures,
requirements etc. of this rigorous approach are discussed

separately in ancther report.,

"Simple' approach using approximate simplifying eguations

developed as a result of both thegretical and experimental
analyses. The tirst order simplification of the working
equation is shown here for wheels moving over soft

soil, Mote that these can be used directly with the simple
vane-cone device. Note also that continued development and
generalization of such type of equations for a1 vehicles

and all types of s0ils is continuing.

The application of these predictive eguations for drawbar poll

evaluation of the actual tow-bin tests is given im section 4.4.

3.5 1

¥ane~Lone Prediction - Simple Approach

The simple appruach for vane-cone prediccion for wheel performance

moving over soft soil can be achieved using the foliowing egquations:

{a)

(b}

(e}

input Energy Prediction, |.E,
2 pi \

P = M4 ¥ {';25; R R (39
Nc p b

$lippage (or Intertacial} Energy Prediction, S.E.

2 . yan
-I-{J"M:I]2 . T{“]-Eﬁcﬁd_

.p. - ™bd [w2{|+251

2 2 2
Ls
Hc p

) (3.10)

Deformation Energy Prediction, D.E.

p.E. = bV .[#) 7 (See Fig. 3-12). (3.1}




where

2
W :
g K=yl r e
HC o bod

o)

(d) Pull Energy Prediction, P.E,

P.E. = 1.E. - §,E. - D.E. {3.12}
P
u P
by
v sz: ______ e e
]
[
=]
[
4
Sle
ala A
T | L
-
ik
=
o
: \\\
i
o |"‘ 4 ™ Penetration depth

FIG. 3=12 Pressure-penetration diagram for
vane-cone penetrometer.

3
where
W = whesl load,
P = pressure beneath the penetrometer,
b, d = wheel width and diameter,
h, r = penetrometer height and radius,
& = tread height,
5 =slip,
VC = translational welocity,
w = angular velocity,
T = tangential shear stress obtained at the
cuter edge of the vane component,
m = factor takes the effect of backward contact
area equal 1o [.31,
N = bearino stability factar which is dimensicnless
£
and equal to 0.225 far & = 0,

K, i, & = dimensional factors obtained from visioplasticity analyses
(semi-analytical analyses) for the purpose of deformaticon
encrgy predictian. For cohesive material, ¢ = O and in
the case of b in. units, B = 1.2, = 0.97 and B = 0.230.

tlote that the items }isted are readily obtained in measuremencs.

G
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L.0 COMPARISON OF DRAWEAR PMJLL PREDICTION RESULTS
USIMG THE THRLE SENSING DEWICES

4.1 PMTRODUCT 1ON

In this section, we compare the predictive capability of the three
sensing devices with actual wheal test results from labaratory tow bGin tests,
The test instruments used were discussed in section 2.0, and the methads of
utilization of test data for appllcation to predictlon of mobility have been
given In section 3.0, As noted in section 2.0, the tesrs conducted by the
three devices produce results either in terms of compression alane ar In

terms of compression penetration and shear.

As observad in section 3.0, the acrual raw data available from each
of the test devi<es should be used with the analytical theories associated wlth
the sensing devlces to compute the drawbar pull. It i5s noted thar the drawhar-
pull can be obtalned diractly using the vane-cone device or the bevameter-type
toel, and indirectly with extensian intc the power number concept with the

¥icksburg penetromster tool.

4.2  TOW BIN TESTS CONDUCTED

Three types of wheels waere used in the tow bin tests. These were:

fa} a polished alwminum wheel

(b) & rigid wheel with its contact surface coated with a
/3 inch thick rubker,

{t} Lhe same rubler wheel coated with a tread surface. (pread height = & inch)
Three loads were used for all the tests with these three types of wheels.,
The ioads were 34 1b, representing the weight of the whecl itself, 54 15, and
74 1b. The size of the wheel was 13.5 {nches in diareter, and 3.75 i~ches

wide.



4.3  COMPARISON OF MEASURED AND PREDICTED VALUES

Figures 4-1 through 4-3 show a comparison of the test results with
those predicted based upan measuraments made with the three sensing devices
and the methods for data reduction given in section iiﬂi, 4s evident from
all three figures, the kinds of correlation obtained between predicted and
measured values for Lhe various test devices varies between adequate to
poor. This is especially true for correlations with eaperiments where

wheal surface characteristlies are varied.

The inability for some of the tools to completely predict the
slip drawbar pull performance does not necessarily lie In the manner in which
the sensing devices work, but more so In the manner of uwtilisarion of the
maasured rosylts obtained From the sensing toals themselwves. It 1s apparent
from the previous discussions given in sections 2.0 and 3.0 that accountability
for slip performance 1% pot necessarily provided even if the shear strength
of the snil is given. It must be emphasized that if siip accountability is
not provided, this is not totally a fault of the measuring technique itsclf
but the methed of utilization of the data - i.2. the analyrical framewgrk

used in assnciation with the sensing tool resules.

The exception to the above ic the cone penetrometer which does not
pravide a direct shear strength result and thus cannat easily lead to slip
loss prediction, Whilst the power number application for the ¥icksburng
penctrameter results has extended the capability of the penetrometer for

computation of slip-drawbar pall resalts beyond a Qo no-qo Situdatian ta oyer-

-

llote that the comparison for the vane-cone predictions in Fias. 4-1 through
4-3 utilizes the simple approximate approach. The comparison aof rasults using tre
rigarous approach far prediction of vane-cone results is gives in saction 4.4,
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come the lack of direct shear strength measurements, it is seen that this technique
is deficient and cannot adequately predict the perfermance in the tow bin for

the three types of wheels used.

It should be noted that whilst the vane-cone predictions are perhaps
the better correlated sets of predictions [with the test data], the "simple"
approximate method adopted has indeed restricted the accuracy in correlation.
Nevertheless, the results shown in Figs. 4-1 through 4-3 show that if the
proper framework for analysis of data is provided, a degree or measure of

correlative fit can be obtained.

b.4 R{GOROUS ANALYSIS FOR VANE-CONE MEASUREMENTS

in the report The Utilization of Vane-Cone Device for Fredietion of
HMobility, Report No. SMS-39 by Yong and Youssef, three levels of sophistication
in application of the vane-cone measurements have been presented. It will be

seen that the order of rigor cor sophistication can be expressed as:

(1) Exact method - representing the highest level of

sophistication in analysis of data.

(2) Rigorous method - denoting an intermediate level.

(3) Approximate method - representing a simple approach and

is the lowest level of sophistication.

Without repeating the Report SMS$-39, we show the summary DBP
results using the ""Rigorous Approach' to provide the reader with an

appreciation of the kind of predictive correlation that can be obtained with

the vane-cone results.

Figure 4-4 shows the flow chart for the wmethod of data analysis,
whilst Figs. 4=5 through 4-7 show the results obtained with the Rigorous Method

in comparison to the test measurements.
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Whilst it might be stated chat there is a certalfn degrees of deja wu
with the applfcation of the wvane-cone resulrs, it must be stated and emphasized
that the design, development and comstruction of the vane-cone specifically
addressed the problem of energy transfer mechanics. Thus, not only are the
measurements designed to provide the basic information for use, the framework
for analvysis of data has been directly and specifically developed in terms aof
the mechanics of energy transler. it is thus not surprising that the pradictive

capability with the rigorous method is goed.

4.5  CONCLUDING REMARKS

As can be seen from the figures shown, the ability to predict the
measured drawbar pull In the [ow bin tests, with the kinds of measurements
made with the vane-cone device are not too dissimilar fram that of the
bevameter-type tool, the associated analytical framework for utilisation of
the vane-cong resulls - i.e. utllisation of the data in terms of energetics
provides for a method of analysis and prediction which responds mare closely ro
the actual problem at hand - especialiy if the higher leval of saphistication
of analysis is osed, Thus it is not surprising that the data obtained with
the vane-cone device, together with the utilisation of energetics as a
methad of analysis can indeed provide for a closer predictive correlation

with the results obtained in actual! tow bin tests.

In the report dealing with the vane-cone device, Yhe UETIdg.0¢ 7o o
Vana-Cone Device for Predieticw of ‘&Eility, by Yong and Youssef, SM$-39 , the
mare exact methods for application of vane-cone test results given together with the

simple method of analysis as described im this present repoart show the effect

of simplification in the analysis and prediction capability.

" Fehruary 1978
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APPENGIX A

l. HODIF IED BEKKER APPROACH

The same Bekker approach discussed in section 3.4 s used again in
this Appendlix where these modified vquations are obrained - and have been used

as the Bekker equations recently [[1977 | by Thompson (Hovey, Ottawal.

{al Sinkage

2
E2n+li
Z = 3” {g“l}

r K
(3-n) [———— + K 2#2r2_-22 )
Joz -z€  * e

r

{By trial and error substitution of Er to ocbrain

equality to the nearest tenth of an inch.)

(b) Ralling Resistance

n =2k (z)‘r+!) {A-2)
c {n+l)
Ke

K=?+K¢
{c) Traction Force

H=(bLC+Wrtand) (1-e 75 {8-3)
{d) Using Eq.(3-3} the drawbar pul! can be calculated:

OP = H - R (3-3)

£1) the above variables are gfven before in section 3.4, Note that Ea. [A-1)

is from the madel shown in Fig. A-1I. This i5 contrasted with the initial

simplification given in Eq. (3-8),



A-2

Preumadde
wheef

Qutline §on
a aigdd
wheel

{(2r - 2)z = xz
x = Y2rz - 22

b = 2x

b = 2x = 2¥/2rz - 32

FIG A=l Geometrical mode! for Eq, A-1.



A-3

2. COMPARISON BETWEEN THE BEKKER RESULTS

Comparisons between the results obtained using the above equaticns
and the equation given before in section 3.4 are shown in Table A-1 and
Fig. A-2. Thuse comparisons demonstrate that there is essentially no
difference between the results obtained in using the two types of equations.

Thus the comparisons shown in section 4.0 are valid for all cases.

TABLE A-1  Comparison between Bekker [1969)
and Modified Bekker
Wheel Load
Slip 34 b L4 Ib | 74 b
P
P D%Ed oP Dﬁmd pP D%md
4] -8, ak -17.5 -28.4
10 1.03 0.68 - 4,76 -4 44 -13.52 -12.23
20 2.22 3.58 -3.72  -2.70 -12.30 -10.73
30 2.37 2.99 -31.53 -2.45 -12.08 -10.58
ha 2.37 3.09 -3.6%  -2.,42 -12.08 -10.57
50 2.%7 3.11 -3.53 2.4 -12.08 -10.57
60 2.%7 3.1 -3.53 -2.4] -12.08 -10.57
70 2.37 3.1 -3.53 -2.41 -12.08 -10.57
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10}

______ — ModiFied Bekker Equations {A-1)
through (A=3) and Equation (3-3).

Bekker Equation (1969)

3 ib wheel
_____0.__---—0-———-—0—---——-{)_—--—.0_

-

] | 1 1 1

-1

FIG.A-2

30 40 50 60 70
Slip rate,

- g v e e . ol L R

ol —— dr—

Bl |k whee I-

el
{mmobdfization

..--"".------'.---- e - A ult s e v . s e - e i

M o =l e
74 b whael

Traction and pull curve as developed by the
Bevameter approach

#
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O R b

en

N
(W] ]

1G1 FhamaT{t 1,1

103 FORMAT{* 1,¢

. COMIUTER SOLUTION FOR EQUATIONS A-1 THROUGH A-3

AND EQUATION 1-1

TYMLBL I CIT AL {(A&=/1}
12 TE G e TWFmRTC e THaEm o TL
RE &M | S, F GANMA KPR X Oy PHIDEG M« C

2l
A 2n0S IviHIr =1 .3
BE 200 R 200 NMD R0
2N OF TARMATEREY L)
ANITE It 1)
31 FURMAT{T ]! 1ok ] "alak, T ‘
LN, Putylakari SLUEET, A1)
OHI O INFLE I, 0 ) Fas 3
b T=0al
03 &3 1J=1 .12
Ao ASOR T /—TFea2 ) + KPH]
B1 Faow50eT L
G2 TEINEz [ A, *w] ([ Se=N)hd&¥*E}
TEMO=TFMEFE (T2 ¥NF] 1]
IFLABSITEN =Y LF4GW 1! G TO AS
F=2=TEMWMRE
53 COET I MUF
wWwEITEL AL 11}

TG K,

b M=AC s ¢ kDBH]
GG BN e e 7o e [Ny ] o) briMNe] )

A=QORTIDEZ—T4T)

L=SARTI{Z*»Z + Aex)

HM =Dk LS ¢+ wWITANIOH]]

e sHM=H

IFI(DP L ELdas) GC T2 86

AL OHA=Q QL 74Aa581

o0 23 Ix=]1.30

R PelAK " = LA R

£ NOT CONVERSED AFTER 310 ITERATICZNG® &/ )

Fzw*SIN{ 4L PHA J+RL-—NOAA R *C~WOCOSTALOHA T ANIPF]T }

FOERIMEF=WaCOSTALPHA Jem® SINTALPHAI=TAN{RPHT )
Té M2= ALP RA~F /FRRIME
IF{AQSITEMP=ALPHA] L F.0.01745%3) GO T3 AS
AL OH & =TE MO

BY CHMTIMUF
whRPITCfS. LCAY

iy s}
G TO Ar

AS IFI(TEMD .Y 1+%0} GO T A7
SLOSE=TANl ALPHA}*1GQ,
IF{SLCPE .LY .2} GC TC A7
=0 TN A/

B SLTVYE=0.
G0 TN AA

AT SLIOPE=S99G4 S GG, gh

AU WRHITE{(SH.89) Wl LhCHM, LR, 5L0PF

A% FOHMAT{! Py BASEIF1I24.20 BRYrirs
WHITE (A, 32)

32 FORMAT(* P, 15XK,* "
i, Do S
On G99 JL=1.7
VARAL=FLOAY { TL }*3 .1 wL
COMPHMTS=VYATRIASD 26
T={HeL $wd TAN(PR] J)*#({ ] .=~ {OMPNTI )
pe=T —HI,
WRITEiIG.: GN) WaVaARA 4R C » Ty

QO FORMAT(?* P HALBIF12eZ+8X)107)

TelaX,? 1 Falax,t

93 CONTT HUE

F000 CONTINUE

SVN°
FuD

SOAT A

SLLPE CALCULAYIAOM MOT {OMYVERGED AFTER 30 [TERATIONS

R "alAK .t T *alAK,



4. RESULTS

Vhee] Slip Deformation

Load % in.

b

s I J
34,00 10 0.39
Ja,00 20 0,79
3400 30 l.18
34,00 Lo 1.58
34.00 50 1.97
34 .00 60 2.36
34,00 70 276

] 1 J
B4 00 10 0 eS1
54,00 20 1.02
%4 .00 30 1.53
54,00 50 2.03
58,00 50 2.58
54,00 60 3.05
54,00 70 3.56

w I J
T4 00 10 0«60
T4 00 20 1.21
74 .00 30 1.81
Y4 .00 40 2e82
T4 ,.00 50 3.02
T4 ,00 60 3.63
72 .00 70 4.23

Rclling
Resistance

1b

RC

7.97
T.27
T.97
TeR7
T«97
Te27
7«97

RC

16,72
16,72
16.72
16272
16.72
16,72
16.72

RC

27 .57
27457
27«57
27.57
2757
27.57
27«57

Tractlon
Force

1b

.65
10455
1096
11.05
11,07
11.08
11.08

12.29
14,02
14,27
14,30
14,31
14,31
19,31

15.3%
16.88

1¢.98°

17.00
17.00
17.00
17.00

A-6

Drawbar
Pull

ib

Ds P,

0.68
2«58
2499
3.09
3.11
3.1
3.1l

=4 044
=2.70
—2.45
—2.82
—-2a41
—2a41
—-2as81

De Po

-12.23
=10.73
—104.58
- 10 .57
~10.57
=10457
=10.57
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