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S01L DEFORMATION AND SLIP RELATIVE TO
GROUGER 3HAPE AMD SPACING

by

R, N, Yong! h. F. Youssefz and H. E'I—Marnl::}uh5

INTRODUCT 10K

In the davelopment of mobillty of tracked vehicles, the interaciion
between the vehicle and the ground is maintained through the track/grousar
system which, togethsr with the rcad wheals, sprockets, and associated
suspension arrangement constitute the rynning gear of the tracked vehicle,
By and large, except for the davalopment of the space link ftrack system as
a concept and a viable track design, attentlon to the grousers (cleats)
and their participation in the devalopment of tractive forces in the
running gear system has been minimal. The scarclty of rigercus rational
theorles for the assessment and evaluation of total track performance has
in large measure contributed to the Inadegquate attention of grouser/track
participation in the running gear system for productlon of tractiva effort.

Two recent priority concerns hava mada it important to examine the
grouser/track system [n greater datall. Thase sre:

(1) The requiremont for protection of tha surficial environment
from excessive surface disfurbanca = espaclally in the m3re
fragile envlronments, and

(23 The need for obhtaining the greatest amount ot usefu. work
for the least expenditure of fuel| anargy.

In respanse to the first of these concerns, recent awperimenis such
a8s those by Yong, Fattah and Youssef (1976) have examinad the development of
a passive irack system where the grousers used hsve been designad so thai
their interaction wlith the terraln surface tor production of traction Is not
in any way destructlve. Arising from this and other previous studles, it
i% evident That the geomelry and the spacing of grousers in a track system
can immeasurab|y affact the performance of the tracked vehicle ~ with all
elsa being maintalned constant,
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Since the interaction of the grousar/frack system with the terrain
is through the development of thrust 'n the scil Interface regqfon, 1t is
apparent that there needs to be » proper appreclation of tha kinds ot
daformatlon and shear patterns In the soll, The spaco |ink track roncept
advanced [nftfally by Dakkar (980} was one of the earller attempts in the
rational examinatlon of grouserf/track performance, where the soll behaviour
patterns behind a serias of moving grousers are used to provide the design
requirements for grouser spaclings.

Whilst ¥ may be reasonably assumed that the requiremant for
optimum preduction of thrust In a grouser/track system is such that the
coimplete shear distortion reglon of the reacting (supportingl terrain needs
to be develeoped, |t Is apparent that some ocptimum design spacing of grousers
can be established In relatlon to grouser shape and size., A knowledge of
the shear and deformation parformance of the reacting tarrain [n the wake of
grouser thrust can contribute to the development of optimum pertormance of a
total grouser/track system.

This study is concerned with the probtem posed by the sacond
listed priority given in the preceding. |t examines the performance ot a
multiple grouser system in relation to spil reaction in responsa to grouser
Thrust and attendant grouser spacings. Three types of grouser have baen
used whera the spacing betwean the grousers has been varled. The track
sections which containgd the futiscalé grousers have bgen shortened 1o pro-
vide for the glasshon axperimental test series. By imposing the same exper)-
mental boundary conditlon to all the tests ¢onducted (1.8, rigid track syster |
where both grouser and variable spaces have besn introduced, it is possibie
te compare the varicus deformation patrerrs experienced by the arousers under
thrust development. Correlations and comparisons between the necassary
forces required fo induce motion, and the developed thrusts and soll behaviow:
patterns, show tha aftlciency of the grousar system in rela-ion to the spacic is
between grousers.

EXPER | MENTAT ION

To examina tha effesctiveness of grouser shape and spacirg of grous. -

in the development of drawbar pull in a tracked vehicla, there are several
lavels of examinatien that can and should be Impliemented. These bagin with
the use of actual tracked vehlcles as reported by Yong et al. (9761, There

areé howevaer, som@ limltations with this type of field festing approach,  Thece
lie primarily in the area of isolation of parameters and their effects since
full scala field trialg are difflcult to reproduce insofar as fyll boundary
constraints and factors are ooncernad. To produce a more control lad system
saction belt or section track ftesting can be performed in the [aboratory.
These essentially involve the uze of actual size grousers on smell track
sysfems, To progress one more step in the basic ressarch direction, a
rapresantative set of grousers can be systematically studied. This can be
further studled in terms of singles grouser fests, The schematic dlagram
which shows the hlerachy of sophistication or tundamental approach to the
study of grousars and thelr role in a track systam for production of tractive
effart is ylven in Flgure 1.
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FIG. 1 LEYEL OF DETAIL IN TRACK/GROUSER 5TUDY



In this study, the method chosen for examination of the contri-
bution of grousers and thelr spacing *o the efficlency of a track was the
multiple track system as |dent!fled in Figure |. The three types of
grousars used are shown In Flgurea 2. Thesa are ldantlfled as =+andard,
aggresslive, and passive grousers and are identlcal in slzo and shape to the
ones used In the field study reported by Yong et al., (19761},

The actual sxperimental technigue used for production of tThe draw-
bar pull test consisted af forciag the multiple grouser element Into the
campacted clay contained In the soil Bin with lucite side watls, The
rigid top connecting plate in essence provided for a condition of extreme
track rigidity. The usé of the Jucite side walis permltred visual
appreciation of the soil distortlon as grouser thrust |5 developed. With a
superposed grid systems inscribed on tha clay prior t0o the fixing of the
bucite side walls, distortion of the clay behind the moving grousers <an be
@asily observed, Single grouser tests ware also pertormed to show and to
isolate the effect of grouser gecmetry on the development of soll distortion.
Figure 3 shows the test facility usea for the multiple and single grouser
experimants.

The soil used in the test box was a kaolinite ciay, prepared at a
meistura content of sbout 44 parcent. At this water contert, the soil was
betwesn 93 to 98 parcent saturated - depending on tha efficiency of compaction.
By and large, the strength test results show a high degree of soil property
reproducibility.

To record the history of motion or daformation of the scil arising
from the thrust davelopad by the gqrouser, a sarles of phofographs were taken
during continuous motlen ot the grousers, With the record obtained from the
photographs, tha displacement patterns developad as the soil gdeformed during
grouser mowemant in the multiple or single grouser test series provided a
visual description of s0il reaction tn tarms of velgsity fields, strain rate
distributions, and slip lines generated., Surflfclal measurements during the
test serles included the recording or the thrust developed by the muitiple
grousers. Ay comparing these *o the single grouser tests, it is possible
to isolate the Influence of spacing and the effect of grouser gecmatry on the
production of gross tractive effort,

TEST RESULTS AND DISCUSSION

With the experimental facilities shown in Figore 3, the thrusts
developed by the multiple or single grouser systems are given in terms of
horlzontal forces, - sknca tha grousers were constraingd from moving upward
durlng horizontal displacement = 1.8, the grousers were only allowed to mova
in the borizontal direetien. Figures 4, 5 and 6 show the relationships
tetwsen the horizontal forces developed and grouser displacements. in these
figures, comparlsons ara made between the multiple grouser system and the
slngle grousar for the same grouser geometry,



GROUSER GEOMETRY
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FIG., 2 GROUSER DESCRIFPTIONS AND DEFIMIT!IONS
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The multiple grouser test series consisted of three grousers with

spacings gqiven as shawn in Figure 3, As can be expected, the total
horizontal force developed by the multiple grausers is larger than that
shown by the single grouser. [+ is however not a simple multiplicatian of

threa for the total force developed {i.e. three times the single grouser forcal
as might ba expected because aof the fact that the myltiple grouser test series
consisted af three grousers,

In the single grouser tests, the passive soil defarmation zone
established during grouser thrust can effectively be described in terms of the
limit equilibriom Rankine Fassive Zona wlth due account given to the constrairned
2one at the grousar interface - as descrlbed and analyzed by Yong and Sylvectr. -
Williams {1948,  Using the length ot this zone as the spacing requirement
betwzen adjacent grousers, one can establish a space link design crlterion.

Az can he seen from the multiple grouser tests, the total force developed depends
in large measure on the spacing between grousers. The larger the grouser
spacing, the larger is the total horizontal force developed. This cam at

times be more than three times the total thrust developed by a single grouser,
which indicatas that the grouser spacings excesd the Renkine Pascive Zone
criterion, and that some augmentation of grouser action is achieved through
active 01| participation with the grousers to [ncrease total track force.

This will be mvigent in Figures 10, || and 13,

Bacause of the interference ot one grouser on the development af the
wovl dcformation on the adjacent grouser, analysis of multiple qrauser effect
can be quite complex, tn order to reduce the test recult tg a common BAs,
the mecthod nf evaluation shown in Fiqure 7 has been adopted. Thic inciudes
consideration for the fact that the leading grouser has in effect an infinite
501l axtent in front of it during its fravel - producing in effect the
Rankine passive xone atfributable to single grousers. The forces developed
tw the leading grouserare desiqnated as F . Since the following grousers ars
in essence constrained by the leading qrouser, the forges acting on the sub-
sequent grousers in the multipie grousers are designated as f,.  The tota!
existing force developed by the multiple grouser &lement, in  this case vo -
sisting of throe grousers, is given as the sum total of FI + Z2F,. The

i
schematic diagram gtvea in Figure 7 lllustrates the ftotal action.

Figure 8 demonstrates the effect of spacing on the total force
developed. In this instance, the common hase has been used as described in
Figqure 7 and the thrust developed on the intermediate grousers designated as Fg
is related to the spacing between grousers. As noted, the aggressive
grouser system produces the largest force, However, one should alsec consicor
the grouser spacing associated with the maximum thrust developad by the
grousaers. The diagram shows that the horizontal force increases as the
spaclrng between grousers increases. Precumably this should asymptote to a
constant valud whers the maximum force developed can be obtained consistent
with a maximum spacing for the grousers. It shauld be noted at this point
howawer that the development of maximum Fhryst by the grouser system which
migqht require excessive grouser spacing may not be consistant with the ride
comfort required for opsration of the vehicle.

By plotting the gradient of the force given in Figure B8, .2, the
maximum force pes unit spacing, the diagram glven in Figure 9 s obtained.
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As noted from tha dlagram, the spacing requived for development of the maximum
force per unlt spacing is given as i18.2 cm for the standard grouser, 21.8 ¢m
for aggressive grouser, and 23.2 cm for the passive grouser. Thase same
spacings are superposed on Flgure & o show thelr correspeonding forces
developed - i.e. |2.8 kg for the standard grouser, 7.7 kg for the passive
grouser, and 22.7 kg for tha aggressiva qrouser for the corresponding

optimum grouser spacings as Indicated in Flgure 3, We note with interest

that thesa forces, designated as optimum forces, are approximately equal tfo
those forces devaloped by the singie grousers of identical gecmetry.  This
indicates that when one utilizes grouser spacings in excess of those prescribed
by the Rankine passive zone for single grousers, the rate of Increase in thrust
development decreasss. This can be easily observed in Figure & whera the
maximum thrust is seen to develop at spacings in excess of the Rankine

passive Sspacing.

Uisplacement and ¥Yelocity Distribution Patterns

To study tna deformation behaviour of +he seil in tha face of a
moving grouser, represeantative particle displacements at different locatiaons
ware recorded at various tlme inftervals during the test, As described
previously, this was achieved with the aid of the grid network ftechnigue.

The deformation patterns of the nodal points abtoined trom +the
grid, ara plotted in fFiqure 10 ta,b,c) for the standard, passive, and
aggressive multiple grousers respectively after a total displacement of 4.0 c

A significant difference petween The soil particle displacement
patterns is observed behind the first and second grousers of the muitiple
Qrouser system, Because of the unhindared soil zone, zoil undergoes forwarc
and upward deformation fn front of the first grouser - typical of +the Rankine

passive performance of soll. In the case of tha intermediata positioned
grouser, the soil in the reglon between the front of tha- grouser and “he
back of the first one was found to move herizontally witth aporoximately tre
same degree of grouser displacement. This was attributed “o the .sward
restriction imposed by the horizontal connecting plate at the top of the
grousers which prevented upward heave of the soil. This s:tuation is not
un| k@ that imposed by a very rigid track. These observations support the

postulate that the intermediate grouser behaves considerably different from
that of a single grouser dua to the difference in boundary conditions, spacing
and vertical movemant restrictions.

As observed from the displacemant patterms given in Figure 10, the
soil contained between the grousers moved In concert with the grousers
{thorfzontally) for the rigid track simulation - thus testitving to the grouser
sugmentation effact referred to previcusly in tne discussion of results shown
in Figure B, Tha soil-grouser augmented phencmenon, which 15 further discussed
in Flgure {3, thus produces a track anhancement ef fect. |+ is apparent that
it track rigidity is relaxed, i.e. if the track becomes more flexible, some
upward movement of the soll contained betwesn the grousers will occur,  whea
th1s happens the inltial enhancement of track performance cbtafned in the
rigid track situation through coupling motlon of soll and grouser, becomes
diminishad.
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The veloclty components of the nodal points were calculaied using
tha Cartesian coordinates within the Lagranglan space ucing the exprassion:

dx d
= 9% v = 9
AT at
whare
U = inatantangous particle velocity in the X-directicn
¥V = instantaneous particle velocity in the Y-direction
%,y = horizontal and vertical coordinate of the point at
any tnstant of time as measured from a fixed given point
+ = time
The results obtalned for the vertlcal velocity components were
negligibly small in view of the upper boundary constraint and atso in view af
coupled mation of soil and grousers in the horizontal direction, Hence,

only the horizontal components of velocity need be shown.  As an example,
Figure [l shows the horizentat component of the nodsl polnt velocitles for
the passive grouser at two dlifferent values of [ts displacements,

3imilar dlagrams can be obtained for the other grousers. From these i(so-
velocity contours, it is observed that the highest velocity accurs in the zsone
bounded by the grouser face and the upper connecting plate. I+ is also

observed that no intersection of the eontour | lnes occurrec wivh t-e& upper
plate which indicates that the soil in the upper 20ne moves wi'h the same
velocity as the upper plate. A concentration of the velocity contour
bines occurs at the grouser tip level for higher grouser ci=placemants,

Figure 12a illustrates tha variation of horizontal selccity with
depth at mid-distance between the passive grousers [shown ir Ti-.-2 11} for
different grouser displacements. It is observed from thls figure that tho

horizontal velocity decreases with increasling depth from the surface untll a
¢ertain depth, identifled as the affected depth, after which the soil ceases
to move.  This depth was found Yo increase wlth increasing horizontal grouser
displacements. 1t can be noted from the same figure that the reduction of
the horizontal veloclty with depth occurs at ditferent rates depending on the
désplacement of the grouser. At higher displacements, a sharp decrease of
velocity cccurs at approximately the same level of the grousar tips,

The main features of the above chservations ara the same for the

other two types of grousers (standard and aggressivel as shown in Figure 12b, c,
except for the magnitude of the affected depth below each grouser type.

Davelopment of Failure Zones

The gevelcpment of +the failure zones as interpreted from soll-steain
data for the multiple passive grouser system at different displacements of the
grousers is shown in Figure 13, From shear tests performed on the kaolinite
clay, it was establ ished that fallure occurred at about |5 percent strain,
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a) GROUSER DISPLACEMENT = 2-67 cm.

FIGC. '3  DEVELOPMENT OF FAILURE ZONE FOR PASSIVE GCROUSER-CLAY SYSTEM
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b) GROUSER DISPLACEMENT = 4.0 cm.

FIG. 13 DEVELOPMENT OF FAILURE ZONE FOR PASSI¥E GROUSER-CLAY SYSTEM
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¢} GROUSER DISPLACEMENT = 4.67 cm.

FIG. 13  DEVELOPMENT OF FAILURE ZONE FOR PASS |IVE GROUSER-CLAY SYSTEM
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It ts this s¥rain griterion which dictatas whon failure ogcurs in the soil ma's.
Using this strain criterion, interpretation of the soil displacement data
fwith time)l under grouser thrust showed that failure in the soil started at
the region adjacent to the curved toe front of the passive grouscer, and
propagated both horizontesily and vertically as grouser displacement Increascd.
At higher grouser displacements (4,67 om), the failurc zone was found To cover
the whale zone in front of the grouser tee and to cccupy the entire distance
between tha grouser tips, ft 1s noted that the failure 2ones were located
only at or near the grouser tip levels and that no failure occurred naadr the
il surtace, This supports the contention that tha uppar plate which
simylates a rigid ftrack, forces the scil below it to move horizontally as 4
dead sone with minimal distertion insice fhe region between the grousers. In
effect, this provides for sugmentation of grouser thrust, i.e. the soll
assists the grouser in develgpment of greater thrust through an increase in
the etfective size of the grouser, This can be visualized i f one conslders
the "dead" zore of the soil between grousers as an integral part of the

grouser sy stem, It ic possible to hava an extension of the track system
further into the ground. Note however that when the track becomes less riaid
the distortion in the region betwean tha grousers becomes [srger,  This will

reduce thrust enhancement for the same grouser spacing,

Slip Surfaces

To study the spacing effect on the deformation behaviour of the 5o
beneath a grouser, the grid line deformations ware observed at different time
intarvals for different spaclngs between grousers. These observations al low.
one fo locate the position of the slip surfaces as given in Flgure 4 for the
case of the multiple passive grouser system., Similar diagrams can be
obtained far the other grousers and for other spacings, as for example in
Figure |15 - for the case of the muitlple aggressive grouser system. In
Figures |14 and 15 the slip linas for three di fderent spacings are crawn a:
diftereat tlme intervals corresponding to successive advances of tha grous.r

elements through the soil, 1t is cbserved that the shape and direction ol rc
slip surfaces advance depending on the spacing avallable between the Two
SUCCEesSive grousars. For the case of minimum spacing as shown in Figures lda

and 154, thd first siip is somewhat horizontal with a slight inclination
indicating that at small spacings, 1ittle shear distortion occurs in tha sgii
region between grousers, As the spacing lncreases, the first slip takes mare
af an upward curvature and someé shear or distortion of soll eccurs through the
Zone above the grouser tips. This curvature is seen to decrease atter a
certain limit spacing because of the previously mentioned restriction imposed
by The uppar conrmecting plate,

The sllp zone, oefined as the zone bounding the successive slip iines
due to the grouser advance through spoil, is shown on the same figure,  This
zone is very limitad in the vertical direction for the case of very smalt
spacing, which agaln indlcates that the shear distortion of the soil mass
batween grousers is small, For a large spacing between grousers, it is noted
that the glip zone occupies & considarable part of the region hetween grousers
and its width is eniarged, indicating that the shear distortion occurring in
the failed soil mass (with the increase of input energy) is dissipated in that
region,
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FIG. 15 5LIP LINES AT DIFFERENT TIME INTERYALS FOR 3 DIFFERENT SPACINGS
OF AGGRESS1VE GROUSER
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SUMMARY AMD CONCLUSIONS

5Ince the presentatlon of the spaced }ink track concept by
Bokker (19607 (Figurs 16) where grouser spacings were dictated by the develop-
ment of the Rankine Passive Zone in the face of the moving grouser, little has
baen dore to provide actual detallied infarmation ©n soil performance and
behaviour in the face of moving grousers af varlous shapes and sSpacings. The
theories that emanate from the development of passive shear zones in soils are
similar to those that dictate optlmum performance in view of maximum pressure
developed because of the passive laterial pressures, and are consistent with
Ilmtt equilibrium principies, However, in grouser-track considerations, the
rasults of this present study indlcate that the situation can be mare Complex.
This is undoubtedly due to the upper copstraint provided by the degree of
rlgigity or flexibility of the track, as demonstrated by the rigid plate
(which simulates a rigid frack) In the multiple grouser tests., The greater
the flexibittty of the mounting plate, the less is the development of the
rigid zones as shown in the previous results. Such is the sltuation which
occurs in more flexible tracks - as demonstrated In the companion study on
track section {Yong, El-Mamlouk and Youssef, 1977).

The maximum thrust developed in the multiple grouser systems, as
shown by the test results, occurs In situations where the grouser spacings
arg far in excess of the requirements imposed by the davelopment of passiwve
zones in the soil. In part, whllst this might be attributed directly to the
rigid top constraint provided by the plate, it is reasoned that the combined
soil-grouser motion producing the augmented grouser-actlon ceatributes to
enhancement ot track performance., Mowever, there are other considerations
which enter into the picture at this time, such as shapa of the grouser and

its aspect ratio, it i5 noted that whllst the soll performance in the ta:e
of the toading grouser can be approsimated 1n terms of iimit equiiibrium
behaviour such as that analyzed by Yong and Syivestre-wWil.!zims (i96%9), thy

sai | contained pefween the grousers does not obey Limit eguilibrium perfo: ar .

Whilst the results indlcate that maximum drawbar putl far a i
track can be obtained through a large spacing of fthe grousers, this wiil no® bo
consistent with ride comfort since large spacings provide for irregularity ir
cantinuous ground contact, This produces, In effect, a bumpy ride In the

track vehicle, The considerations that must be evaluated relate to {a) tracw
rigldity, (b) grouser shape and size, and (c} spacing of the grousers in vies
of {a) and (b). The inter-relationshlps between zl| three are indeed obvioul
and complex - as indicated by the perfomance of the soil in the face of the

leading grouser and alsoc of tha soil containad between the grousers. The rate
of increase of thrust for the multiple grouser system in view of variation in
grouser spacing [s sean +o bé a usetyl indlcator of track efficiency.
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