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A COMPARISON BETW! "N A CONVENTIONAL METHOD AND AN IMPROVED

METHOD FOR PREDI!CVING TRACKED VEHICLE PERFORMANCF

J.Y. WONG and J. PRESTON THOMAS, TRANSPORT TECHMNOLOGY
RESEARCH LABORATORY, CARLETON UNIVERSITY, OTTAWA, CANADA

iINTRODUCTION

>
One of the most widely used conventional methods for | redicting tracked
vehicle performance is based on the assumption that the track in centact
with the terrain is equivalent to a rigid footing. Furthermore, a uniform
normal pressure distribution cver the entire coniact ares is assumed if
the centre of qravity of the vehicle is located at the midgoint of the
contact lungih. On the other rand, if the centre of gravity is located
in front or behind the midpoint of the contact tength or if toad transfer
due o drawbar pull takzs place a sinkage distribution of trapezcidal
shape will hen be assumed. Based on these agsumptions and the
mealured pressure sinkkge and shear stress displacement relationships ,
of the tervsin. the tractive performance of tracked vehicles is predicted. 7 -

Experimenta; evidence has shown that while the conventional methnd may
find applik-ations in the grediction of the performance of crawlers with
low ratios of roadwheel spacing to track pitch, commonly used in agri
calture and the construction industry, it gives unvrealistic prediction of
the performance of (racked vehicies with high ratios of roacdwhesl spacing
to track pitch designed for high speed operations. In the tatter case,
the normatl presture is usually concentrated under the rosdwheels and i3
far from uniform. Conseguentiy, the track in contact with the deform
able terrain ceflects and has the lorm of a curve. Furthermore, an
elemant ot the terrain under the track is subject to repetitive normal and
shear ioadings of the consecutive roadwhesls. To take thess factors into
account, an improved method Jor predicting the performance of trackad
vehicies with relatively short track pitch hes becn developed. The
objeclive is 10 provide (he designer, the procurement manager and the
test engineer with 8 quantitstive means whereby the coffects of vehicle
design parameters and tervain conditions on performance can be assessed
more realistically than using the conventional method.

This peper vescribes a comparison of the normal pressure dishribution,
sincage and drawbar poll -siip re'stionship of & tracke:! vehicle 28
predicted using the conventicnal and the improved methods.

®
3
3
£

THD CONVENTIONAL MITHOU

One of the widely used conventional methods assumes that the track
behaves ke a rigid footing., With the cenire of gravity of the vehicie
at the midooint of the contac! length, the normal pressure distribution
i assumed to be uniformly disiributed as shown: in Fig. 1. O the other
hand, If ihe centre of gravity is located in front or “ehing the midpoint
of the contact length, a sinkage distribution of tropezoidal shape is
assuned.
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if the pressure-sinkage relationship of the terrain is known, such as that
shown In Fig. |, then the sinkige z of the track can bhe predicted by
equating the rescilor due to normel pressure p with the vehiikle welght
() {2}, Tha functicnal relationshilp between sinkige z anc pressure p
for @ given tarrain can generally bte axpressad by

z = § (p} i

13 zhould ha mentioned that the prusiure-sinkage relationship mey vary

with wirzk: %, o0 and conditivng., Varlous w2ilhadz b2~ baen proposed B
for charscterizing the preassura-sinkage relations of different kinds of

terrein as described in references (1), (2}, (3), (%) and (5).

Based! on the predicted track sinkage zy, the motion resistance R dus to
terrains compaction can be predicied es foliows:

- ¢
R_=b {‘ pdx (n
wiare b it the width of the track.

In addition tu resistence dus to compaction. the track may encounter
retgistance due to buildozring effecte (i1} This should be tsken Into account
in determining the total motion resistance.

if the shear stress - displecement relationship of the terrain under an
appropriste normal pressure p Is known, such as that shown In Fig.!,
the tractive effort of a track F can be predicted as follows:

F:=b ;: sdx (3)

whare ¢t is the langth of the track and s is the shear stress under the
track which variles aiong te contact length (1), (2).

iT the shear stress - displacement reistionship can be describad by a
simpie sxponantia! function ({)(2)}, the tractive effort F at a given slip i
can e expressed by (1){2)

F-(Ac » wang) (1-F5 (-t
(%)

whera A and W sre tha contsct ares and normal foad of the treack,
rsepactively, ¢ and ¢ are cohesion and ungle of Internal vhearing resist-
ance of the torvsin, respectively; K is the shear deformmtion moduius of
the terrahy,

Hoshouid be pakitad out thet the thear stress—displacoment relationship

mey vary with tesvain ivps and conditions, Varlous metheds have been
st for cheracterizing the shosr stress - displecement relations

of difforent kinds of terrabk: vy discussed in references (1)(2) and (6).

e,

Basad on the pradicied motion cesistance and tractive sffort, tha drawbar
puti-siip redetionahip of & tracked vebicle can then be estimeted. The
drawbar pull-stip reiptionship forms a8 basls for the comparison and
svaiuaiion of the trattive performence of fV-roagd vehicles.

N e sknr
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THE IMPROVED METHOD

When a tracked vehicle with relatively short track pitch travels over a
deformable terrain, the normal load is usually concentrated under the
roadwheels. However, the track segments between the roadwheels also
take up load(7). As a result, they deflect and have the form of a curve,.
Furthermore, an element of the terrain under the track is subject to the
repetitive loading of consecutive roadwheels (8). To predict the normai
pressure distribution on the irack-terrain interface, the pressure-
sinkage relationship and the response to repetitive loading of the terrain
have to be measured. Fig. 2 shows the response of a muskeg to repatitive
loading (4). It shows that the stiffness of the muskeg during unloading
and relcading is much higher than that in its virgin state and that it
exhibits a certain amount of hyster sis.

Wheri the terrain characteristics are known, the prediction of the normal
pressure distribution is reduced to the determination of the shape of the
d=flected track in contact with the terrain. A detailed analysis of the
mechanics of track-terrain interaction has been made. The track system
with the major interacting forces are shown in Fig. 3. In the analysis,
it is assumed that the track is equivalent to &z flexible and inextensibie
beit and that ihe roadwheels are rigidly connected to the vehicle body.
A set ot equations for the equilibrium of the forces and moments acting
on the track system and the conservation of overall track length have
Deen derived. They establish the relationship between the shape of the
deflected track in contact with the terrain and vehicle design parameters
and terrain characteristics. The solution to this set of equations defines
the sinkages of the roadwheels and the shape of the traclk segments
between rosdwheels. Froum these, the normal pressure distribution under
a moving tracked vehicle can be predicted. The detzils of the anelysis
asre described in reference {9).

Te predict the shear stress distribution, the shear stress-displacement
relstionship of the terrain and the characteristics of the track-terrain
shearing have to be dstermined. It should be mentioned that an eiement
of the terrain under the irack is also subject to shearing action of a
repetitive nature. This is because the normal loed applied to an element
of the terrzin under the track varies a&s the consecutive rcadwheels roll
over it. As a result, for a terrain exhibiting frictional behaviour, it
undergoes the loading-unioading-reloading cycie in shear, simiiar to

that for norma! load. Tn predict the shear stress distribution on the
track -terrain interface, the response to repetitive shear loading of the
terrein must be known. Fig. ¥ shows the response of a frictional
medium (8 dry sand) to repetitive shear loading. It Indicates that

for a frictional terrain, the shear stress-displacement reiationship during
relosding is similar to thut with the terrain in its virgin state. This
means that when re-shearing takes piace after the previous joading-
unioading cycle, the shear stress does not insiantaneocusly r-oach its

max imum value for a given normal stress. Rather a certain amount of
shesr dispiscement must take plece before the maximum shesr siress can
be developed, similar to that when the frictionali medium is being sheared
in its virgin state. This phenomenon his been tsken iNto account In the
analysis. Together with the knowledge of the shear displacement develop
ed under the track, which cen be determinsd by a kinematic analysis of
the track based on the concept of slip velocity {1J{2), the shear stress
distribution under the track can then be predictsd. Fig. 35 lHustrates
how the develcpment of the shesr stress under the track may be modified
if the response of a frictional terrsin to repetitive snear loeding Is taken
nto account for an idenlized (ase. It should be pointed out that when the
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repetitive shearing characteristics of the terrain are taken into consider-
ation, the predicted total tractive affort of the vehicle ac & given slip may
be considerably lower than that whon they «i& not taken into account,

as can be seen from Fig. 5. The detalis of the analysis are given in
refer sance (9).

When the normal pressure and shear stress distributions have bean deter-
mined, the motion resistance, tractive effort and drawier puil as functions
of slip can be predicted. The prediction proceduras hisve besn programmed
on a Hewlett-Pockard 98457 micrucomputer. The required inputs inciude
both the vehicle and terrain parameters. The computer outputs inciude
normal pressure and shear stress distributions, sinkage. motion resistance,
tractive effort and drawhar pull at a given slip (8) {(9).

A _COMPARISON BETWEEW THE CONVENTEII;DNAL
T METROO AND_THE TMPROVED METH

The normal pretsure distribution, the sinkage of the track and the drawbar
puli-slip relationship of & trecked vehicle, with basic parsmeters shown n
Table {, oparating over & varkty of terrains ware predicted using the
conventional and the improved methods. The psrameters used to character-
ize the pressure-sinksge relationships and the responie to repetive normal
locnd for a sandy terrain and two muskegs are gilven in Tables 2 and 3,
raspactively. The shesr strength parameters of the terrains used in the
predictions are given in Table 8. For further Information concerning the
mathods used to characterize terrain behaviour, please refer to

referances (3), (8), (5), (6) end (9}.

A comparison between the predicted normai pressure distributions using

tha conventionai and the improved methods and fisid measurements over a

sandy terrain and a muskeg are shown in Figs 6§ and 7, respactively, {t

can be seen ‘rom Fig. 6 that over the sandy terrain the maximum prevsure

predicted by the improved method is quite close o the measured one,

whereas that estimated using the conventional method is §3.7 kPz, only

about 108 of the maximum measurad pressura. Over the muskeg, the

norms! pressure estimated using the conventional nethod is again 23.7kPa,

about 0% of the maximum messured. However, the maxunum normal

pressure predicted using the improved method is again quite close to the

maximum neasured as shown in Fig. 7. The reason is that in the improved

method the response of the terrain o repetitive normal load has been

taken into account. As mentioned previously, aftar the terrain has been

compacted by the first roadwheel, it becomes much “stiffer” than in its

virgky state. This promotes the concentration of normal pressure under

the rosdwhesals. The beheviour of the terrzin during the unloading-raload-

ing cycle shown in Fig. 2 also expiains why it is possible that the normal

pressure at a point on the track ssgment between two adjacont roadwheels :
can be 83 low ¥s rero, while the sinkage at that point as measured from Lo
the original terrain surfoce s not zero. :

i
Figs. 8 and 9 show & comparison between the predicted sinkages of the }

vehicle using the convantions! and the lmproved methods and the messured 4

sinkages over tha two types of terrain. It can be seen that in genara! g

the conventional method underastimates the sinkage. This is because thw

normsl pressure estimatad using the conveniwnal method is considerably

lowsr than the actua! maximum pressure. On the other hand, it can bLe

sean thet falr to good agreement axists betwesn the measured sinkages and

those predicted using tha leproved matind.
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A comparison between the measured drawbar pull slip curves and those
predicted using the convantional and the wngwroved methods over the
sandy terrain and the muskeg are shown in Figs. 10 and i1, respectively.
It can oe seen that the conver.tionai method overestimates the drawbar
pull of the vehicle over the fuil range of vehicle slip, particularly at

low track slios. It is aiso shown that thaere is 3 close agreement between
the measured drawbar pull and that predicted using the improved method.
This is because the improved methoed gives a wore realistic prediction of
vehicle sinkage and hence motion resistance. Furthermore, the rasponse
of the terrain to repctitive shear loading, as described in the previous
Section, has been taken into account in the improved method.

It is interesting to note that the significant difference in the drawbar
performance between a crawler used in construction industry and a high
speed tracked vehicle of similar size and weight reported in reference (10)
is parallel to that batween the two drawbar puli-slip curves shown in
Figs. 10 and II.

CLOSING REMARKS

it is shown that the improved method outiiniecl in this paper gives a more
realistic prediction of the performance of tracked vehicles with high ratios
of roadwheel spacing to track pitch than the conventicnal method. The
improvement achieved is due primarily to the inclusion of the respoase of
terrain to repetitive normal and shear ioadings and to the detailed
analysis of the mechanics of track-terrain interaction.

It is booeved that the improved method outlined in the paper provides
a quantitative means for evaluating the effects of vehicie design para-
meters and terrain conditions on tracked vehicle performance and for

comparing the performance of different tracked vehicie designs.
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faonie 1

Vehicle Parameaters

Vehicle Weight, kN 88.72
Number of roadwheels (for one track) 5

Radius of roadwheeis, m 0.31
Distance between rcadwheels, 0.67

Distance between the centres of the sprocket and

the tensioning wheel, m 4.03
Wictth of track, m 0.38
Track pitch, m 0.15
Initial track tension, kN 8.54
Woight of the track per unit length, kN/m 1.27
Heig t of track grousers, cm +.7
Number ¢f supporting rolicrs 0

Angle of approach of the track, azgrees 23.8
Angle of departure of the track, degrees 16.8

Location of cenire ui gravity in the longitudinal
direction (in front of the mid point of the track
contact length}, m 0.13

Height of the centre of gravity, m 0.9%%
Location of drawbar in the longitudinal direction
(distance from the mid-point of the track contact

length), m 2.29

Height of drawber, m 0.75
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Table 2
Vaiues of the Pressure-Sinkage and Repetitive Loading

Parameters for a Sandy Terrain (LETE Sand)

kc k¢ n ko Au
+* “

kv /m" 1 I'LN/nnm2 kam3 KN /m
102 5301 0.733 0 803, 600

Note: ko and Au are parameters used to characterize the response

to repetitive normal lcading.

Tabie 3
Vaiues of the Pressure-Sinkage &nd Repetitive Loading

Parameters for Two Types of Muskeg

Muskeg Type Petaws wa Muskeg A Patawaws Muskeg 3
ko, kM:‘mil 290 762
m
o/ 3
M, kN/m 51 7
m
3
k. KN /m 123 147
4 . ,
A KN/ m 235640 29700

Note. K and AL. 2re parsmeters used to characterize thw response to

normud loadiag .




Table 4
Shear Strength Parameters of Various Types of Terrain
Taerrain Type of Cohesion Angile of K
Type Shearing {Adhesion} Shearing
Resistance

kPa degrees cm
LETE internal L It 1
Sand
LETE Fubber
Sand Sarwd G.69 1.8 i
Potewaewa Peat
Muskeg {inte-nai) .81 5.4 30
A
Petla wawa Pt 1.5% 39.2 3
Muskeq {interval}

a8
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