
GEOTECHNICAL 
RESEARCH 

CENTRE 

SOlL DEFORMATION AND SLIP RELATIVE 

TO GROUSER SHAPE AND SPACING 

by 

FLN. VONG A. F. YOUSSEF and H-ELMAMLOUK 

A- 

SOlL MECHANICS SERIES No. 38 

r 

October 1977 

TW10.5 Rgpor t to Department of Supply and Services 

985 
Dcfence Research Contract No. wsu CD 3237007 
Establishment Ottawa Serial No. 2SU77 00067 

McGill University 
Montreal,Que Canada 

nternatlonal S t d a r d  Serial N s  lSSN 0541-6329 

-.. . '  - 



- - 
PAPER NO. 

- '.: 1 ' 

SUMMARY: 

-12 !!?uel,)::r+f- t 2 f  22' , .' .,..::, v t  i ~ r -  :?!: t e ~ . , ~ , ,  : ? r . j  ; ~ i  - 
J-c I ;  :+,I i r :  3 r 3 2 c r :  I r :  e 2 .  ' -  ! dTdWt,il-- 
: ) . I  I ' = J  t ! ~ , : : ~ + ~ d  i :~  r.c d t '(,,I -3 .=~J.IS+!. =,',.!x, ?:'.,<, 

y j . 1 ~  SI;CJ,:- : I~ ; ~G:,,JCC,I gr.:w;k!-5; . It.<. k i  r, 1.; ,; t le'2-".- 
I I ,  i ;  i l :  I i ,  , ::-!+:em5 c t  ; I ::i<:!fi,-.+:- 

w n t  can Be h s e f u l  l y  er,jWl'rn?:i ' r v !  t !  ; . i 1 ) . 1 -  
regui red for opt i c i?  i r g  : rdck pu;:c;rna:lcu, 



SOIL OEFOIWATION AND SLIP E C A T I V E  TO 
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In the development o f  m b i  I l t y  o f  tracked vehicles, the in teract  ion 
between the vehicle and the ground Is min ta lned  through the track/grouwr 
system which, together w i t h  the road wheels, s p m k e t r .  and associated 
suspensim arrangement const l t u t e  the runnlng p a r  of the tracked vehlcle. 
By and large, except f o r  the develqmmt of the space l t n k  t rack  system as  
a concept and a V lab  le t rack deslgn, a t h n t l o n  to  the grousers (c leats1 
and t h e i r  pa r t i c i pa t i on  in  the developrnant of tractlve forces in the 
runnlng gear system has b m  m l n i m a l .  Thescarc l t y  of r lgomus rational 
theorles f o r  the assessment and evaluation of t o t a l  t rack performance has 
i n  large measure contr ibuted to  the Inadequate attent ion of grouser/track 
pa r t l c l pa t i on  In the running gear system f o r  production of t r a c t i v e  e f for t .  

Two recent p r i o r i t y  concerns have made it important to exmine t h e  
grouser/track system In greater deta l l .  Those are: 

( I 1  The requirement for  protect lon of the surfrclal envlmnnent 
f r m  excessive surface disturbance - especially In the mre 
f ragi 1 %  envl ronments, and 

121 The need f o r  obtaining the greatest  amount ot usefu. w r K  

for  t h e  least  expenditure o f  fue l  energy. 

In response t o  the f i r s t  of these concsms, recent erperlmanls such 
as those b y  Yong, Fat tah and Youssef 11976) have sxarnlned the development ot 
a pa5sive t rack  system where the  grousers used have been designed rn t hs t  
t h e i r  in te rac t ion  w l th  the t e r r a l n  surface tor productJon of  t r a c t i o n  I s  not 
in  any way destructive. Ar is ing  from t h i s  and other previous studlss, i t  
i s  evldent t ha t  the g m t r y  and the spaclng of  grwsers  in a t rack  system 
can imneasurabl y a f f e c t  the  performance o f  the  tracked vehlcle - wi th  a l  l 
else being m in ta lned  constant. 
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Since the interaction of the grouser/track system wl th  the t e r ra in  
i s  throvgh the development of t h rus t  in  the so l  l lntwrfaco reglon, I t  i s  
apparent that there needs to  be a proper appreclat lon of tho klndai ot  
deformat l on and shear patterns In  the so1 1 ,  The spaco l l nk t rack  contrept 
advancod I n  I t  f a  l l y  by Bskker ( 1960) uss one 0 1  the ear l  l4r attempts i n  the 
ra t ional  examinatTon of grousar/track performance, where t h e  sol l bshaviour 
patterns behlnd a serlas o f  m v l n g  grousers are used t o  provide the aeslgn 
requirements f o r  g r w s e r  spacl ngs. 

Whi 1st i t  may be reasonably assumaa t ha t  the requirement tor  
opt imm production of th rus t  I n  a grouser/track system i s  such that  the 
ccmplete shear d l r t o r t i o n  reqlon o f  the react lng (suppart ing) t e r r a ;  n n e d s  
t o  be developed, i t  i s  apparent that some o p t l m m  design spacing o f  grousers 
can be establ lshed I n  re la t lon  to  g rwser  shape and size. A know ledge o f  
the shear  and deformation performance o f  the reacting t e r ra in  In the  wake o f  
grouser th rus t  can contr ibute to  tne development o f  opt lmm pertormnce o f  a 
t o t a l  qrouser/t rack system. 

This study i 5  concerned wi th  the  prc+tem posed by the second 
l is ted p r i o r i  t y  given in  the preceding. I t  examines the performonce ot a 
mrl t i p le  grouser system in  re la t ion  t o  soi l react ion i n  respOnM to gmuser 
th rus t  and attendant grouser spacings. Three t y p e s o f  grouser have been 
used where the spacTng between the grousers has been varled. The t rack 
sections uhich m i a i n e d  the fu t  lscale grousers have been shortened t o  pro- 
vide f o r  t he  glossDon experlmentsl t e s l  series. By imposing the ssme e x p e r i -  
mental boundary rondlttm to  s l  l the tests wnducted ( i  .e. r i g l d  t rack 5yster , 
where both grouser and var iab le  spaces have been introduced. it i s  possible 
t o  cmpare the varlous de fo rmt ion  p a H e m  ewperienced b y  the grousers u n d e r  
Thrust developmmt. Correlat ions and mrnparl  sons between t h e  necessary 
forces requ l red to induce mt Ion, and the developed thrusts  and m l l behav i o!. ' 

patterns, shod the e f t l c i ency  of the grouser systwn in r e  l a-ion t o  the spac i;- 
between grousers. 

EXPER I MENTAT ION 

To examine the effectiveness of grouser shape and spacirg o f  grou%-<j  
i n  the development of drawbar pul l i n  a tracked vehicle, t h e r e  are several 
Ievels o f  examinatlm t h a t  can and should W Implemented. These begin with 
the use o f  ac tua l  tracked vehlcl es a s  reported by Yong e t  a l . ( 1976). There 
a r e  however, s o w  l lrnltations with t h i s  type o f  f i e l d  t es t i ng  approach, These 
I l e  p r l m r i  l y  in the area ot Iso la t ion  of parameters and the1 r e f f ec t s  sin- 
f u l  l %:ale f i e l d  t r ia ls  are d l l l l c u l t  t o  reproduce Insofar as f u l  l Doundary 
constraints and factor* are mncerned. To produce a mre control  led system 
section be l t  or sect ion track tes t ing  can be performed in  the laboratory. 
These essential ly  lnvotve the use o f  actual s ize grousers on s m l l  t rack 
systems. To progress one m r e  step in  the basic research d l  rection, a 
representative s e t  of grousers can besystemat ica l ly  studied. This can be 
fur ther Stud l e d  i n  terms o f  s lngle grouser tes ts .  The schematic dlagram 
whlch shows the hlerachy of w p h i s t  ication o r  fundamental approach t o  the 
Study of  grousers and t h e l r  r o l e  in  a t rack  system to r  production of  t r a c t i v e  
e f f o r t  Is glven IQ Flgure I. 



FULL SCALE 

TESTING 

TRACK 

MULTIPLE GROUSER 

STUDY 

SINGLE GROUSER 

STUlY 



I n  t h i s  s tudy,  the method chosen for examina t ion  o f  the  c o n t r i -  
b u t  i on  of g rousers  and t h e l r  5pac lng to  t h e  e f f i c l e r r c y  o f  a t r a c k  was the 
m u l t l p l e  t r a c k s y s t e m a s  l d e n t l f t e d  in Flgura I .  The t h r e e  t y p e s o f  
grousers  used a r e  shown In F l g u r s  2 .  These a r e  l d e n t l  f l e d  a5 5randard.  
aggressive, and p a s s l v e  g rousers  and are identical i n  51 zo and bhape t o  t h e  
ones used I n  the f i e l d  s tudy  r e p o r t e d  b y  Yong e t  a t .  ( 1976). 

The a c t u a l  exper imen ta l  techn ique used f o r  p r o d u c t i o n  o f  t h e  draw- 
ba r  p u l  l t e s t  consisted of f o r c l o g  the  m u l t l p l e  g r o u s e r  element I n t o  the 
compacted c l a y  contained I n  t h e  soi I b l n  w l t h  l u c i t e  sida walls. The 
r i g i d  top c o n n e c t i n g  p l a t e  i n  essence p r o v i d e d  for a m n d i  tim of  ext reme 
t r a c k  r i g i d i t y .  The use o f  t h e  l u c i t e  s i d e  w a l l s  permitted v i s ~ a l  
apprec ia f  i o n  of t h e  s o i l  d l s t o r t l o n  as g r o u s e r  t h r u s t  i s  developed. W i t h  a 
superposed g r i d  systems i n s c r i b e d  on tbe c l a y  p r i o r  to  the f l w l ng  of t h e  
l u c i t e  s i d e  wal Is.  d i s t o r t i o n  of t h e  c l a y  beh ind  t h e  moving g rousers  can be 

a a s i  l y  observed. S i n g l e  g rouser  t e s t s  were a l s o  per formed to s h m  and to  
i s o l a t e  the  eifect of  g r o u s e r  g-try on the development of 501 l d i s t o r t i o n  
F i g u r e  3 shows t h e  te3t f a c i l i t y  used f o r  t he  m u l t i p l e  and s i n g l e  g r o u s e r  
exper  [ments. 

The s o i l  used i n  the t e s t  to% was a k a o l i n i t e  c l a y ,  p repared  a t  a 
mi.;turo c o n t e n t  of a b u t  44 percent.  A t  t h i s  w a t e r  c o n t e r t ,  t h e  soil was 
between 93 to  98 percent s a t u r a t e d  - depending on the e f f i c i e n c y  o f  compact ion.  
Sy and la rge .  t h e  s t r e n g t h  t e s t  r e s u l t s  s k u  a high degree of s o i l  p r o p e r t y  
r e p r o d u c i b i l  i t y .  

To record the h i s t o r y  o f  m o t i m  or & f o r n a t i o n  ot  the 5oi l a r i s i n g  
f r o m  t h e  t h r u s t  devel~lpsd by t h e  grouser ,  a s s r l e s  of photographs were taken 
d u r i n g  continuous m t l o n  of t h e  grousers .  Y l  t h  the r e c o r d  o b t a i n e d  f rom the  
photographs, the d isp lacement  p a t t e r n 3  deve lgped as t h e  soi l deformed d u r i n g  
g rouser  movement i n  t h e  mu1 t t p l e  o r  s l n g l e  g r o u s e r  t e s t  s e r i e s  p r o v i d e d  a 
v i sua l  d e s c r i p t i o n  of s o i l  r e a c t i o n  I n  terms of v e l ~ i t y  f i e l d s ,  s t r a i n  ra:e 
d i s t r l  but ions,  and s l  l p  I i nes  generated.  S u r f l c l a l  measurements d u r i n g  t h e  
t e s t  serles i nc luded  t h e  r K O r d l n g  or the t h r u s t  developed by the m u l t i p l e  
grousers. R y  cwnpar ing these to t h e  s l n g l e  g r o u s e r  t e s t s ,  i t  i s  possible 
to  i s o l a t e  tk l n t  lvence of spaclng and t h e  e t f e c t  of grouser geWnetry m the  
p r o d u c t i o n  of g r s s  t r s c t i v s  sftort. 

TEST RESULTS AND Dl SCUSSION 

With the  experimental f a c i  t i t i e s  shown i n  Figure 3, t ' l e  t h r u s t s  
developed by the  m u l t i p l e  or s i n g l e  grouser  systems a r e  g i v e n  i n  terms o f  
h o r l t o n t a  l forces, - slnce the g r o u s e r s  here c c n s t r a l n e d  f r o m  r o v l  ng upward 
d u r l n g  h o r i z o n t a l  d l r p l x e m e n t  - 1 .en t h e  grousers  were o n l y  a l  lcwed t o  move 
i n  the h o r i z o n t a l  d l r e c t l o n ,  F i g u r e s  4, 5 and 6 show t h e  r e l a t i o n s h i p s  
b e t w w n  t h e h o r l z o n t a l  forcesdevelopedandgrouserd isp lacements ,  i n  these  
flgure5. canparlSOns 8rB made between t h e  m u l t i p l e  g r o u s e r  system and t h e  
s lngle grouser  for t h e  same grouser  geometry. 
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The mu l  t i p  l e  g rouser  t e s t  5 e r i  es c o n s i s t e d  o f  t h r e e  grousers  w i t h  
spac ings q i v e n  as 5howrl ill F i g u r e  3. As can be expected, t h e  t o t a l  
h o r i r o n t a l  f o r c e  developed by t h e  mu1 t i p l e  grousers i s  Larger than  t h a t  
shown by t h e  s i n g l e  grouser .  I t  i s  h o r e v e r  n o t  d s i m p l e  mu1 t i p 1  i r d t i o n  o f  
three for the  t o t a l  f o r c e  developed ( i  .e. t h r e e  t lmes  t h e  s i n g l e  g rouser  force) 
as might be expec ted  because o f  t h e  f a c t  t h a t  t h e  r m l t ; p l e  g rouser  t e s t  serif?.; 
c o n s i s t e d  of t h r e e  g rousers .  

In t h e  s i n g l e  g rouser  tests, the p a s s i v e  s o i  I d e f o r m a t i o n  zone 
e s t a b l i s h e d  d u r i n g  g rouser  t h r u s t  can e f f e c t i v e 1  y be d e s c r i b e d  i n  terms o f  t h e  
l imi t equi  l i  b r i u m  Rankine Pdssive Zorm ~ I t h  due acLount g i v e n  to  t h e  c o n s t r a i r w d  
zone a t  t h e  g rouser  i n t e r f a c e  - as d e s c r l b e d  and analyzed b y  Yong and S y l v e x t r ,  - 
W i l l i a m s  ( t 9 6 9 ) .  U s i ~ g  the l e n g t h o f  t h i s  zone as t h e  spac ing  r e q u l r m n t  
between a d j a c e n t  grousers ,  one can e s t a b l  i 5 h  a space l i n k  design c r l  t e r i o n .  
A5 can be seen frm t h e  m u l t l p l e  grouser t e s t s ,  t h e  t o t a l  f o r c e  developed depends 
i n  l a r g e  m e a s u r e o n  t h e  s p a c l n g b e t w e e n g r o u 5 e r 5 .  The l a r g e r  t h e  g rouser  
spaclng.  t h e  l a r g e r  i s  t h e  t o t a l  lmri tootal f o r c e  developed. T h i s  can a t  
t imes  be more than  t h r e e  t imes  t h e  t o t a l  t h r u s t  d e v e l o w d  h v  a s i n g l e  g rouser ,  
which indicates t h a t  t h e  g rouser  spac ings exceed t h e  Hankine Pasx ive Zone 
C r i t e r i o n ,  and t h a t  some augmsntat lon of g r o u s e r  a c t i o n  5 ach ieved th rough  
a c t i v e  5 0 i  l  p d r t  i c i p d t  i o n  w i t h  t h e  grousers t o  Inc rease  t o t d  l t r ack  f o r c e .  - 
This w i l l  be ~ v i d e n t  i n  F igu res  10, I I and 13. 

Because o f  t h e  i r l t e r t e r e n c e  of one qrouser on t h e  development o f  t h e  
, , o i l  W t o r m t i o n  o n  t h e  a d j a c e n t  grouser ,  d n a l y s i s  o f  m u l t i p l e  g ruuser  e t f e c t  
can be q u i  t e  complex. In o r d e r  to  reduce t h e  t e s t  rexu  l  t t o  a comrrrn bast:, 
the mttthrld ~f r v a l u a t i o n  shown i n  F i g u r e  7 has been adopted. Thi 5 i n c l u d e s  
c o r ~ s i d c r a t i o n  for t h e  i a ~ t  t h e t  the l e a d i n g  qro~lser has i n  e f f e c t  an i n t i r ~ i t e  
s o i l  ~ ? x t e n t  i n  f r o n t  of it d u r i n g  i t s  t r d v e l  - p r c d u c i n g  i n  e f f e c t  t h e  
Rankine p a s s i v e  r o n e a t t r l b u t a b l e  to s i i g l e g r o u 3 e r s .  The forces developed 
by t h e  l e a d i n g  g rouser  are des ignated a s  F 

I '  
S ince  t h e  f o l  l ow ing  g r o u s e r s  arc? 

in  essence c o n s t r a i n e d  by the  l e a d i n g  grouser ,  t h e  f o r c e s  a c t i n g  on t h e  s11b- 
sequent g rou5ers  i n  t h e  m u l t i p l e  grousers a r e  des igna ted  a s  F2.  The t o t a !  
e x i s t i n g  f o r c e  developed b y  t h e  m u l t i p l e  g r o u s e r  element,  i n  t h i s  case  &,,.,- 
S i s t i  ng  o f  t h r e e  grousers .  i s  g i v e n  as t h e  sum t o t a l  of  F -(  2 F _ .  The 

I L 

schemat ic d iag ram g lver l  i n  F i g u r e  7 I I l u s t r - a t e s  t h e  t o t a l  a c t l o n .  

F i g u r e  8 d e m n s t r a t e s  t h e  e f f e c t  of  spac ing  on t h e  t o t a l  f o r c e  
developed. IT I  t h i  s ins tance,  t h e  c o m n  base has Deen used as d e s c r i b e d  i n  
F i g u r e  7 and t h e  t h r u s t  developed on t h e  i r ~ t e m d i a t e  grousers  des igna ted  as f ,, 
1s r -e la ted  to  t h e  spac ing  between g rouser5 .  As noted,  t h e  a g g r e s s i v e  
g rouser  system produces t h e  l a r g e s t  force.  tbwever ,  one shou ld  a1 KI ~ o n s i  ccr  
the y ro l l se r  spac ing  a s r o c i  a t e d  w i t h  t h e  maximum t h r u s t  deve loped by t h e  
g rousc rs .  The diagram shows t h a t  t h %  hori z o n t a l  f o r c e  inc reases  a5 t h e  
spac lng between g rousers  inc reases .  Presumably t h  i  5 shourd asymptote  to  a 
MfE . tan t  va l uc  where t h e  m~ximum f o r c e  developed <:an be o b t a i n e d  m n s i  s t e n t  
w i t h  a maximurr. spac ing  f o r  t h e  gr-ousers. I t  shob ld  be n o t e d  a t  t h i s  p o i n t  
bwever '  t h a t  t h e  development of  m ~ l r n u n  t h r u s t  by t h e  g r o u s e r  system which 
m i g h t  r e q u i r e  e x c e s s i v e  g r o u s e r  spac ing  m y  n o t  be c o n s i s t e n t  w i t h  t h e  r i d e  
c a f o r t  r e q u i r e d  f o r  operat ior1  o f  t h e  v e h i c l e .  

By p l o t t i n g  t h e  g r a d i e n t  o f  t h e  force g i v e n  i n  F i g u r e  8. i . e .  t h e  
maximum f o r c e  p e r  un i t  spacing,  t h e  diagram g l v e n  i n  F i g u r e  9 i s  o b t a i n e d .  



F,  = Resisting force of the f lrst grouser w l t h  in f in i te  sai I 
e x t e n t  i n  front of it. 

F2 = Rest s t i n g  force of  t h e  semnd or t h l  r d  grouser at  the 
m u l t i p l e  grouser element. 

F = Totat resisting force o f  the m u l t i p l e  grousar  e;emnt.  
= F ,  + ZF2 

FIG. 7 LAY-OUT OF W t T I P t E  GF13USER ELEMENT WITH 
THE FORCE CMrlWtiENTS ACT l NG ON IT 
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As noted f rm the dt agram, the spacing requi red fo r  development o f  the mar imum 
force p e r  u n l t  spacing is  given as  18.2 cm l o r  the  standard grouser, 21.0 cm 
f o r  aggressive grouser, and 25.2 cm for the psssi ve grouser. These same 
spaclngs are superposed m Flgure 6 to 3horr i h e l r  corresponding forces 
developed - i .e .  12.8 kg f o r  the standard grouser. 17.7 kg f o r  the passive 
grouser, and 2 2 . 7  kg f o r  the  aggresslve grouser f o r  the corresponding 
optimum grouser spaclngs a5 Indicated i n  Flgure 9 .  We note w i th  i n tere5t  
tha t  these forces. designated as optimum forces, a r e  approxlmatel y equal t o  
tho;e forces developed by the s lng le  grousers o f  ident ica l  gmmetry. This 
indlcates tha t  when one u t l l i f e s  grouser spsclngs in  excess of those prescribed 
by the  Rankine passlve zone f o r  s lng le  grousers, the ra te  of Increase i n  t h r u s t  
development decreases. Thl s can be easi l y  observed i n  Figure 8 where the 
mar imum th rus t  i s  seen t o  develop a t  spacings in  excess o f  the Rankina 
passive spacing . 

Displacement and Veloci ty Distribution Patterns 

To s tudy  tne defonmt lon behavi our o f  the Soi I i n  the face o f  a 
m v i n g  grouser, representative p a r t i c l e  displacements a t  d i f f e r e n t  locat ions 
wer% recorded s t  var ious t ime i n te r va l s  dur ing the tes t .  As described 
previously, t h i s  was achieved wi th the a i d  o f  the  g r i d  network technique. 

The deformation pat terns of the ncdal p o i ~ t s  ~ b t a ; 7 e d  rrom :be 
gr id ,  are p l o t t e d  i n  Figure 10 la ,b,c)  for t h e  standard, passive, a;,d 
aggre55ive mu l t i p l e  grousers respect ively a f t e r  a t o ta l  displdcement of 4.0 c . 

A s i g n i f i c a n t  d i f fe rence k tween  t h e  s o i l  p a r t i c l e  displacement 
pat terns i s  observed behind the f i r s t  and second grousers o? the m u l t i p l e  
grouser system. Because of the unhinckred soi 1 zone, Coi l undergoes fotuarc 
and upward deformation i n  f r on t  o f  the f i r s t  grouser - Typical of :he Ranhinc 
passive performance of so l  I .  In  the case of the internedi a t e  positioned 
grouser, the s o i l  i n  the reglon between the f r o n t  o f  :haL grouser and the  
back o f  the f i r s t  one was found t o  nuve ho r l zon ta l l y  w i : t ,  aF3rox imte ly  t -e  
same degree of grouser d i splacemnt. Thi 5 was a t t r i  bu:ed ' 0  the .srar5 
restriction imposed by the hor izontal  c o n n e t i n g  p l a t e  a t  the top of  the 
grousers which prevented upward heave of t he  soi I. This s i  t ~ a l  ion i s  not 
unl lke tha t  imposed by a very r l g i d  t rack.  These observations su7port the 
postulate t h a t  the i n t e n e d l a t e  grouser behaves considerably d i  f fe rent  from 
t h a t  o f  a s i ng le  grouser due t o  the di  fference i n  boundary mnd i  t l ons ,  spaclng 
and ve r t i ca l  movement r es t r i c t i ons .  

As observed f r n m  the d i s p l a c m m t  pat terns g iven  i n  Figure 10, the 
w i  l contained between the grousers mved I n  concert w i th  the grousers 
( h o r l z o n t a l l y )  f o r  the r i g l d  t rack slrnulat ion - thus t e s t i f y l n g  t o  t h e  grouser 
aupen ta t  loo e f f e c t  re fer red t o  previously i n  tne discussion o f  r esu l t s  shown 
In Flgure 8. The mi !-grouser augmented phermmenon, whlch 15  fur ther  discussed 
I n  Flgure 13, thus produces a t rack enhancement e f f ec t .  I t  i s  apparent t h a t  
i f  t rack r l g i d l t y  I s  relaxed. i.e. i f  the t rack  becomes m r e  f l ex i b l e ,  some 
upward muement o f  the sol  l contained b e t m n  the grousers ri I I occur. Wh%n 
t h l s  happens the l n l t i a l  enhancement of track performance obtalned I n  the 
r i g i d  t rack s i  tus t  Ion through m u p l  ing m t l o n  of 501 1 and grouser, becomes 
dlmlnlshed. 
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The veloc t ty cmments of the  nodal poi nts were calculajed us ing 
the Cartesian ccordinates wl t h i n  t h e  Cagranglan space u 5 i  ng the expression : 

where 

U = instantaneous p a r t i c l e  ve loc i t y  in  the X-direct ion 

\I = instantaneous p a r t i c l e  ve loc i ty  in  the Y-direct ion 

X,y ' horizontal and ver t i ca l  coordinate o f  the  point  a t  
any Instant of time as measured from a f ixed given po int  

The resu l ts  obtalned for  the vertical ve loc i ty  components were 
neg l ig lb ly  s m l l  in view of the upper boundary constraint  and a l so  i n  view o f  
c o u p l e d m t i o n o f  s o i l  andgmusers in  t heho r i zon ta l  d i rec t ion .  Hence, 
only the h o r i z m t a l  c m p o n m t s o f  ve loc i t y  needbeshown. As an BXmple. 
Figure I I s h o ~ s  the hor l tdn ta t  component o f  the nodal po ln t  ve loc l t l es  for 
the passive grouser a t  two d l  f ferent  values o f  I t s  displacements. 
S i m i  l a r  diagrams can be c b t a i  ned for  t h e  other grou5ers. From these i5o- 
VelOC i t y  mntours, i t  i s  observed that  the highest veloc l t v  occurs in  the lone 
bounded by the grou5er face and the upper connecting p ls te .  I t  i s  also 
observed that  no intersection o f  the  m t w r  I lnes occurrec w i ~  tt-e upper 
p la te  which indicates t ha t  the soi l  i n  thu u p p r  tone mves with the sane 
ve loc i t y  a 5  the upper p I ate. A concentration of the veloci t.f ccntour 
L ines occurs a t  the grouser t i p  level f o r  h l g b r  grouser dicqlacemnts. 

Figure I7a i I l ustrntes the varIa$lon of horlron:al 4e:c;ity w i t s  
depth a t  mid-distance batveen the passlve grousers [shown i c  = ; : . . + z  I I  f o r  
b i t  ferent grouser dlspla-$5. I t  i s  observed f m n  t h l s  f i p m  t ha t  th;. 
k r i z o n t a l  ve loc l t y  k r e a w s  w l t h  increasing depth frmn the surfsce until a 
C e r t a i n  &pth,  i den t i f l ed  a5 the af fected depth, a f t e r  which the soi l ceases 
t o  move. Thls depth was found t o  increase w l t h  increasing hori ronta l  grouser 
displacements. It c w  be noted f r o m  the same f igure  t ha t  the reduction o f  
t h e  hor izontal  ve loc l l y  w i t h  depth occurs a t  d i f f e r e n t  rates depending on the 
dbsplacement of the g m - r .  A t  higher displacements, a sharp decrease o f  
ve loc i t y  occurs a t  approximately the same level o f  the grouser t ips .  

The main features of the above observations a m  the $am f o r  the 
Other two types of grousers (standard and aggressivel as shown in  Figure 12b, c, 
elrcept for the m g n  i tude o f  t h e  af fected depth below each grouser type. 

bvelopment of Fa i lure Zones 

The aevelopment of t h e  f a i l u r e  zones as interpreted from s o t i - s t r a i n  
d 8 t a  for the mu1 t l p l e  passive g rouwr  system a t  d l f  ferent displacements O f  the 
grousers i 5 shown in  F igu re  13.  F r o m  shear t e s t s  performed on t+e  km l i n i t e  
clay, i t  was &tab1 ished that  f a \  l u re  occurred a t  about  15 percent s t ra ln .  



FIG.  I l a  HORI ZWTAL VELOCITY DISTRIBUTION P A T T t m  FOR ?ASSIVC GROUSLR 
Grouser D l s p l a c e m :  = 1 . 7  cm 
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F I G .  I l b  WRIZONTAL VEI.OC I T Y  DISTRIBUTION PATTEWJ FOR PASSIVE GRWSER 
Grouser O l  sp l acemnt = 4 . 3  cm 
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F I G .  13 DEVELOPMENT OF FAILURE f 3 N E  f O R P A S S I V E  LROCSER-CLAY S Y S i L M  



FIG. 13 DEVELOPMENTOF FAILUW ZONE F O R P A S S I V E  GROUStR-CLAY SYSTEM 



C) GROUSER DISPLACEMENT = 4 .67  cm. 

F l G .  I 3  DEVELOPMENT OF FA1 LURE ZONE FOR PASSIVE GRQOSER-CLAY SYSTE:.! 



I t  i s  t h i s  s t ra in  c r i t e r i o n  k t~ ic t ,  d ictates when f a i  l u r r  occurs in  rhe soil  ma,s 
Using t h i s  s t ra in  criterion, in tcrpretat lon o f  the s o i l  d l s p f a ~ m n t  data 
( w i t h  t imcl  under grouser th rus t  shoued t h a t  f a i l u r e  i n  t h e  soi I s tar ted a t  
thc  region adjdcen t t o  the Curved toe front of t he  pass ive qrouscr, and 
propagated both hori zontal l y  and ver t ica l  l y a5 grouser di Sp laCemd l f l C W a 5 C d .  
A t  higher qroAser displacements ( 4 . 6 7  a). the f a i l u r e  zone was found t o  w v c r  
the whoto Lonc in  front of  the grouser toe and t o  occupy t h e  %nt I r e  distance 
between t h ~  grouser t i v ~ .  I t  I s  noted tha t  the f a i  lure zone5 were located 
only a t  o r  near the grouser t i p  levels and tha t  no f a i  lure occurred near the 
roi l surtace. This supports the contention that  the upper p la te  which 
simulates a r i g i d  track, forces the s o i l  below i t  to  nave h o r i z m t a l l y  as a 
dead zone with minimal d i s t o r t i m  Insice the region between the grousers. In 
e f fect ,  t h i s  provides f o r  a u g m t a t i o n  of grouser th rus t .  I .a. t h c  I 
assists the  grouser in  development o f  greater t h rus t  through an increase i n  
the  e t f ec t l ve  s i r e  or the grouser. This can be visual i r ed  I f one con5 l ders 
the "dead" zore o f  the soi I betweet1 grousers as an in tegra l  pa r t  o f  the 
grouser system. I t  i 5  possible to  have an extension o f  the t r a c k  system 
fur ther  i n to  the ground. Note however that  when the track bechr*1$ ie55 r i g i d  
the d i s t o r t  ion in  the region between the grou5ers becomes larger, T h i s  r i  I I 
reduce th rus t  enhancement for  the same grouser spacing. 

S l i p  Surfaces 

To study the spacing e f f ec t  on the  &formation bshavlour of the so; I 
beneath a grouser, the g r i d  1 ine deformations were observed a t  dl f lerent  t im 
interva l5  for d i f f e ren t  spaclngs between grousers. These Dbservations a l  low(: 
One to  locate the p s i  t ion of the 51 ip s u r f a ~ s  a5 given in Flgure l4 for the 
case o f  the mu l t ip le  passive grouser system. S i m i  la r  diagrams can be 
obtained for the other  grousers and t o r  o ther  spacings. as for  emmple i n  
Figure I ?  - f o r t h e  c a s e o t  t h e m u l t l p l e a p s r e s s i v e g r o u s e r  system. I n  
Flgures 14 and 15 the 5 l ip I lnes for three d l  fderent spacings are G r a m  a: 
d l  f tercnt t lme in terva ls  corresponding to Successive advances o f  the g m 6 : r  
elements through the soi I .  1 t i s  observed tha t  the shape and d i rec t i on  0 :  :r.r 
S l i p surf  aces advance depend1 ng on the s p a f l  ng ava  l l ab  l e between t h e  t*o 
successive grousers. For the case of mtnlmum spacing as shown in Figures 14a 
and 15~1. t f i r s t  $ 1  i p  i s  Somewhat b r i z m t a l  wi th  a s l i g h t  inc l  inat lon 
ind icdt ing t h a t  a t  s m l l  spacings, l i t t l e  shear d i 5 t o r t i m  M c u r s  i n  t h e  60ii 
region between grousers. As the spacing lrcreasas. the f i r s t  s l i p  takes mre 
of an upward curvature and m e  shear or dis tor t ion  o f  sol  I Mcurs  through thp 
zone above the grouser t ips .  Th i s  curvature I s seen to  decrease at  tar a 
cer ta in  L i m i t  spacing because o f  the previously mentioned r e s t r i c t  im imposed 
by the upper connecting plate. 

The sl lp rme .  Oef ined as the zone bounding the successive 51 i p  1 i nes 
due to  the grouser advance through soi I, i 5 5 b w n  on the  sarm f igure,  This 
zorle i s  very  l irni tad i n  the vo r t i ca l  d i rec t ion  t o r  the case o f  v e y  wnal T 
spacing, which agaln indtcates that  t h e  shear d i s t o r t i o n  of the s o i l  mass 
bsMeen grouser5 i 5  s m l  [ .  For a large spacing between grousers, i t  i s  noted 
that the s l  l p  z3ne mcupies a considerable p a r t  of the region between grousers 
end i t s  width i 5  enlarged, ind icat ing that the  shear d i s t o r t i o n  occurr ing in  
the  f a i l ed  s o i l  mass ( w i t h  the increase of input energy) i 5  di 5 s l p a t e d  i n  t ha t  
region. 





a. Spacing = 15.0 Cm. 

Bo set/ & c. Spacing = 2 5 0  cm . 

FIG. 15 SLIP ClNES AT DIFFERENT T I P E  INTERVALS FOR 3 DIFFERENT SPACINGS 
OF AGGRESSIVE GRWSER 



S U W R Y  A M  CCNC LUS 1 ON 5 

Slnce the presentat lon o f  the spaced l i n k  t rack concept by 
Bekker ( 1960) (Figure 16) where grouser spacings were d ic ta ted  by the develop- 
mt of the Rankine Passive Zow i n  the l ace  o f  the m v i n g  grouser, l i t t l e  has 
been done to  provide actual d e t a l  led informtion on soi I performance and 
behaviour in the face o f  rov ing grousers of v a r l w s  shapes and spacings. The 
theor ies t h a t  emanate from the development of passive shear zones i n  soi  I S  a re  
simi l a r  t o  t h s e  tha t  d l c t a te  optlmum p e r f o m n c e  i n  view o f  maximum pressure 
developed because o f  the passive l a t e r l a l  pressure5. and are consistent  w i th  
I l m t t  equi I ibri lun p r i nc i p l es .  Ho*ever, i n  grouser-track considerations, the 
r e s u l t s  o f  t h i s  present study i n d l w t e  tha t  t he  s i t u a t i o n  can be m r e  complex. 
This i 5  undcubtedly due t o  the upper m n s t r a l n t  provided by the d e g r e  o f  
r l g i a i t y  o r  f l e x i b i l i t y  of the track, as demonstrated by t h e  r i g i d  p l a te  
(which simulates a r l g i d  track1 In t h e  multiple grouser t e s t s .  The greater 
the f lex i  b i  t l t y  o f  the roun t i  ng p late,  the less is the development o f  the 
r i g i d  zones a5 sbwn i n  the previous results. Such i s  the s l t u a t i o n  whlch 
occurs i n  m r e  f l e x i  b l  e tracks - 6s demonstrated i n  the compan ion study on 
t r a c k  sec t i on  (Yong, E I-Mmlouk and Youssuf, 1917). 

rhe maximum th rus t  developed in  the nwl t  i p l e  grouser systems, as 
sbmn by the t e s t  r e s u l t s ,  occurs i n  s l t u a t i m s  where the grouser spacings 
are f a r  i n  excess o f  the r e q u i r e m t s  imposed by the davelopment of paSsiVcl 
zones i n  the s o i l .  I n  par t ,  whilst t h l s  might be a t t r i b u t e d  d i r e c t l y  t o  the 
r i g i d  top cons t ra in t  provided b y  the plate, It i s  reawned tha t  the cMnbined 
M i l - g rouse r  motion producing tho auynmtcd grouser-act lon contr ibute5 to  
enhanceren t o f  t rack performance. b w e r ,  there are other w n s  i derat  ions 
which enter i n t o  the p i c t u re  a t  t h l s  tine, such as  shape of :he grouser an0 
i t s  aspect r a t i o .  I t  i s  noted tha t  wh l l s t  the mi l performance i n  the f a x  
of the  toadlng grouser can b e  appronimted In  terms of i i m ;  t equi i i b r i  urn 
behaviour such as  tha t  analyzed by Yong and Sy lves t re -h i l . :? ,m (1969).  th t ;  
501 1 contained between t h e  grousers does not obey l i m i  t ecui l i bt'ium perfo: , I f  0:. 

Wh i l s t  the r e s u l t s  ind lca te  t h a t  maximum drawbar put l f3r a r - l i l i . .  
t rack  can be obtained through a large spacing o f  the grousers, t h i s  w i l l m' be 
consistent  w i t h  r i d e  comfort s lnos large spscings pmv ide  f o r  i r r e g u l a r i t v  ;r 
EontinwuS ground contact. Thls produces, In e f f e c t ,  a blrmpy r i d e  I n  the 
t rack vehic le.  The w n s i d e r a t l m s  t h a t  must be evaluated re l a te  t o  ( a )  traLA 
r l g l d i  t y ,  ( b )  grouser shape and size, and ( c )  spacing of the grousers i n  v i e *  
of ( a )  and ( b ) .  The i n te r - r e l a t Im5h lps  betwwn al  l three a re  indeed obviou; 
and complex - a5 indicated b y  the p s r f o m n c e  of the soi l i n  the face o f  the  
l e a i n g  grouser and a l m  o f  the  soil m t a i n e d  between the grousers. The r a te  
of increase o f  t h r u s t  f o r  the rnul t i p l o  grouser system i n  view of va r i a t i on  i n  
grouser SpaCi~g Is  s w n  to be a usstul  i n d l c a t w  of t rack e f t  ic iency. 
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FIG. 16 DEEP FAILURE I INDtk SPACED TWCK (After Bekker. 1960) 
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