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PREO ICT lON OF MOB l L ITY AND DRAUBhR-PULL I N  T W - B I  td  TESTS 

US1 NG CONE, VjANE-CON<, AND BEVAHETER-TYPE TOOLS 

T h i s  r e p o r t  d e a l s  w i t h  an exan ina t  i o n  o f  t h r c c  k i n d s  o f  f i e l d  r e s t i n g  

i n r t r u r m n t s  ~ r e ~ e n t l ~  advocated f o r  use  a5 measur ing  t o o l s  i n  t h e  f i e l d  r o  

p r o v i d e  i n p u t  f o r  p redTc t  ion of mubi l i t y .  There a r c  u r ~ d o u b t e d l y  m n y  more 

k i n d s  o f  f i e l d  maarur i n?  d e v i c c s .  H w e v e r .  these ,&ere chosrln because o f  

t h e i r  immediate a v a i l a b i l i t y  a n d g r e a t e r  c m r w n  usage. The t o o 1 s c o n s i d e r e d  

a r e  the cone penet rometer ,  s i m i  Mar t o  t9e or?? used  a t  V E S ;  a l a b o r a t o r y  

a d a p t a t  i o n  o f  the b e v a m e t e r - t v ~ e  o f  tes :  d e v i c e ;  a v a n e - c o r i ~  l e s t  instrurnl?rit 

p r e s e n t l y  used a t  nc5i l l  U n i v e r s i t y .  

The r e s u l t s  o f  t h e  s tudy i n d i c a t e  t h a t  i t  i s  mo5r impor tan t  ro 

o b t a l n  p r o ? e r  s i m u l a t i o n  f rom t h e r e  t e s t  d e v i c e $  o f  t h e  mechanics o f  v e h i c l e -  

t e r r i l i f ~  i n t e r a c t i o n  i f  a f e a s i b l e  p r c d i c t i o r ~ ' o r m ! ~ i l i t y  i s  to  h e m a d e .  We 

n o t e  t h a t  w h i l s t  measurements car7 bt? o b t a i n e d  from these i n s t r u m ? 7 t s  :-ihich may 

o r  m a y  n o t  he p e r t i o e n t  t o  the a c t u a l  mechanics o f  v e h i c l e - t e r r a i n  i n t e r a c t i o n  

t h e  o t h e r  impor tan t  c o n s i d e r a t i o n  Tor m o b i l i t y  p r e d i c t  i o n  i s  t h e  a c t u a l  

a n a l y t i c a l  framework u i t h i n  wh ich  t h e w  measurements must p a r t i c i p a t e .  Thus, 

i t  i s  not o n l y  t h e  i n s t r u m c n t s  [ h a t  ad-e used t h a t  a r e  i h p o r t a n t  f o r  p r a d i c t i o n  

of mobi l i r y .  b u t  a150 the method o f  a p p l i c a ~ i o n  o f  t h e  rnaasurrmenrs o b t a i n e d  

from these t o o l s  f o r  a n a l y s i s  and p red ;c t  i o n  o f  icobi l  i t y .  Wher,e the 

proper  a p p r e c i a t i o n  or  t h e  a c t u a l  5yslem p rob lem i s  o b t a i n e d ,  ! a t h  f rom a 

measuremellt and an a n a l y t i c a l  p o i n t  or  view, a v i a b l e  p r e d i c t i o n  f o r  m o b i l i t y  



i 5  o b t a i n e d .  These p o i n t 5  a r e  exanlined i n  t h i s  r e p o r t ,  and t h e  r e S u l t s  

i n d i c a t e  t h a t  :he tml drsiqaled t o  account  f o r  the n e c e s s a r y  n i ~ c h a n i c a l  

p r o p e r t i e s  p a r r i c i p a t  ing i n  thc  mechanics of v e h i c l e - t e r r a l n  i n t e r a c t i o n ,  

d o e s  indeec: prcduce the l ~ e t t r r  c o r r e l a t i o n  w i t h  respec t  t o  p r e d i c t i o n  o f  

m o b i l i t y  as  determined i n  laboratory t o b - b i n  t a s t s  

The above s ta tement  i s  b e s t  h i q h l ; q h t e d  by q u o t i n g  an Fxample o i  

m i s u s e  o f  measurements f o r  c o n ~ p u t a t i o n s  I ~ a d i n g  t o  p r e d i c t i o n  o f  m n t l i l  i t y .  

.L - ... ,. . . , . 
" Reece,  A . R ,  (1965) Pri!:.:l?Eea of ; . : - . < i : z . r h  . ! A  ,,: :r.:- .; .  P r o c .  of  the 
I ~ i s t  i t u t i o n  o f  Mechanical  Engineers (Autcmobi l a  D i v i s i o v i ,  'Val. 180. P a r t  2 ,  p . 4 5 .  



FRED I C T  I O N  OF HOB l  C I T Y  AND URAUBAR-PULL I N  TOW-BIN TESTS 

US I NG CONE, WANE-CONE, AND BEVAMETER-TYPC TOOLS 

1.0 PROBLEM DEVE LOPHEfiT 

1 . 1  PRELIHIMRY STATEMENTS 

I n  o r d e r  to  proper1 y  demonst r a t e  t h e  problem a r  hand, i r  i s  nececs- 

au-y to  rt.viemd, v e r y  b r i e f l y ,  the e s s e n t i a l  t . lemenrs w h i c h  p a r t i c i p a t e  ; n  t h e  

p r o d u c t i o n  o f  mobi t  i t y  f o r  a v e h i c l c ,  toge ther  w i t h  t h e  b a s i c  mcchanicr  o f  

the  v e h i c l e - t e r r a i n  interact i o n -  The reasons f o r  these rev iew ob+rvat ionc 

a r e  found i tht .  i a c t  t h a t  i f  r a t i o n a l  c o r r e l a t i o ~  i s  to be d e s i r e d  f o r  t o o l s  

t h a t  a r e  r e q u i r e d  t o  p r c d i c t  m o b i l i t y  f rom measurements o f  t e r r a i n  proper t ic . ; .  

chr sen5 i  ng  too tr need t o  p r o v i d e  a  p r o p e r  r e f l e c t  i o n  of t h e  k i n d s  of mechan i  s r $  

developed i v  the u e h i c l e - s o i l  Fnte rac t io r i  problem. 

The5e mechan ism a r e  examined i n  t h i s  s e c t i o n  from3 t h e  v c h i c l e - s o i l  

i n t e r a c t  i o n  p o i n t  o f  v iew f u r  the ? U ~ W F C  nf d e ~ ~ e l o p w r r t  o f  the t h e  r e q u i r e -  

m e n t s  f o r  f i c f d  sampl i n s  t o o l s .  F o l l o w i n g  t h i s ,  t h r c e  kinds o f  t o o l s  a v a i l -  

a b l e  a re  l i 5 t e d  and t h e i r  r e s p e c t i v e  performance n;cch~ni>ms deuc lopcd,  to  

>how how t h e y  miqht  r e l a t e  t o  the problc+b d t  hand. 

l . 2  OFVICES FORTERRAINSENSING FOA W B I L i T Y  

F i g u r c  1 - 1  c h u m  d b r i e f  sumwary capsu le  uf  the t h r c e  p r i n c i 7 a l  

too15 p r e c e n t l y  u rcd  fur the p r c d i c t  iov o f  v c h i c l e  n : o b i l i  t y .  A f u l l e r  

discussion o r  these  t o o l s  : v i l l  be g l v c n  i n  s e c t i o n  2 . 0 .  I n  t h i s  ~ c c t i o n ,  

we w i l  I r e h t r i c t  the d i s c u 5 s i o n  t o  s t a t w e n t 5  pro. , id i r~g a b r i e f  ; r p u r t L c i a t i o n  





O F  the k i n d s  o f  ac t i ons  and r e a c t i o n s  provolred by the use o f  t l w  too l  i n  

the t c r r a i n .  F i g u r e s  1 - 2 ,  1-3 and 1 -4  show the L ' m w  Wt,! c?f.ffl~.t lprobleln 

a5 derronstrated by t h e  t o o l s  t o g e t h e r  w i t h  t h e  d e s c r i p t i o n ,  o f  the k i n d s  o f  

a c t i v i t  ie.; ganc ra ted  f r o n  the use o f  the r e s p e c t i v e  t o o l s .  The d i r e c t  

~ D D I  i c a t i o n  o f  a l l  thcse t0015, toge the r  :d i th t h e i r  cor responr l i r lg  t e s t  

r e s u l t s  ~ i l  l be p resen ted  i n  s e c t i o n  3.0 o f  r h i 5  r e p o r t .  

1 . 2 . 1  U c h i c l e - S o i l  l n t e r a c t i o n ~ e c h a n i c ~  

I n t e r a c t  i o n  between v e h i c l e  and t e r r a i n  i s  ach ieved  th rough  t h e  

r u n n i n g  gear 5 y s t c c  which i s  e i t h e r  a wheel system or a t r a c h / d e v i c e ,  o r  

5 a l l e o t h e r  e q u i u a l r r i t  s y s t m .  Ther r .echan icso f  i n t e r a c t i o n  h e t w e e n w h e e l - s o i l  

and t r a c k - s o i  l have been developed p r e v i o u ~ l  y i n  many pub1 ishcd r e p o r t s  by  

i. 
Yong. Thc c s ~ e r l t  i a l  i tecis f o r  t h e  i n t e r a c t i o n  between t l M w  r u n n i n g  n e a r s  

3 n d  the t e r r a i n  a re  s u ~ n ~ ~ ~ a r i r e d  i n  F i g s .  1-5 3 r d  1 -6 .  

Note t h a t  f o r  m o b i l i t y  purposes, i t  i s  d e s i r a b l e  t h a t  the v c h ; c l r  

b e a b l e  t o r x r v o  f r o r o n e  p o i n t  t o a n o t h e r  s p e c i f i e ~ :  w r i t i o n .  TO ach ieve  

t h i s ,  the v c h ; c l e  111ust ne  5upported by th t l  t e r r d i r ~ .  I r l  ddd i  t ior i ,  the t e r r a i n  

m u s t  p r o v i d e  s u f f i c i e n t  r e s i s t a n c e  ( c a p a b i l i t y )  w h c r c i n  t h r u 5 t  can be 

dcvc lopcd bct,<rcerr the runn ing  gear and t h e  t e r r a i n  i t s c l ! ' .  Irwi:obi I i z a t  i o n  

t h e r e f o r e  can a r i s e  ss 3 r e s u  t oi l a c k  of ground 5l;ppor t o r  l a c k  o i  s t  r c r i g t h  

i n  t h e  t e r r a i n  t o  p r o v i d e  the w h e r e ~ i t h a l  For d c v r l o p : i ~ e r ~ t  of t h r u s t .  These 

a re  derrmn5tratcrl as s i r ikage i m o b i l i z a t i o n ,  o r  s l i p  i r r l o b i l i z a r i o r i .  There 

a r e  o b v i o u s l y  combinat ions bet!.~eeo the t w o  which may prov  i d c  f o r  im1110bi 1 ; 7a t  i o n  

th rough  i n t e r a c t i o n  between these tm p r i m a r y  i ~ ~ e c h a n i r a t i o n < .  

See R ~ f e r a n c e s  a t  the end o f  t h i s  Repor t .  













1.3 S lfl ILARITY REQU IREHEN15 FOR PROPER PREDlCTlON ---- 

I n  o r d c r  t h a t  onc n i g h t  p r c d i c t  t h e  bchav iour  o f  (I sysren:,  i t  i s  

essent  i a  l t h a t  a p roper  knomdlcdye o f  the k i n d s  01- niechani5!ns i n v o l v c d  be 

u n d c r 5 t w d .  I f  a  p r e d i c t i o n  i s  to  b e w d e ,  b a r e d u p o n , l ~ a n p I i n q o f  the 

i n d i v i d u a l  conponcnts o r  o f  t h c  i n t c r a c t i v c  cmponen ts ,  i t  i 5  necessary 

f o r  t h e  k i n d s  o f  mcchani sm5 developed and scnscrl hy t h e  ~ i i m p  l i  ny procedures 

to be s i m i l a r  i n  urrence t o  t l w w  i d e n t i f i e d  a5 r e r p o n s i b l c  f o r  the a c t ~ a l  

system hehav iour  ncedcd t o  b r  p r r d i c t c d .  F i g u r e  1 - 7  i l l u 5 t r a t c s  the 

g e n e r a l  reqo i rernent. 

I f  the ~ a n p l  ing o r  predictive techn iques do n o t  n ~ i r r n r  o r  g e w r i j t e  

mechanisms s i m i l a r  to t h a t  provoked b y  t h e  d c t u a l  o r  r c a l  q y s t m  t o  be p r e d i c t e d .  

i t  b e c o w s  i r n r ~ e d i a t c l y  obviou% t h a t  the a b i l i t y  r o  p r e d i c t  l l l c  a c t u a l  o r  r e a l  

. , 
s y s t e m  becomes 5cverc l y hampered. The f u r t h e r  one d e p a r t 5  f rnn, t h e  .s:!:~::? 

mc..chunim r e q u i  rernent, t h e  l e s s  i  r one 's  ,3b i l i t y  t o  5ucce5sfu l l y p r e d i c t  t h e  

b e h a u i o u r o f  t h e r e a l  s y s t e r r .  1.1 t h e c a s e o f  a v ~ h e c l - s o i l  i n t e r a c t i o n  

problem, i t  i s  o b v i o u s  t h a t  the i d e a l  t e s t  5ystern ..,l~ould u s e  a dhcel  moving 

on the s o i l .  I n  t h i ~  case the tes t ; vhce l  would bc p r o p e r l y  i ~ i s t r u r e n t e d  to 

p r o v i d e  fo r  t h e  v a r i o u s  k i n d s  o f  rneasurc!nrnts vrhich c i ln be t r d n s l a t e d  d i r e c t l y  

i n t o  a l a r g e  wheel performance and subsequently i n t o  a  t o t a l  v e h i c l e  pe r fo rm-  

ance. 

Cor respond ing ly .  for a t r a c k - s o i l  i n t e r a c l i o n  p r o h l c r ,  t h e  i d e a l  

t n o l  wou ld  be d sna l  1 t r a c k  a c t i n g  on 5 G i l  i r i t h  t h e  nroper  a s s o c i a t e d  

instrumentation. S ince  t h e s c e v i d c n t l y : ~ ~ o u l d  b e c m c c u m b e r ~ o m c ; ~ n d  s i n c e  

the r e q u i r m e n t  f o r  l l i e  m d e l  w h r c l s  o r  rndel t r a c k s  5eekh 10 d u p l i c a t e  k t 1 1  

qeometr ic  and o t h e r  k i n d s  o f  5 c a l i n g  e55ent i d s ,  t + c  problem hcconies 

th r rendous  l y complex. 





I 1  on? were t o  depar t  from thc  i d e a l  p r c d i c t ; o n  problem r e q u i r i n g  

modcl l ing nf  (he a c t u a l  f i e l d  r i t u a t  i o n  t o  m a l l  t u c t  t o o l s ,  the  t ; ~ r e e  k i n d s  

nT t w l s  g i v e n  i n  F i g s .  1 - 1  t h rough  1 - 4  o f f e r  them5ulvus a s  pr ime cand ida tes .  

The quest  i o n  t h a t  needs cn be asked i s  hor  r e f e v a n r  s r r  these t n n l  s L - ~ i t h  

r e s p e c t  to t h c i r  a p p r e c i a t  i n n  of t h e  a c t u a l  mechanic!, o f  t h e  r e a l  i y 5 t e n  

i t 5 e l f .  

Tn rcduce t h e  proh lcm t o  it,, m o s t  s i m p l e  fo rn .  and t o  a l  low f o r  

t h e  g r e a t e s t  ease  i n  d e v e l o p e n t  o f  s i m i l a r i t y  model l i n g ,  t i e  concept o f  

cr lergy c o n s e r v a t i o n  and i t s  app l  i ca t  inn p r o v i d e s  for LIW most a t t r a c t i v e  

fnm o f  cmpar i ! t on  performar!ce. The d e r a i  I 5  g i v e n  i n  F i s .  1-8 p o r t r a y  the 

k ind5  o f  energy f i e l d s  nr qual l t  i t  i e s  de~vanded b y  the wheel a?d t r a c k  5 0 i  l 

i n t e r a c t i o n  problem, t n g e t h c r  w l t h  t h c  essential i t cn ts  produced b y  the 

sens ing  dev icu5.  f lo te  t h a t  because n f  t h e  f a c t  t h a t  energy i 5 a s c a l a r  

quant it,/. t h c r e  75 w p a r t i c u l a r  r e o u i r e w n t  f o r  a dup l  i c a t  i o n  o f  the  

s t r a i n  o r  s t r a i n  r a t e  f i e l d s ,  t he  s t r e s %  or  t h e  d e i n r m a t i c n  ficlds 

a s s o c i a t e d  b e t w e e n  t h e  r c a l  svstem and thc t e s t  d c v i c c s .  

1 . 3 . 1  Defo rmat ion  and  S l i p  

A 5  rroted i n  F i g .  1-8, a l l  the  t h r e e  t w l  s . ~ r n d u c e  dc formdt  ion 

f i e l d s ,  for w!? ich  the encrg.! a s s o c i a t e d  u ~ i  t h  the dcfnrr-bat ion o f  the $ o i l  

can b e o b t a i n e d .  How t h e w  r e f a t e a s d i r e c t  quantities to thc : -1 r rcc l -5o i I  

or r r a c k - s n i  l i>roblerm i s  nrrf wh ich  r c q u i r c s  a n a l y 5 i s  o f  t h e  t e s r  r ~ s t ~ l  t s  

u s i n g  a r o d c l l  i n g  p r o c r d u r e  ~ ~ ~ i c h  r e f  la:cls t i e  a c t ~ r a l  mechan i cs  of t he  

r u n n i n g  g e a r - s o i f  i n t e r a c t  ion,  i . e .  r k r e  must bc a s < r p p o r t i v e  d n a l y t i c a l  

.,, 

Hute [ h a t  t h e  same p r i n c i p l e 5  a p ~ l y  ro tPe probl t : - -  o f  sno.;-i r o b i l  i L !  dnd 
t r a f l i c a b i l  i t v .  



I 
2 .  No data  a v a i l a b l e  f o r  i n t e r -  

! f a c i a l  energy p r e d i c r  i on .  
i 

i 
I 

Running Gear con5idcring r--------- -------- 
P e n e t r a t i o n  and R o t a t i o n  I 

I .  Data a v a i l a b l e  for d e f o r m a t i o n  
S IHPL E DEV l CE energy p r e d i c t  i o n  a t  d i f f e r e n t  

depths  o f  s u b s o i l .  

-* ' 

I I 1 .  Data a v a i l a b l e  and used for 
I d e f o r m a t i o n  energy p r e d i c t i o n  

I a t  d i f f e r e n t  depths  of subsoi  I .  V A N E - C O N E  , 
j ! 

i 2 .  D a t a  avd;  l a b l e  and u5ed f o r  
i n t e r f a c i a l  energy p r e d i c t  i o n  

I d i f f e r e n t  r t r a i n  r a t e 5  and 
) d i f f c r e n j r  p e n e r r a t  i o n s .  

! 

i 1 .  Data a v a i l a b l e  f o r  d e f o r m a t i o n  

S E V A n E T E R  ,I 
energy p r e d  i  c r  i o n  i n  subso i I .  r- i I 

1 2 .  D a t a  a u d ; l a b l r  f o r  i n t e r f a c i a l  

I ; enz rqy  p r e d i c t  ion .  I 



t heo ry  which u t i  l i z c s  e n e r g c t  i rs  I n  thn f o r m ~ r l d t  ion o f  the mobi l  i t y  equation.  

t o t e  t h a t  rhc energy terms w r  s e  d n  n o t  p r o v i d c  one v f i t h  an  a c t u a l  

d i r e c t  p r c d i c t l o n  o f  n iob i l  i t y .  The tcrms p r o v i d e  d o  a r j p r c c i a t i o n  o f  t he  

amount of ener-gy expcqded i n  rhear  d i r t o r t  i o n  and i n  d c f o m a r i o n o f  the s o i l  . 

W i t h  re fe rcmce  to the sensing t o o l s ,  s o i l  de fo rn ia t i on  cnarqy e v a l u a t i o n  i r  

o b t a i n e d  e i t h c r  throuqh t h e  penet ra : inn  o f  t h e  cone o r  vane-cone dev ices ,  o r  

d i r e c t  b e a r i n g  o f  i h e  p l a t e  f r w n  the bevameter t e s t .  One m igh t  equate  :he 

subso  i  I d e f o m a  t i o n  aspects  o f  t h e  phcmnenon inater i a l  f o r  a s ta  t i c  load i n y  

s i r u a t  ion .  

Recogniz inq t h a t  t i l e  runn ing  gear -soi  I i n t e r a c t  i o n  p r o b l e n ~  requin-es 

bo th  d e f o r m t i o n  and 5 1  i l l  for  a complete a p p r e c i a t i o n  n f  the n e c h a , ~ i c s  nf [he  

v e h l c l e - t e r r a  i n  i n t e r a c t i o n  vroblcm, .:rc observe  t h a t  the $ 1  i p  r e p u i r m e n t  i s  

nor qenera l l y d i r e c t 1  y m e t  by any o f  the too1s.  Hoblever, t h e  g e n c r a t i v c  

mechanisms necded t o  p r o v i d e  f o r  c c m p ~ t ~ t  i o n a l  success i., d e t e r m i n ~ t  i o n  o f  

s t  i p  e n e r g y  can be o b r a i n e d  f rom s knov~ledge o f  the shear s t r e n g t h  o f  thc  

m a t e r i a l .  The use o f  measured she.3r s t r ~ s s e s  fo r  cm; :ucar ion o f  s l  i p  

enervy  l o s s  r e q u i r e s  the e s t a b l  ishrnent o f  a p roper  a n a l y t i c a l  f ranier.vrk. 

S u f f i c e  i t  to say t h a t  r h e  a p p l i c a b i l i t y  o f  any sens inq - t o o l  

i n s o f a r  a s  nwb; l i t y  p r t d i c t i o n  i s  concerned, depends not  o n l y  -- on t h e  

measurement5 ~made b y  the t o o l .  b u t  a l s o  on t h e  inanncr o f  u r  i  l i z a t  i o n  of  thc -. - 
measureinents c o n 5 i s r c n r  k ~ i t h  the a n a l y t i c a l  Framcv~ork d e s c r i b i n o  rhe 

v e h i c l e - s o l  t i n t e r a c t  ion p r o b l m .  - T h i s  aspec t  o f  r he p r o b l e n  canr*ot be 

o v r r s : a  t ed. 

I .4 MEASUREMEt4T AND A N A L Y S I S  

A5 s t a t e d  previously, t h e  rea!,urcmenl madc by a sanpl i n g  b o o :  i s  



one aspect  oF the ~problcm. The o thav i s  the nr~ed f o r  thc  t r - . ~ n s f c r  O F  t h a t  

mearrlrernent i n r o  a  w b i )  i  t y  p r e d i c t  i o r i .  Wt ia  t i s  f r -eoucnt l y  o v e r l o o k ~ c d  i n  

 predict i o n  requirements 1 3  th .~ t  whi l r t  the roo1 i t s e l f  i 5  an i , iymrtari t  a s o e c t  

nf t h e  problem, t h e  o t h e r  s i g r l i f i t a r l l  ~ o o l t  ib r l t  i o n  i o r  p l - r ld ic t  ion i s  tnc  

manner i n  which the o b t a i a w d  nedsure l ien ts  a r e  a701 i1:d. T l u s  whi 1 s t  t h e  t o o l  

i tscl  f  m igh t  not ~ p e c l f  i c d l  l y  provoke the k i n d s  o f  rnecharl isrs 05rnci; l red , ~ i  r t )  

r h e  r e a l  system, perhaps some 5 i r r i  l a r i t v  or correl,at i v e  i r e l a t i o n s h i p s  r l i q h t  

he u l i l i z e d  which c o u l d  s e r v e  a h  a t r w r f e r  f u n c t i o n ,  p r o v i d i n g  thereby a 

degree o f  r e l p e c t a b i l i t y  ( o r  a c c r p t ; l b i t i t , f )  f o r  thc  f n o l  i n s o f a r  a s  1 0 b ; l i t y  

p r e d i c t i o n  is concerned. Thus, w h i l s t  t h c v a r i o u s  t m l s i ? ; g h t  producc 
-. 

suhso i  l or t e r - r ~ i n  Jeformat  i o n  i r i  one p r l  ot t h e  t e s t  ~ r o c e d u r c ,  and 5h0.1 ---- 
shear r e s i s t a n c e  i n  t h e  secondhry p a r t  o f  the p r o c d u r e ,  i t  i s  not n c c ~ s s ~ r ~ .  

crue nor  doer  i t  f o l l o w  t h a t  these i t w s  w i l l  hc r ~ t i o n a 1 Q  -- used u t h _ e - c  

duct  i o n  o f  p r e d i c t  i o n  f o r  mobi l i c y  - h w  one i n t c r l , r e t s  ~ n d  uses o n ~  r v a s u r e -  

ment now hacomcs t h e  c r u x  o f  tot.  r l r o b l c m  

The above p o i n t  c J n  be m p l y  J m o n ~ t a - d t e d  by con5;dcr i r?r ;  the 

examplc nf ;l smal l .~ jhecl  a s  a c c s t e r  wllzre reasurc r l c r l t s  ar t .  r a d c  . i :  t h  the 

small model wheel a 5  J p r e d i c t i v e  twl. I f  t l l e r e a s l ~ r c r n c r ~ t - ~ ~ ~ d ~ ~  t io r -  

such 3 w d e l  11t.ee1 t c s t e r  a r e  uscd t o  p r e d i c t  t o t a l  (whcel p~ : r fo r -mnce ,  i t  

becomes impor tan t  t o  .rppl.{ the p ropdr  Lialds o'  sca l  i r i :  5 i n c e  t'.e r c a s u r c m c n t ~  

e(,$a?mt i.31 l y J r e  a d i r e c t  o m  to one cor rc>poridcrice bc t:!ecn nor le l  and Proror* /pe 

oc r fo r ranc r?  50 f a r  a s  r r e c w r ? ; s m s  3ri. cuncr rned H O : I C V ~  r , i f one ?dl? re :o u s e  ,r 

p l a t c  a s  a b e a r i n q  Loot and t o  u t  i  1 i r e  the b ~ ~ r i l l n  c.;p, lbi  l i l y  o f  l t r r  p l r i t l?  

to p r e d i c t  whee l  p e r i o r q ~ a n c c ,  sevcra l  quest  ions arise. Thcsc  a r c  ( a )  thc  

r c l a t  i o n s h i p  h c h ~ e e n  a s r a t  i c  1 . 3  bear irlg ; ~ ? r I o r r a n & r  a i d  a dyn;l?l;c :~ht .c l  phcno- 

mcrion, i d ,  (h) the t r a n s l a t i o n  o f  a b m r i n q  c a p . ~ c i t y  r e r v  to a c o b i t i t ,  o r  

d r a r b s r  pul  1 r luafl t  i t v .  



F i g u r e  1-9 i 1 l o s t r ; r t r s  t h i s  quandary.  I n  t h e  d i 5cu5s ion  p r q v i d c d  

i n  F i g .  1-9, i t  i s  obv ious  l h a t  a p p l i ~ a t i o n  of a s t a t i c  b e a r i n g  p r c s s u r e  

p r e d i c t i o n  o f  r o b i l i t y  bccon~es d i f f i c u l t  as  ;1 d i r e c t  one t o  one p r e d i c t i o n .  

However, i f  one chooses t o  pe r fo rm 3 c o r r c l a l  i v c  t e s t  inq proyrhm :where a 

body ~f dc t r ra l  t e s t  d a t , ~  lor whcel ~ c r f o r ~ q a n c a  b c c m e g  a v a i l ~ b l e ,  i t  i s  rlot 

u n l i k e l y  t h a t  sore degree sdt c , d r r e l a t i o n  m i g h t  be achieved. t i~>:~cvcr, under. 

such c i r c m 5 t a n c ? s ,  t h t .  c o r r e l a t  i o n  func t  ion becomes sen5 i 1 i v c  t o  severa l  

p i l rd r~c te r -5  a n d  f a c t o r s  a5sor i ; l t t .d n o t  o n l y  w i t h  the t e r r a i n ,  bur p a r t i c u l a r l y  

w i t h  thc f o r c i n g  f u n c t i o n  - i . e .  t h e  v c h i c l c  o r  the ?)heel o r  the t r a c k  e t c .  

d s  a r c d l  system. 

1 .  5 THC D l  LEIHA A:40 T H E  PROBLLil 

From the  rev i o ~ r s  d i s c u s s  ions dncl d  i ~ g r a r s ,  i t  bccor ,es  obv ious  t h a t  

f o r  uoc t o  bc a b l e  to p r c r l i c t  dmbi l it., and J r d l ~ b i l r  p u l l  p r g d r ~ c t  i o n  r r i t h  any 

w n s e  of r e a l  ism and conf  iclenca, t h e  k i n d s  o f  s e n s i n g  t o o l s  needed viould 

beco~llc cumbersore and co r ip l cx ,  and thc  i lwast l renents needed r 9 u l d  perhaps be 

too cnmprchensive i n  scou t .  S ince t h ~ u s c f u l n e s s o f  a ~ y  k i n d o f  predictive 

t o o l  i 5  i t 5  s i r p i  i c i t y ,  dnrl f o r  t h i s  ~ . ~ r t i c u I ~ r  s i t u d t  ion, i t s  p o r t a b i l i t y ,  

one i s  t h c n  f o r c e d  ir?t.s, t h e  s ; tuar  i o n  whcrc c e r t a i n  sacr  i f  icc5 ant: t r a d e - o f f  

must b c n a l t c .  T h e v a l u c o f  t h e s e n s i n g  lml b e c o w s  i r~ i i r . ,s . r rab ly  i n c r c a s r d  

i f  i t. vwre to be 5 i m l e  a m  p o r t a b l e  JI lovrinq, t h t l r e f a r c  f o r  g r e a t e r  usatjc- 

o v e r a w i d e r  s c o p e o f  t c r r h i n s i t ~ a t i o p ~ .  T h e r e i n  l i p s  t h c r l i i e m ; ~ .  Sir lcc 

p o r t a b i l i t y  and s i m p l i c i t y  w i l l  r e q u i r r  a c, : r ta in anount o f  5 . l c r i f i c e  i n  !h r  

d e t a i l e d  requ i rements  f o r  the ! M I ,  t h c  r l d e s ~ i a n  t h a t  i s  a > h c d  L 5  :::o ;:;!" :.;,: 
th.:~ k inc i  9: s3stam rr%:!i,.t (: !: '~p?,fz belpn!:i.:~~?l ;~;;<tcrrc? 

The prob lcm t h ~ r e f o r e  i s  !>om<r c a n  one d e v i s e  a ! c s !  s y s t e m  !ha! 

~ o u l d  bo s i n p l e ,  p o r t - l b l c  .;nd accura re  n  p r e d i c t i n g  r o i i  l i  t y  rhr8,~qh - 





ih :  a u s e  I I ~  t k r s e  f l r d F 1 1 ~ C n l r ' l : f .  t , ~ r ~ ~ q b  23 prf iarr  ~,Gc:* ,  ~f 

I y i  ( ; C r r n m r  : . 3 n ~  - t . l r v 3 . 1 t  :r, ! ? <  I mtrc ' U I ; L S  

uf  : ic  v e i l -  i r i t ? - a c t i < ~ . i  ;:-:~hlc--;. 



2 .O PENETROMETERS AND TESTING D E Y  I C E S  

2 .  1 INTRODUCT 1 ON 

The th ree  types o f  field t e s t i n g  t o o l s  s t u d i e d  as i d e n t i f  i nd  i n  

s e c t i o n  T.0 a r e :  

( I )  The U . E . S .  type cone penerrometer,  

(2) The bevameter- type o f  t e s t e r  adapted f o r  
l a b o r a t o r y  use, 

(3 )  The vane-cone d e v i c e  developed i n  t h e  m o b i l i t y  
l a b o r a t o r y  o f  t h e  Geotechn ica l  Resea rch  Ccn t rc  

In t h i s  s e c t i o n ,  t h e  mechanisms devcloped w i t h  t k  use o f  these dev ices  a r e  

c m p a r e d  w i t h  those thcught  t o  be r e s p o n s i b l e  for t h r  v e h i c l e - s o i l  i n t e r a c t i o n  

problem. 

From F i g s .  1-5 and 1 - 6  the p r o b l c n  of v e h i c l u - s o i  1 i n r t r a c ~ i o n  can  

be reduced t o  one which cxamines the s i t u a t i o n  i n  c o c r g a t i c s ,  i . e .  the 

mechanics o f  energy t r a n s f e r  where the two p r i n c i p a l  paras i  t i c  energy components 

... 
a r e  i d e n t i f i e d  as i n t ~ r f a c i a l  ( s l i p )  e n t r g y  l o s s ,  and conpre5s ion encrgy  !o>>'L 

Note t h a t  the p r i n c i p l e s  ; f l u s t r a t e d  i r  F i c ~ s .  I - ;  a-d 1 -6  can be e q u a l l y  a p p l i e d  

t o  v e h i c l e - s n o w  i n t e r a c t i o n ,  except  t h a t  the r e l a t i o n s h i l ~ s  developed for these 

paras i t i c  energy c m p o n c r ~ t s  need to he more fu l  l y  deve l o p t d .  

For s i m p l i c i t y  i n  p r e s e n t a t i c n  o f  thc  f i ? u r c s  i n  t h i s  s e c t i o n ,  ~ h r !  

runn ing  gear w i l l  k s p e c i f i e d  i n  some g e n t r a l  f o r m .  I t  i s  unders tood t h a t  

t h i s  r u n n i n g  gear can e i t h e r  he a wheel systcm or t r a c k  dw ic r : .  

2 .2  THE CONE PENETROMETER 

As no ted  i n  F ig.  1 - 2  i n  t h e  p r e v i o u s  s e c t i o n ,  i h e  app l  i c a t  i o n  of d 

penet ra t ing  f o r c e  by  the conc i n t o  t h e  so i l  produces a cornurcssion zone i n  

.. 

Note t h a t  p r o o f  fo r  proper  p r e d i c t i o n  o f  m o b i l i t y  u s i n g  the mechan ics  o f  
energy t r a n s f e r  (energetics) has been Shown i n  v a r i o u s  p d b l i c a l i o n s ,  e . g .  
References 8,  9, 10, l l ,  a n d  12. 



the s o i l  wh ich  r c s u l  t s  i n  m a t e r i a l  be ing d i s p l a c e d  i n  the d i r e c t i o n  q e n c r a l l y  

normal t o  t h e  face  o f  the cone a s  i t  pene t ra tes .  The e x a c t  d i r e c t i o n  o f  

f l o w  depends on the p r o p e r t i e s  o f  the so i  l and t h e  s u r f a c e  p r o p e r t i e s  o f  the 

cone. F o r a  f r i c t i o n l e s s s o i l ,  and f o r  t h e c o n d i t i o n o f  zero f r i c t i o n a t  the 

cone s u r f a c e .  the d i r e c t  i o n  o f  5 0 :  l f l o w  away f rom the cone sua-face can be 

taken  t o  be normal ro  i t s  s u r f a c e .  I f  the s o i l  i s  f r i c t i o n a l ,  w i t h  f r i c c i o n  

a n g l e $ ,  and i f  the s o i l - c o n e  f r i c t i o r  a n q l r  i s  ?,, t h e  d i r e c t i o n  o f  s o i l  f l o , ~  

f ron,  the conc 5ur fac t .  i r  a f u n c t i o n  o f  1 and L .  Yong and Chcn ( 1 9 7 6 )  have 

d iscussed t h i s  i n  d c t a i  I .  

At 50m- d i s t a n c e  away fro,: tne face o f  the  conc,  f o l  l o u ~ i n g  t h e  

d i s c u s s i o n  g i v e n  a b u t . ,  t h e  matcr  i a l  moves a l o n g  pre5cr ;bed pa ths  and 

d i l - e c t i o n s  ( s l i p  l i n e s )  d i c t a t e d  by t h e  p r o p e r t i e s  o f  the m a t e r i a l  be ing 

p e n e t r a t e d a n d  thc  b o u n d d r y c o n d i t i o v s o f  t h e p r o b l c ~ .  I n  t h c d i a g r a m g i v e n  

as F i q .  1-2 i n  s e c t i w -  1.0,  n o t e  that  t h e  p a r t i c l t .  pa ths  f o r  ty1,ical p i n t 5  

w i l h i n  t h e s o i l  b e i n g  p e n e t r a t e d  d e s c r i b e  t r a j c c t o r i c 5  which i n  a c t u a l  f a c t  

conform t o  those t h a t  would be p r e d i c t r d  i f  one a p p l i e d  l i m i t  e q u i l i b r i u m  

theory .  The co r res lmnd ing  r n r r g y  losscs  t h a t  can  b e c w p u t e d .  : * i t h  a k n o w  

ledge o f  these d e f o m a t i m s  o r  p a r t i c l e  p a t h s ,  :,auld p r o v i d c  u s  v: i th the d e t d i l s  

a s  shown i n  F i g .  2 - 1 .  

From d e t a  i led exper  i n c n t a t  i o n  and PI -cv  i ou<  s t u d  i c h  by Yon?. Ch?n 

and S y l v e s t r e - W i l l i a m s  (19721, and Yong and Chen 11976!, i t  i 5  observed t h a t  

t h e  dcur lopment o f  the de fo rmat ion  zone i s  a l s o  5ens i  r i v e  t o  the  r a r e  o f  

p m e t r a t i o n  and t h e s i ~ e o f  c o n e i i n a d d i t i o n  to s o i l  p r o p e r t i e s , .  However, 

these can be no r i?a l i zed  arid t h e  r e s u l t s  o b t a i n e d  thcl -&by can b ~  d n a l y r c d  

a c c o r d i n g l y  a s  stmwn by Yonq e t  ill. (1972).  

Hencc i f  t h e  o b j e c t i o n s  to the use o f  thc cone a5 a p c n r - [ r a t i n g  

d e v i c c  f o r  assersment o f  .wbi l i t y  h inge  around t h e  fact t h a t  c,;nt. penr t ro f ! :c tc rs  

a r e :  





1 s e n s i ~ i u e  t o  s i z e  and geometry,  

( 2 )  s e n s l t l v e  to r a t e  o f  appl ic; l : ion o f  p e n e t r a t i n q  f o r c e ,  

p r e v i o u s  s t u d i e s  have shown t h a t  these can be accour l ted f o r  i n  t h e  r e d u c t i o n  

o f  data ,  and t h e  r e s u l t s  used * i t h  duc attention Lo t h e w  f a c t o r s  - Yong e t  

a l .  (1972) ,  Yong and Chen (1976).  S y l v e ~ r r c - W i l l i a m s  (19731, Chen 11972). 

The p o i n t  t h a t  shou ld  be rrade i n  a c t u a l  f a c t  i n o t  t h a t  t h e  d e v i c e  shows 

the sensi t  i v i  t i c 5 ,  (since tht?% c m  he [,mperl$ n c r w ~ n t a ; !  f o r ) .  b u t  t h a t  

t h e w  d e v i c e s  w i  l  l  on1 y produce response mechanisms i n  t h e  s o i  l which a r e  

p r i m a r i l y  c m p r e 5 5 i v e  i n  n a t i l r c .  Thus r h e  d i s s i p a t i v z c n c r g y  cmqmnent 

o f  p r i n ~ e  importance i s  t h e  cmnpressinn energy t e r r .  Because o f  t h e  a c t i o n  

o f  t h e  cone i n  p c n e t r a t  ing the m a t e r i a l ,  i f  the corle su r face  i s  s w o t h ,  v e r y  

l i t t l e  s l i p  energy i s  l o s t  [ w i t h  respec t  r o  f r i c t i o n  a t  t h e  i n t e r f a c e  

between t h e  cone and the p a t e r i a l .  T h ~ s  i n  e f f e c t  [he i n t e r f a c e  nr 51 i p  

energy 105s o b t a i n e d  a t  t h e  whee l -so i  l i n t e r f a c e  d u r i n g  Forward r o t  i o n  o f  a 

wheel i n o t  mode l led  or sensed. 

2 . 2 . 1  R e q u i r e r e n l  f o r  C n w a r i s o n  and P r e d i c t  I on  

I t  i s  apparen t  f row F i g .  2-1 t h a t  o n l y  one k i n d  o f  i r a f f  i c a b i l  i t y  

c o n s i d e r a t i o n  I S  sensed b y  t h e c o n e .  I n c f f e c t ,  i f  s o i l  c o r p r e s s i o n  

c h a r a c t e r i s r i c s  l e a d i n g  t o  s t a b i  I i t y  c h a r a c t c r i z a t i o r l  i s  the s o l e  c r i t e r i o n  

f o r  mobi l  i  t y ,  then the t o o l  p r o v i d e s  us  rr i  t h  a  very  u s e f u l  means f o r  d e s c r i b i - g  

( v e h i c l e )  f l o t a t  i n n  r o b i l i  t y .  Ve observe f r o r  t h i s  i c c h n i q u e  t h a t  i f  low 

 lip i s  encountered i n s o f a r  2 s  v e h i c l e  nmvcment i s  concerncd,  thc  t o o l  shou ld  

prov ;de one r1i t h  a reasonable  m a n s  for c o r r e l a t i o n  sn lor>g a $  the p r o p c r  

t r a n s f e r  functions ( i . e .  ser ls ing t o o l  tc  v e h i c l e )  a re  found. The 

s i t r r a t i o n  becomes less c l e a r  and indecd :lore tenuous i f  : ~ o b i l i t y  a t  h i g h  s l i p s  

i s  t o  b e a s s e s s c d  o r e v a l u a t e d .  T h i s  i s  bccause t h e  sens ing tool does n o t  



p r o v : d e a m c a n s  f u r d c t e r m i n a t i o n o f  s l i p e n e r g y  l o s s c s .  I t s m i r i a r i d  

pr ime c a p a b i l i t y  i s  w i t h  respect  t o  a sens ing of the w a t e r i a l  p - o p e r t y  

(con~press ionres is tance)  w h i c h p r o v i d c ~  f o r  s t a b i l i t y  i n l t a t i c  b e d r i r q .  We 

o t 5 c r v e  t h a t  L ~ c  colle ~ e l l e t r d t i o n  tw1 i S  a co rnon  t o o l  ill , m s t  geo techr l i ca l  

en? inez r  i ng p r a c t i c e s  where sounding measorerents a r e  used t o  p r o v i d e  f o r  in r iu t  

i n t o  b e a r i n g  s t a b i l i t y  co r l s ide ra t  i o n s .  

I t  i s  because o f  the above cons i d f r a t  ions t h a t  i t  i s  rot i r p r o p c r  

to  usc the co,le f o r  c v a l ~ ~ a t i o n  a t  g o ,  no-go s i t u a t i o n s  t t w o t ~ g h  f i e l d  c o r r e l a t i o n s  

and t e s t i f y .  There i s v e r y  l i t t l e  p r c t r r i s c  i n  t h e a p p l i c a t i o n o f  the cone 

measurements f o r  s i t u a t i o n s  beyond the qo, no-(10 cases ,  Where exter75ion o f  

the cone pznct rometer  read inqs  i s  necessary,  seweral  a d a j t a t i o n s  o f  thesc 

read inys  have been made, 5uch a5 thosc ( l i v e n  i n  s a c t i o n  5 .  3 .  These b y  a m  

l a r g e  d e w n d  upon c o r r e  ! a t  i v e  tcchri iques and d irnens iona i ana l y s c s  which have 

b e e n d e v e l o p e d  i n t o e m p i r i c a l  f m c t i o n s ,  T h e d i r e c t  i n p u t  f o r  these a re  then 

seen i n  terns of  computer n o d e l l  i n g  5 u c h  a5 the  Ar;C-7h. 

2.3 UEVI'#ETER-TYPE LABORIATORY TWL -- 

The bcvanerer -cype l d b u r a t o r y  t o o l  used i s  a s  desc r ibed  i n  

s e c t i o n  3.0 ( f u l l w ~ i n r j j .  The genera l  o r i n c i p l c  o f  t h e  t o o l  does n o t  d i f f e r  

frm t h a t  presented by Bekkzr ,  exce31 t h a t  the  c i r c u l a r  p l a ! e  { f o r  c o m r e s s i o n  

of t h e  so i  I ) ,  and t h e  annu lus  uscd t o  p r o v i d e  t h e  s u r f  i c i a l  $hear r e s i s t a n c r  

t e s t ,  a r e  adapted f o r  l a b o r a t o r y  pu rposes .  The t c c h n i c ~ r r  f o l l o u e d  i 5  

i d e n t i c a l  co t h a t  recommerjded I,./ Bekker - i . e .  u s i n g  a t  lea5t :wo c i f f e r i n q  

$ i r e s  o f  c i r c u l a r  p l a t e s  f o r  corn?rc5sion f o l l o w c r l  3 y  shear : , ~ i !  h  :he annu lus  

vane. 



r i g u r e s  1 - 4  and 2 - 2  show the k i n d 5  o f  mechanisms f o r  compressicn and shear 

d e w l o p e d  w i t h  the bevamcter tool  t e c h n i q l ~ e .  As i n d i c a t e d  in  thc f i g u r e z ,  the 

c l r c u l a r  plates  w i l l  p r o v i d e  crunpression i n  the s o i  I ,  d e v e l o p i n g  thereby the 

deformation c t m r a c t e r l s t i c s  simt f a r  to t h a t  i d e n t i f  i e d  ,:~i t h  a s imp le  load 

bear ing  problem. Note t h a t  t h i s  p a r t  of the p rocedure  i s  i d e n t i c a l  t o  t h e  

plate-load t e s t s  used i n  g e o t e c h n i c a l  e n g i n e e r i n g .  The r e s u l t s  o b t a i n e d  

r r m  such Lcs t5  i n  g e o t e c h n i c a l  e n q i n e e r i n g  a r e  used d i r e c t l y  t o  o b t a i n  s t a t i c  

f o u n d a t i o n  d e s i q n  requirements. 

The enerqy consuned by loading t h e  c i r c u l a r  b e a r i n g  p l a t e  can be 

enpressed In the form O F  s a i  l d c i o r m a t i o n  energy.  Note a g a i n  t h a t  l h i 5  i s  

a d i r e c t  l o a d - b e a r i n g  prob lem,  and thaL i t  does n o t  d i f f e r  f r o n  a s tandard 

geatechn ica)  s o i  l mechanics prob lem o f  s t a b i  I i t y  o f  foundat  i o n r .  However. 

l r m  detai red cxper  icnces f rom r;eneral g e o t e c h n i c a l  e n g i n e e r i n g  p r a r l  i c e ,  

th? p r o b l m s  o f  p l a t c  s i r e s ,  l oad ing  techn ique,  u t i l  i z a t i o n  o f  t e s t  d a t a ,  e t c .  

h u e  been t h r o u g h l y  investigates - Tor a t  l e a s t  50 y t a r s !  

The a p p l  i c a t i o n  o f  the annulus shear d e v i c e  a t  rhe s u r f a c e  

produce5 a shear r r s  i s t a n c e  ohenwenon not  u n l  i k e  t h a ~  g i v e n  a s  a d i r e c l  

shear t e s t ?  The va lue  of t h e  shear s t r e n g t h  o b t a i n e d  i s  o b v i o u s l y  therefore 

a Func t ion  O F  t he  r a t e  o f  r o t a t i o n  or the onnu lu5.  3 y  c o n ~ t r u c t i n q  [he 

analytical frameimrk a c c o r d i n g l y ,  one can o b t a i n  a s h e a r - 5 i i p  enerqy r e ! a t i o n -  

5 h l p  wh ich  i s  s e n s i t i v e  t o  the r a t e  o f  r o t a t i o n .  I t  i s  p n r t i n e n t  t o  notc 

t h a t  e s i m i l a r  t y p e  o r  gur face  vane t m l  i s  used i n  q ~ o t e c h n i c a l  eng incc r  i n n  

I n v e s t i g a t i o n s .  The tool measures a l ~ o u t  tkm inches i n  d i a n c r z r ,  and i s  

considered and used a5 a  naf ld -he ld  i ns t rument .  Thc r c 5 u l : s  o b t a i n e d  a r c  

d i r e c t l y  t r a n s l a t e d  i n  t e r m  o f  shear r e s i s t a n c e  o' : r k  h o i  l 

b 
b e  t h a t  a  s m a l l  hand-he ld  annu lus  5hear d e v i c e  i s  a v a i l a b l e  on t h e  marke t  

a$ a c o m c r c i a l  "rough and ready" t e s t e r  us rd  i n  Ceotechn i c a  l Engineer i n5 s o i  I 
e x p l o r a t i o n .  The t e s t e r  i s  smal l  enouqh t o  be h e l d  i n  thc  p ~ l m  o f  t?e   and, 
and the  procedure c a l  15 l o r  r o t a t i o n  o f  rhe tes!er  i n  5oi l iq'li 1 s t  " p a l m i x "  
the t e s t e r .  The r e s u I t s ~ l > t a i n e d a r e " i n r r r n r e r c d ' ~  i n  r e r m s o f  f r i c t i o r ~  
angle # and cohes lon c o f  the 5 0 i l  m a t e r i a l  t e s t e d .  



Dista.ice from o f  p l a t e ,  in .  Distance f 'rom ( o f  p l a t e ,  in .  S o i l  
Surface 

\ 

Soi l  P a r t i c l e  t r a j e c t o r i e s  from 
p l a t e  loading 

Spec i f ic  deformation energy Ols t r ibutTon o f  
contours in .  1 b/un i t area d i s s i p a t e d  energy 

wTth depth.  

F I G .  2-2 Soi l  p a r t i c l e  t r a j e c t o r i e s  and corresponding 
d i s s i p a t i v e  energy f i e l d  due t o  p l a t e  loading 



2 . 3 . )  A p p l i c a t i o n  fur M o b i l i t y  P r c d i c ~ i o n  - 

I t  i s  o b v i o u s  f r o ~ n  F l g s .  1-4 i m d  2 - 2  t h a t  Lhe t w o  p r i m e  c m p o n e n t s  f o r  

energy  d i s s i p l t i o n  i n  the m o b i l i t y  problem can be sensed w i t h  t h e  

bevarneter-type techn lc l l~e  where b o t h  t h e  p l a t e  and t h e  annu lus  she,jr 

d e v i c e s  a r e  used. I t  now becomes n e c e s s ~ l r y  to t r a n s  l a t e  these nrasurements  

i n t o  a p p l  i c a t i n n  t o  t h e  runn ing  g ~ a r - s o i l  i n t e r a c t i o n  p r o b l e ~ > ~ .  

Note that t h e  s i r e  of p l a t e s  used For t h e  b e a r i n g  compre55ion 

problem has b e ~ n  t h o r o u g h l y  i n v e s t i g a t e d  ( ~ n d  t h a t  c o r r e c t i o n s  can be 

made t o a c c o u n :  f o r  s i z e e f f e c t s .  l o  t h s p r e s e n t m t . t l ~ ~ d o F ~ ~ p p l i c a t i o n o f  

the t e s t  r e s u l t s ,  t h e  c o n r t a n r s  d e r i v e d  f rm r e d u c t i o n  O F  t h e  b e a r i n g  p l i i t e  

d a t a  depends upvrr the v a l i d i t y  of  the l i m i t  e q u i l i b r i u ~ : i  p r i n c i p l e  k ih i ch  i s  

s u f f i c i e n t l y  w e l l  c o n s t r a i n e d  and c o n d i t i o n e d .  

2 . 4  THE VANE-CONE D E V I C E  

The vane-cone d e v i c e  shown i n  s e c t  i o n  1 . 0  was developed r i  t h  the 

knowledge t h a t  the t m  pr ime Daras i  t i c  e?ergy c o m p n e n t s  a r e  compression 

and i n t e r f a c i a l  energy 1 0 5 5 .  I n  a d d i t i o n ,  the r c q u i r e ~ w n t  fo r  s i 2 p l i c i t y  

and p o r t a b i l i t y  d i c t a t e d  t h a t  the ins t runemt  be s u f f i c i e n t l y  s i m p l e .  

F i q u r e  2-3 shvus the k i nds  o f  nechnn isrss d c v c l o p e d  !-I t h  apn l  i c a t  i o n  

of t h e  vane-cone d e v i c e .  As i n  t h e  cone aspect  o f  t h e  J e v  i c e ,  the  k i n d s  o f  

mechanisms dcve'opcr: due t o  p e n e t r a t i o n  o f  the cone a r e  n o t  u n l ;  ke those 

nh3wr1 i n  s e c t i o n  2 . 1 .  Thus o n l y  t h e  deformat i o n  energy component i  5 sensed. 

#5 remarked p r e v i o u s l y ,  the come, i n  essence, docs n o t  deve lop a s i g n i f i c a n t  r h e a r  

s t r e s s  a t  the i n t e r f a c e  i f  the 5 ~ r f a c c  o f  t h e  cone i s  smooth and i f  the s o i l  

I s  f r i c t i o n l e s s .  Thus one i s  l e f t  w i t h  3 c v i s i n g  a techn ique  w h i c i  ~ : u u l d  

p r o v i d e  f o r  5 1  i p  energy loss  c h a r a c t e r i z a t i o n .  





The vane p d r t i o n  o f  t h e  vane-conc d e v i c e  w  l l p r o v i d e  a shear 

s t r e n q t h  e v a l u a t i o n  o f  the s o i l  i f  t h e  vane-cone i s  r o t a t c d .  T h e  

techn ique r e q u i r e 5  t h a t  t h c  conc bc pene t ra ted  to the  r e q u i r e d  d c p t h  and 

m a i n t a i n e d  a t  t h a t  d e p t h  for r o t a t i o n  o f  thc  vanc.  I n  a c r u a l  f a c t  one ~ o u l d  

n o t e  t h a t  thc  mechanisms devclopcd as the varw-cone i s  r o l a t e d  a r c  not  u n l  i kc 

>> 
t h a t  f o r  t h e a n n u l u s v a n e  i n  t h c  b e v a n e t e r - t y p e d c v ; c e .  Thc r e r i s l s n c e  

v a l u e s  o r  shear 5 t r e n g t h  mcasurements o b t a i n e d  the reby  can be conver ted  i n t o  

5 1  i p  e n e r g y  Toss r c l a t i o n s h l p ~  n o t  u n l  i k e  t h a r  o b r a i n e d  f o r  rhc  annu lus  device 

i f ,  and o n l y  i f ,  t h e  p roper  encrqy t r a n s f e r  mechanics f r a r e v ~ o r k  i s  p rov ided  

w i t h  t h e a n r u t u s  d e v i c e .  I n  a c t u a l  f a c t ,  we n o t e  t h a t  t h e o e v a ~ i i e t e r  

annu lus  d e v i c e  does n o t  u t i l i z e  t h i s  k i n d  o f  a f r a ~ ~ ~ e r ~ o r k ,  and t h e r e f o r e  the 

d i r e c t  t r a n 5 I a t i o n  o f  annu lus  i n f o r m a t i o n  t o  5 1  i p  energy 10,;s has n o t  been 

ob la ined .  

2 . 4 . 1  Appl i c a r i o n  f o r  H o b i l  i t y  P redFcr ion  

I t  i s  c l e a r  from Ftg .  2-3 t h a t  the shear and r c s i s t a n c c  v c h a n i r v  

developed w i  t h  t h e  vme-cone dev ice  a r e  not  d i s s i r i  l a r  to  t h a t  produced 

w i t h  t h e  bevanerer - tv>e d e v i c e .  W h i l s t  b o t h  d e f o r ~ n a t  i o n  and i n t e r f a c i a l  

enerqy losses  can bc Tensed, the energy t r a n s f e r  a n a l  y t  i c a l  f r a m e w r k  ,;1hich 

u t i l  i r e s  the k i n d s  of sens ing d e v i c e  med5urements v d c  has o n l y  been 

developed in c o n j u n c t  i o n  w i t h  t h e  vanc-cone d e v i c e .  Thus, i n s o f a r  a s  

m b i  l i t y  p r e d i c t i o n  can be o b t a i n e d  th rough  cnerge t  i c s  c o n s i d c r a t  ion,  i t  i s  

c l e a r  t h a t  t h e  vane-cone measurerents  can be s u i  tab1 y usvid 

I f  o n l y  thc  con? measurcments a r e  used, t h c  Power ne thod  

d e s c r i b e d  i n  s e c t i o n  3 . 3 . 2  can be used t o  a r r i v e  a r  a prediction of  r o b i l i r y  

I t s  5uccess  and c r e d i b i l i t y  can be seen i n  t h e  r e s u l t ,  p r e 5 c n t r d  i n  s e c t i o n  4 . 5 .  

.A 

' Note  t h a t  the vane p o r t i o n  of the  vane-cone d e v i c e  is  i n  a c t u a l  f a c t  n o t  
d i s s i ~ n i l a r  t o  the commercial l y  a v a i l d h l e  vane shcar  device, used i n  r h e  
Geotcchnica I Engineer  i n q  p r a c t i c e .  I t i 5 colwwn p r a c t  i c c  in Grorechnica l 
Enc j inecr iog t o  use vane 5hear va lues  f o r  ev, l luat ion o f  5o i  l p r o p r r r  i e s  and 
s t r e n q t h .  



W i t h  the a d d i t i o n  of the vane shear measurements obtained by 

r o t a t  lng the vane-cone dev ice ,  the added f e a  lure o f  s l  ip-energy loss can 

be fac tored  i n t o  the general energy conservation equat ion to permit e v a l u a t i o n  

o f  draubar p u l l .  Thls a p p l  i ce t i an  i s  g r a p h i c a l l y  i l l u s t r a t e d  i n  F i g s .  2 - 3 ,  

1-7 and 1-8. Section 4 . 0  shows the k lnds o f  p r e d i c t i o n s  obtained w i t h  the 

vane-cone in  comparison to the cone and bevameter p r e d i c t i o n s  and actual  

t m - b i n  t e s t  r e s u l t s .  



3.0 EXPERIMENTATION AND ANALYTICAL TFCHNIQUES 

I n  t h i s  sec t ion ,  t h e  types of exper iments  p e r f o r n e d  a r e  g i v e n  t o g e t h e r  

w i t h  t h e  methods used f o r  r e d u c t i o n  o f  the v a r i o u s  k i n d s  o f  data  f o r  a p p l i c a t i o n  

t a the  v e h i c l e - s o i l  i n t e r a c t i o n p r o b l e m .  Thus for  i ns tance ,  i f  t h e c o n e  i~ 

used, the measurements o b t a i n e d  from t h e  exper imen ta l  t e s t s  a re  reduced a c c o r d i n g  

t o  the procedures used by t h e  agenc ies  a p p l y i n g  t h i s  p a r t i c u l a r  technique a5  a 

p r e d i c t i v e  d e v i c e .  Ex tens ions  of t h e a p p r o a c h e s  u5ed have b e e n c o n s i s t e n t w i t h  

t h e p h i l o s o p h y o f  the techn ique  i t s e l f ,  e s p e c i a l l y w i t h  r e g a r d  t o  t h e  cone. T h i s  

should be e v i d e n t  i n  t h e  p r e s e n t a t  i o n  o f  the ne t tmd  o f  a n a l y s i s  s ince ,  by and 

large, comnon usage O F  t h e  cone penet rometer  for prediction o f  m o b i l i t y  ha5 been 

ni t h  re5pec t  to go or no-go s i  t u a t  ions.  

Recent advancenenr i n  t h e  use o f  the  cone p e n r t r o n e t e r ,  e s p e c i a l l y  f o r  

a p p l i c a t i o n  w i t h  t h e  A N - 7 1  and the  AMC-74 has seen t h e  use o f  t h e  s o - c a l l e d  

n u b i l i t y  n u m b e r s a s s o c i a t e d w i t h  t h e c o n e  p e n e t r a t i o n  r e a d i n g s .  T3ese have by 

and l a r g e  taken the cone p e n e t r a t i o n  d e v i c e  one s t e p  beyond the go no-go 

r f t w t i o n .  

3.2 EXPERIMENTATION 

The k i n d s  o f  e x p e r i m e n t a t i o n  p e r f o r n e d  i n  t h e  s tudy  i n c l u d e d  t h r e e  

kinds of  p r e d i c t i v e  t o o l s ,  and w h e e l - r o i l  t e s t s  i n  a  t m  b i n  t o  p r o v i d e  data  fo r  

c m p s r i r o n  w i t h  t h e  p r e d i c t l o n 5  o b t a i n e d  u s i n g  t h e  v a r i o u s  sens ing d e v i c e s  and 

t he i r  measurements. 



3.2.1 Soi l  P r e p a r a t i o n  For P r e d i c t  i v e  
Tool  Tes ts  and Tow B i n  Tes ts  

The soi l  used was  a  k a o l i n i t i c  s o i l  w i t h  m o i s t a ~ r c  c o n t e n t  o f  about 

h7 to  51 percen t .  T h i s  represented a s a t u r a t i o n  o f  about 95  p e r c e n t .  Thc s o i l  

ws compacted i n  l a y e r s  i n  t h e  tm b i n  and a l s o  i n  the t e s t  box used for a p p l i -  

c a t i o n o f  t h e p r e d i c t i v e t o o l  t e s t s .  The d e n s i t y  of  the s o i l  v a r i e d  between 

94 and 103 pounds per c u b i c  f m t  and the c o r r e ~ o n d  ing shear s t r e n g t h s  of the 

s o i l  determined th rough  p lane  5 t r a i n  t r i a x i a l  t e s t s  provided values For cohesicm 

and f r i c t i o n  a5 fol lows: 

Cohes i o n  = 0.8 p s i  

F r i c t i o n  a n g l e  - 5 t o  l o a  

3.2.2 Tow B i n  T e s t s  and Apparatus 

The tow b i n  f a c i  l i t y  and associated i n s t r w n e n t a t  i o n  have been d e s c r i b e d  

I n  previous r e p o r t s  and papers as fo l lows:  

Yong, R . N . .  Boyd, C . W .  and Wind is th .  5 .3 .  (196s) Soil Ve.+i,,+:L: i n t m w i i l ; ~ ~  St:,!:!, 
5th  U c c t i n g  Q u a d r u p a r t i t e  Croup, Rcport b. D.Phys,R(G) H i s c .  21. D i rec to ra te  
of  P h y s i c a l  Research, ORB. Canada. 

k g ,  R.N. and Webb, C.L.  (1969)  Gksrgy Dies<?ctic.r: w,J Druwbtlr Pull +&ctiun in 
- I !  Intomri!t!or,, Proc.,  3rd l n t .  Conf. ISTVS, Yol. l :93-142. 

The s o i l  v e h i c l e  t e s t  r e f e r r e d  to in  t h e  above i s  shown i n  F i g u r e  3 - 1 .  

3.P.3 Test F a c i l i t y  f o r  P r e d i c t i v e  Too ls  

The t e s t  f a c i l i t y  used for a l l  three p r e d i c t i v e  tools i s  shown i n  

f i g .  3-2. The p h y s i c a l  f a c i l i t y  a l l o u s  f o r  interchangeability o f  the t e s t i n g  tool 

4nd wl t h  t h e  cone, b e v m e t e r  annulus dev ice,  p l a t e ,  o r  vane-cone. Recording o f  
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F I G .  3-2 Test f a c i l i t y  used for 
Cone, Vane-Cone , and 
Bevameter- type tools .  



the v e r t  lcal  

I n s t r u n e n t a t  

or the bevan 

t h r u s t  o r  r o t a t i o n a l  t o r q u e  va lues  was  o b t a i n e d  t h r o u g h  t h e  a s 5 o c i a t e d  

ion a s  shown i n  F i g .  3-2. R o t a t  i o n  o f  t h e  shcar  u n i t  of thc vane-cone 

l e t e r  annu lus  was o b t a i n e d  th rouqh  a  m o t o r i z e d  u n i t .  

F o l l o w i n g  preparation o f  the t e s t  s o i l  i n  t h e  test f a c i l i t y ,  the proCer 

t e s t  t o o l  w a s  p laced  i n  the f a c i l i t y  and t h e  too l  advanced i n t o  t h e  s o i l  m a t e r i a l .  

Orpending upon the k i n d  of tool  used, the measurements taken p r o v i d e d  a r e c o r d  of 

t l t k r  t h e  p e n e t r a t i o n  f o r c e  t o g e t h e r  wlth  the p e n e t r a t i o n  depth ,  o r  thc  o t h e r  

Rtasurements a s s o c i a t e d  w l t h  the r o t a t i m a l  shcar  a s p e c t  o f  the test. 

3.2.4 Cone P e n e t r a t i o n  T e s t s  

In a d d l  t ion to t h e  s i  zc o f  t h e  cone used wh ich  r lJ5  s h i  l a r  to t h a t  as 

p h e n  by the  specifications from Uateruays Experiment S t a t i o n ,  o t h e r  v a r i a b l c  cone 

l i z a s  Mere a1 50 examined. Only  one s o i l  t y p e  '&as used and c o w  p e n e t r a t i o n  

readings xere reco rded  a s  l o a d - p e n e t r a t l o n  r e l a t i o n s h i p s .  

The techn lque  f o r  thc  p e n e t r a t i o n  te5ts uas  i d e n t i c a l  to t h a t  used by 

Uatcrways Exper imcnt  S t a t  ion.  Var iabTe r a t e r  o f  p e n e t r a t  i o n  r a n g i n g  f rm 0. I t o  

6 l n . l m i n  p e n e t r a t i o n  r a t e  up t o a  d e p L h o F 6 . 0  i n .  were a l s o  i n v e s t i g a t e d .  The 

I n f l u e n c e  o f  conc 5 i z e  and r a t e 5  o f  p e n e t r a t  i o n  has been f u l  l y e x m i  ned and docu- 

wnt td  p r e v i o u 5 l y  by Yong and Chcn (1976) and Yong. Chen and Sy lvcs t rc -Wi  l l iams 

(1971). T y p i c a l  load p e n e t r a t i o n  cu rves  a r e  qiven i n  F i s .  3 - 3 .  

3.2.5 Bevameter- type T e s t s  

Three s i t e s  o f  p ressure  p l a t e s  v e r e  used i n  t h e  t e s t s .  They were 

1.5 * 1.5 ,  1 .5  x 3.0, and 1 . 5  n 4.5 i n .  p l a t e s .  These :were i n d i v i d u a l l y  

aDuntcd on to  the d c v i c e  sho!.rn i n  F i g .  3-2 and sc:parate p l a t e  p e n e t r a t i o n  t e s t s  

conducted. 

1 
b t c  t h a t  p l a t e  b e a r i n g  t h e o r y  a l  l w s  one to s u b s t i t u t e  r e c t a n g u l a r  

plate3 f o r  c i r c u l a r  n l a t c s  so long a5  the boundary c o n d i ~  ions a r e  p r o p e r l y  
specified. 



30r +--- ,,7*Vane-Cone pene t ra  t i nq force 

I 4-.Cone penet ra r  ing force 

--------- Pred ic ted  Vane-Cone penet ra t ing  fo rce  
using method o f  character is t ics ' !  
Pred ic ted  Cone penet ra t ing  force using 
m t h d  o f  c h a r a c t e r i s t i c s .  4.1. 

30" cone 

10 

0 

Depth of  P e n e t r a t i o n ,  I n .  

F I G .  3-3 Penet ra t ion  force  us depth o f  pfnetrar ion for Cone and Vane-Cone 
penetrometers a t  6 . 0  i n . / m l n  p e n e t r a t i o n  speed. 

.: 
From Youssef, ( 1377) 

,..... ..,. 
From Yong e t  a l .  (1972) 



The s i z e  o f  t h e  bevameter- type annulus shear  d e v i c e  used was 1.625 i n .  1.0. 

and 3.125 i n .  0 .D .  w i t h  shear vanes p r o t r u d i n g  0.375 i n .  The number o f  shear vanes 

on the annu lus  ivas f o u r .  

The r a t e  o f  p e n e t r a t l o n  o f  t h e  p ressure  p l a t e s  i n t o  t h e  t e s t  5 0 i l  was 

3.0 l a . / m i n ,  and t h e  r a t e  o f  angu la r  r o t a t i o n  f o r  the annu lus  wa5 7 2  degrees/min.  

F igures 3 - 4  and 3 - 5  show the r e s u l t 5  For the p l a t e  p e n e t r a t i o n  t e s t s  and t h e  annu lus  

rhtar t e 5 t 5 .  Note t h a t  a schemat ic o f  t h e  annulur shear d e v i c e  i s  shown i n  F i g . 3 - 5  

together w i t h  t y p i c a l  t e s t  r e s u l t s .  

3.2.6 Vanc-Cone Tes ts  

The s i z e  of the vane-cone used i s  shown i n  schemat i c  form toge the r  wi t h  

the t y p i c a l  s e t o f  r e s u l t s  f o r  cone penct ra t ion  i n  r i g .  3 - 6 .  T h e c o r r e s p o n d i n g  

shoar t e s t s  f o r  the vane p o r t  i o n  o f  the vane-cone d e v i c e  a r e  shown i n  F i g .  3 - 7 .  

The p rocedure  f o r  a p p l  i c a t i o n  o f  t h e  vane-cone d e v i c e  r e q u l  r e 5  

t h a t  t h e  cone be p e n e t r a t e d  i n t o  t h e  s o i l  a t  the same r a t e  as t h a t  used i n  t h e  
~~ 

WE5 cone - i . e ,  l e s s  than 72 i n . / m i n .  A t  the r e q u i r e d  s p e c i f i e d  depth o f  pene- 

CratLon, t h e  cone i s  m a i n t a i n e d  a t  that dep th  o f  p e n e t r a t i o n  w h i l s t  b e i n g  r o t a t e d  

Coproduce the vane s h e a r s e n 5 i n g a s p e c t o f  the v a n e - c a n e d e v i c e .  ?rote t h e  

Importance f o r  t h e  requ i rement  f o r  t h e  vanc-cone to he maintained a t  t h a t  p o s i t i o n  

w i t h  no p e n e t r a t i o n  whi 1st the vane-cone i s  b e l n g  r o t a t e d ,  s i n c e  the a n a l y s e s  

performed must r e l a t e  s o i l  s t r e n g t h  t o  the  d e p t h  o f  5 o i l  s t r a t u m  sacp led .  The  

rate of r o t a t  ion o f  tk vane-cone i s  c o n d i t i o n e d  by the shear r r s i s t a n c r  o f  t h e  soi I .  

I f  des l red.  the vane-cone may be f u r t h e r  pene t ra ted  i n t o  the s o i l  and the p rocedure  

for vane shear repea ted  a t  a lower  depth  wh i I s  t m a i n t a i n i n g  the cone a t  t h e  new 

pene t ra ted  dep th .  

ff 
&re from F i g .  3 - 3  that t h e  p e n e t r a t i n g  f o r c e  f o r  the vane-cone i s  a lmost  

identical t o  t h a t  of thc  cone ( b y  i t s e l f ) .  To a l l  i n t e n t s  and purposes,  one 
muld cons i d e r  the p e n e t r a t  I o n  o f  t h e  vane-cone equal  t o  the cone - 



. 7.5 x 1.5 i n .  p l a t e  

----,- 1.5 x 3.0 i n ,  p l a t e  

-3-----z- 1 . 5  x 4 . 5  in. p l a t e  

P e n e t r a t i o n  depth.  in. 

~ 1 6 . 3 - 4  Pressure p e n e t r a t  Ion r e l a t i o n  For rectangular p l a t e s  
w i t h  d l f f c r e n t  w i d t h  ro length r a t i o s .  
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FIG.  3 - 7  Uane-cone device and resul ts  ob ta ined  u ~ i o g  vane p o s i t  i o n .  



3.3 PROCEDURE FOR UTILIZATIONOF CONE PENETRATION 
READ l NGS FROM WES PENETROMETER 

l n i t l a l  use o f  the cone read ings has been rc assess n o b i l i t y  th rough  

m i r i c a l  c o r r e l a t i o n s  where cone p e n e t r a t i o n  read ings  g i v e n  a s  cone i n d i c e s  

were c o r r e l a t e d  w l  t h  a c t u a l  per formance of t y p l c a l  v e h i c l e s .  Through e m p i r i c a l  

c o r r e  l a t  ions w i  t h  such vehTc les ,  judgments and e v a l u a t i o n s  were r.ade as to go 

Or  no-go c r i t e r i a  where d i r e c t  one t o  one correspondence w i t h  t h e  cone i n d i c e s  

c a n b e s t a t e d .  By and la rge ,  th Is  h a s b e e n  the t r a d i t i o n a l  v i s u a l i z a t i o n o f  

the a p p l i c a t i o n  o f  cone p e n e t r a t i o n  read ings  f o r  p r e d i c t i o n  o f  m o b i l i t y .  

S ince t h e  development of t h e  AMC-71 and AMC-74 r e q u i r e  m r e  than 

d e s c r i p t i v e  go no-go p r e d i c t i o n s ,  the cone i n d i c e s  have been extended i n  

a p p l i c a t i o n  to p r o v i d e  for a means Tor p r e d i c t i o n  O F  m o b i l i t y  p e r f o r a n c e  w i t h  

re3prct t o  s l l p .  In a l l .  t o g e t h e r  w i t h  the p r e v i o u s  go no-go s i t u a t i o n  p roduc ing  

thereby a m o b i l i t y  number approach, t h e r e  a r e  two o t h e r  app l  i c a t  i o n s  whlch may 

be cons ide red  as  ex tens  Ions and improvements of t h e  cone penet r a t  i o n  t e s t  a p p l  i -  I 

c a t i o n .  A l l  t hese  a r e  b a s i c a l l y d i m e n s i o n l e s s  t e c h n i q u e s w h i c h  i n c l u d e w h c e l  or I 

t rack parameters  and s o i l  d a t a  o b t a i n e d  by t h e  penet rometer .  

1 The CIay and Sand N m k r  Approach ( 'AES) 

T h i s  approach depends on t h e  product ion o f  a g r a p h i c a l  r c l a t  i o n s h i p  

developed between dimensionless numbers for c lay  or sand and a p u l l  o r  to;% 

c o a F f i c i e n t .  

P P u l l  - - 'T Towed Force and - -- = 
W Weight 51 Weight 

p u l l  and t o w  c o e f f i c i e n t s  

The c l a y  number can  be w r i t t e n  as: 



where 

C = average cone p e n e t r a t i o n  r e s i s t a n c e .  

b,d  = un loadcd t i r e  w i d t h  and diameter ,  

W = v e r t i c a l  l oad  or v e h i c l e  weight ,  

5 = t i r e  d e f l e c t i o n ,  

h  - t i r e  s e c t i o n  h e i g h t .  

3 . 3 2  Power Number Approach ( W E S )  

T h i s  approach a l s o  depends on the p r o d u c t i o n  O F  a g r a p h i c a l  r e l a t i m  

P P u l l  be tween power number (PN)  and p u l  l coef F i c i e n t  (- - 
W Weight 

) as shown i n  F l g . 3 - 8  

where : 

M = to rque ,  

w - r o t a t i o r l a \  v e l o c i t y ,  

U = whet  1  l o a d ,  

V = t e s t  c a r r i a g e  o r  v e h i c l e  speed 
a 

3 . 3 . 3  E m t e n s i o n o f  Power Number Approach 

Ui t h  t h e  r e s u l  r s  g i v e n  i n  F i g .  3-8,  the approach can be exteridcd using 

i n fo rmat  i o n  c ~ b t a i n e d  w i t h  the  k L i T  l vane-cone d e v i c e .  To implement t h i s  proced- 

ure ,  the dynamic s inkage,  and t a n g e n t i a l  s t re s se s  can  be o b t a i n e d  u s i n g  vanc-cone 

rneawremcnts.  The i n p u t  to rque  can be o b t a i n e d  or c a l c u l a t e d  f ror  a kntmledge or 

Lhe dynamlc s i n k a g e  and t a n g e n t i a l  s t r e s s e s .  U i  th a knuwledge or the sl i p  and 

t h e c o r r e s p o n d i n g  a n g u l a r v e l o c i t y ,  the povrernurnbercan trc c a l c u l a t e d .  W i t h  

t h i s  k i n d  o f  i n f o r m a t i o n ,  F i g .  3-8 can r o w  p r o v i d e  the co r resp tmd ing  p u l l  r a t i o  

a t  d i f f e r e n t  s l i p s .  

I t  i 5  e v i d e n t  t h a t  t h e  dugrnenta t ion o f  t h e  p w e r  nu rber  approach u s i n g  

inFormat i o n  From the  McCi l  1 vane-crmc: can  inc rease  rhe csoabi  l i [ y  o f  the  conc f r ~ r  



p o i n t  

P u l l  Coefficient, P/W 

F ~ 3 - 8  Representative r e l a t i o n  o f  puucr number 
to pul l coef f i c i c n t    el zer,  1972) 



p r e d i c t l o n o f  drawbar p u l l  w i t h  s l i p .  We n o t e  i n  paszing t h a t  i n e f f e c t ,  cone 

p e n e t r a t i o n  can  a c t u a l l y  be o b t a i n e d  w i t h  t h e  cone p o r t i o n  o f  the  vane-cone d e v l c e .  

The use o f  beuawter  r e a d i n g s  f o r  p r e d i c t  i o n  i s  a s  Fol lows: 

( a )  Th rus t  or t r a c t i o n  p r e d i c t i o n  

( b )  Motion r e s i s t a n c e  p r e d i c t i o n  ( w h i c h  i n c l u d e s  rolling and 
b u l l d o z i n g  r e s i s t a n c e s ) .  

(c)  Drawbar p u l l  p r e d i c t i o n  which can be o b t a i n e d  by  s t r b t r a c t i n g  
(a)  frm ( b )  as f o l l o w s :  

D P = ~ - R  

where 

OP = drawbar pul  I ,  

II = t h r u s t  or t r a c t i o n ,  

R = r e s l s t a n c e .  

B u l l d o z i n g  r e s i s t a n c e  i f  t h e  1 
i . e .  R = I i n  o r  twin,) wheel r o v e s  on h a r d  s u r f a c e  I 

I Res l s t a n c e  covered  w l t h  l oose  s o i l  o r  
mud or snow 

3.4.1 T h r u s t  P r e d i c t  ion 

" = r d. (Eekker,  1956) ( 3 . 4 )  

,I = t a n g e n t i a l  shear s t r e s s  o b t a i n e d  a s  d i scussed  p r e v i o u s l y  
from a n m ~ l u s  shear t e s t  and ~ h w n  i n  F ig .3 -9 .  

= (C + ptans)) ( I -e 
- j / K l  

( 3 . 5 )  

A - c o n t a c t  a r e a  

To c a l c u l a t e  t h e  c o n t a c t  area,  a sinkage fo rmu la  based a l s o  on t h e  p l a t e  

e q u a t i o n  has been used by Bekker, as: 

2 - 

,,, 
" Note t h a t  a r e c e n t  m o d i f i c a t i o n  or the  Brkke r  f o r m u l a t i o n  f o r  s i n k a g e  can be 
used. The r e s u l t s  o b t a i n e d  d o  not  d e v i a t e  measurab ly  f r o m  t h e  d a t a  g i v e n  i n  
t h i s  s e c t i o n .  The r e c e n t  m o d i r i c a t i o n  o f  the Bekker f o r m u l a t i o n  i s  g i v e n  i n  

t h e  Append i x .  





where K K and n a r e  soil v a l l w s ,  
c ' + 

W - whee l t odd, 

D = wheel d iameter ,  

b = h e e l  w i d t h .  

Motc t h a t  t h e  r e l a t i o n s h i p  i s  e s s e n t i a l l y  a s t a t  it bear ing  s t a b i  l i t y  Formula. 

Thc s o i  1  va lues  a r e  o b t a i n e d  F r m  t h r e e  separate  p l a t e  load t e s t s  a s  shown i n  

F i g .  3-9. The p r e s s u r e  s inkage r e l a t i o n s  shown i n  t h i s  f i g u r e  a re  r e p l o t  ted 

aga in  on l o g  P - l o g  2 graph as shmm i n  F ig.  3-10, 

Cons ide r ing  the i d e a l l z e d  s t r a i g h t  l i n e s  s h w n  In Fig.  1-10, Ehe 

f o l l o w i n g  e q u a t i o n  can  be a p p l i e d :  

~ o g  P .  = log (K / b i  + K ) + n log 2 .  
J c + J 

where i and j a r e  s p e c i f i e d  q u a n t i t i e s  o b t a i n e d  f r o m  the  tesLs.  

P i c k i n g  va lues  o f  2 - 2 inches, and 2 - 1 i nch  and t h e  corresponding v a l u e s  For P 
1 2 

from F ig .  3-TO,  the f o l l o w i n g  equa t ions  a r e  ob ta ined :  

l o g  4 .6  = l o g  ;(~~/0.83) + K  I +  n l o g  2.0 + ' 
l o g  4 .1  = log [ IKc/1.16) + K,: + n log 2.0 

Y 

log 3.9 = log : ( K = / I  . 4 5 )  + K,&: + n l o g  2.0 
+' 

l o g  3 . 5  = log i(lcc/0.83) + K+] 

log 3.0 = log  I(K /1.16) + K 1 
c !1, 

l og  2.9 = log ; (K=/ !  .45) t K+ 

Mote t h a t  0.83, 1.16 and 1.45 are the e f f e c t i v e  r a d i i  o f  t he  p i a t e s  used i n  t h i s  

study.  

S o l u t i o n  o f  t h e  above equat ions p r o v i d e s  the average soi l valw::, a s :  

K = 1.0 
C 

K = 2 . 2 5  
Q 

= 0.45 



FIG. 3-10 Log- log plot  of  l o a d - w n c t r a t l o n  curves 



S u b s t i t u t i n g  these s o i l  va lue5  in  Eq.  ( 3 . 6 )  tho s inkage obtained f o r  1 3 . 5  i n .  

d iameter  t e s t  whcel used and 3 . 7 5  i n .  width loadcd w i t h  3 4 ,  54 ,  and 74 i b  as  i n  

thc a c t u a l  l a b o r a t o r y  t e s t  c o n d i t i o n  ( f o r  t h c  tow-b in  t e s t s )  p r o v i d e s :  

z34 
= 1 .  16 in. ( f o r  3 4  l b  t e s t  w h e e l ) ,  

=54 
= 1.88 t n .  ( f o r  54 l b  t e s t  w h c c l ) ,  

ZT4 = 2.60 in .  ( f o r  74 l h  t e s t  w h e e l ) ,  

Tne whcc l  c o n t a c t  a r c a s  co r respond ing  to these s inkages a r e :  

2 
A 3 4  = 14.88 i n .  

2 
A = 18.88 i n .  

54 
L 

A74 
= 22.05 in .  

Thu5, x i  th k n w l e d g a  o f  t h e  c o n t a c t  areas and t h e  tangent ia l  s t r e s s c s  t h e  

t o t a l  t h r u s t  o r  t r a c t i o n  can be c a l c u l a t e d  frm En. ( 3 . 4 ) .  The c a l c u l a t e d  

t r a c t i w l s a r e ~ i v c n  i n T a b l e  3-1.  T h e s e v a l u e s e n d  r e s u l t s  havc: b e e n u s e d  

to prow ide f o r  the compar i son o f  p r e d i c t  ions and ncasured w h e e l  ~ c r f o r n a n c e s  

in secr lon  4 . 0 .  

3 . 4 . 2  Rcslstances 

( 1 )  R o l l  ing ( o r  tom.ulng) Res is tance  .. - The genera l  i r e d  r q u a t  i o n  f o r  r o l l  ing o r  

rowing r c r i s t a n c e s  g i v u n  by Bekkcr (1969) i s :  

where 

W = wheel load,  

b and O - #hee l  w i d ! h  and wheel d i a ~ c t c r ,  

K , K  and n  = s o i l  c o n s t a n t 5  a s  o b t a i n e d  p r e v i o u s l y ,  
c $ 



Predicted Thrust and Orawbar P u l l  u s i n g  Bevameter Approach 

-- 
Wheel Load 

Average 
Sl i y  Shear 3 4  l b  54 l b  74 l b  
X Stress 

T T r a c t i o n  Pu l  l T r a c t  ion P u I  l T r a c t  ion P u l l  
p5 i 1 b I b 1 b I b I b I b 



Applying the wheel and so i l  d a t a  i n t o  t h e  above r e l a t i o n s h i p  the 

f o l l o w i n g  r e s u l t s  a r e  obtained:  

R34 
= 8.64 l b  ( f o r  34 l b  wheel l o a d ) ,  

R54 
= 17.50 111 ( f o r  54 l b  wheel l o a d ) ,  

~ ~ , , = 2 8 . 4  l b  ( f o r  74 l b  wheel l o a d ) .  

(iT) B u t l d o z i n g  Resistance - The b u l l d o z i n g  r e s i s t a n c e  e q u a t i o n  as  g i v e n  

by Bekker (1969) i s :  

where 

2 
Cn Lo 2 ., 

+ + C Lo t an  ( 4 5 )  + $ 

K., = s o i l  c o n s t a n t s ,  
K c *  , 

Lo = d imens ion,  f u n c t i o n  o f  sinkage and angTe o f  
i n t e r n a l  f r i c t i o n ,  

R = ang le  of approach. 

Ln thc p r e s e n t  case, t h e r e  i s  no need for th is  r e s i s t a n c e  ar d e f i n c d  ;n 

Eq. ( 3 . 3 ) ,  s i n c e  the s o i l  used i n  t h e  b i n  i s  a cohes ive s o i l .  

3 . 4 . 3  Drawbar PulT 

Thc drawbar p u l l  c a n  be o b t a i n e d  a t  each degree of s f  i p  b y  c m s i d e r -  

i n g  the whee l  t h r u s t  and wheel r e s i s t a n c e s  a s  d i5cussed i n  the  preceding sub- 

s e c t i o n s a n d  i n T a b l e  3 -1 .  Thesame r t 5 ~ 1 t s a r e  r e s t a t e d  i n  F i 5 .  3-11, 

The r e s u l t s  can be rep resen ted  i n  t c r r s  of s x c i f  i c  energy va lue5  

for t h e  purpose o f  comparison w i t h  t h e  energy a n a l y s i s  a s  i d e n t i f i e d  ~ q i t h  

vane-cone p r e d i c t  ions.  The v a l u e s  siven i n  Tab le  3 -2  a r e  o b t a i n e d  a s  ful lows 

f r w n  T a b l e  3-1: 



r) 34 I b wheel 

A 54 I b wheel 

O 74 l b  wheel 

51 l p  r a t e ,  perc 

means f u l l  T ract  ion force 
i m b i l  i za t ion  

----- P u l l  force 

F I G .  3-1 1 T r a c t i ~ n  and p u l l  curve as developed by 
the  Bevameter approach. 



TABLE 3-2 

Predicted Spec i f  ic  Energy Components usiny aevameter  Apjroach 
( I n p u t  Energy and P u l l  Enerqy) 

Wheel L m d  

S l i p  Average 34  l b  54 l b  74 l b  
X Sijear 

S t r e s s  S p e c i f i c  Spec i f ic  Spec i f ic  S p e c i f i c  S p e c i f i c  Speci F i c  
? I n p u t  P u i  l l nput  Pul  I l npu  t Pul l 

ps i E n e r w  Energy Energy E n e r q y  E n e r g y  Energy 



Pul l f w c e  x r r a n > l a t  iona t speed 
Spec l f i c  pu l l energy = - 

Wheel v ~ i d l h  r t r a n s l a t i o n a l  speed 

S p e c i f i c  i n t e r f a c i a l  er7erg-j = 

T r a c t i o n  f o r c e  x wheel r a d i u s  x a n g u l a r  v e l o c i t y  

' h e e l  , a i d t h  n t r a n s l a t i o n a l  rpeed 

S p e c i f i c  encrqy has u n i t s  o f  l b  i r l . / u n i t  w i r l t h h n i t  o f  t r a v e l .  

Mte t h a t  the r e s u l t s  compar i n y  the p r e d i c t  ions o f  drakrbar p u l l  

e t c .  b e t ~ e e n  the v a r i o u s  t e s t  d e v i c e s  $2 a c t u a l  toh  b i n  t e s t  v~hee l  measure- 

m e n t s  a r e  g i v e n  I n  s e c t i o n  4.0. 

3.5 UAtlE-COtdE FRED ICT IO;d MET:IOD 

I n  t h i s  approach i t  i s  recogn-zed  t h a t  t k  a c t m   heel o r  t r a c k  

performance, i n  r q a r d  to s u b s o i l  de fo rmat ion ,  i s  i r i f l u e n c c d  b y  many f a c t o r s  

such a s  =heel o r  t r a c k  d imens ion5,  loads,  c o n t a c t  s u r f a c e  c h a r a c t e r i s t i c 5  

a n d a n g u l a r  and t r a n > l ~ t i o n a l  v e l o c i t i e s .  T h i 5 p e r f o r m a n c e  may b e d i s c u s s e d  

i n  t e r n s  o f  e n e r g y  tt-an,fer mechanismr a t  t h e  wheel o r  t r a c k  i n t e r f a c e .  

The energy t r a n s f c l -  compollcnt a5soc ia ted  51i t h  t h e  bulrsoi l 

defo l -mat ion m u s t  o b v i o u s l y  depend on  t h e  meciianics o f  t ~ f r  a t ,  a r ~ d  

beneath, t h e  i n t e r f a c e  ~ n d  i s  thus r e l a t e d  d i r e c t l y  t u  thc  i n r e r f a c e  i n p u t  

energy component. The procedure r r q u i  res  an a n a l y s i s  o f  the o v c r a l  1 p rob lcm 

i n  terms o f  the r a t i o n a l e  f o r  p a r t i t i o n i n g  the conpor>cnts o f  na l -a , i t i c  enc rgy  

I t  i 5  d e s i r a b l e  to  s t p a r a t e  the vane-cone method o f  p r e t l i c t  iorl i n t o  

two approaches: 

(a) R iqorous apprgach w l ~ i c h  con5 i d e r s  most o i  t h e  v a r i a b l e ,  a i d  parameters  

a f f e c t i n g  t h e  r e a l  prob lem.  



Th i 5 m i g h t  r e q u i r e  a more d e t a i l e d  examinat  i o n  o f  eaper imenta l  

reasurerrents coup led  w i  t h  t h e o r e l  i c a l  a r la l  yses.  Th is  approach 

i s  not  developed i n  t h i s  r e p o r t .  The d e t a i l e d  procedures,  

r e q u i  rernents e t c .  of t h i s  r i g o r o u s  approach a r c  d i hcussed 

separately i n  a n o t h e r  r e p o r t .  

(b) "Slmple" approach us ing  approx imate s imp1 i f y  i n g  e q m t  i o i s  

developed a s  a r e s u l t  o f  both r h e o r e t i c a f  and exper imen ta l  

ana lyses.  The f i r s t o r d e r 5 i m p l i f i c a t i o n o f  t h e w o r k i n g  

e q u a t i o n  i s  s h w n  here For wheels moving over  s o f t  

s o i l .  Note t h a t  t h e s e c a n  b e u s e d d i r e c t l y w i t h  t h e  s imp le  

vane-cone d e v i c e .  Note a 15.0 t h a t  c o n t i n u e d  developmen1 and 

g e n e r a l i z a t i o n  o f  such t ype  OF equa t ions  f o r  a l l  v e h i c l e s  

and a l l  types o f  s o i l s  i s  c o n t i n u i n g  

The app l  i c a t i o n  of these p r e d i c t i v e  e q u a t i o n s  f o r  drawbar p u l l  

e v a l u a t i o n  O F  t h e  a c t u a l  t o w - b i n  t e s t s  i s  g i v e n  i n  s e c t  ion 4.0. 

3.5, 1 Vane-Cone Predlct  i o n  - Simple Approach 

The s imp le  appruach f o r  vane-cons p r e d i c t i o n  for wheel p ~ r f o r r v a n c u  

movir>g o v e r  s o f t  s o i l  can be ach ieved  us i ng  t h e  f o l i w i i n g  e q u a t i u n s :  

( a )  I npu t  E n e r ~ y  Prediction, I . E .  

( b )  Sl ippage  (or i n t e r f a c i a l )  Enerqy P r u d i c t i o n ,  S.E. - 

( c )  D e f o r n a t i o n  Energy P r e d i c t i o n ,  O . L .  



(d) - P u l l  Encrgy P r e d i c t i o n ,  - P . E .  - -  

P . E .  = I . € .  - S.E. - D . E  

P e n e t r a t i o n  d c ~ t h  

FIG. 3-12 P r e s s u r e - p e n e t r a t i o n d i a g r a m  f o r  
vane-cone peqet rwneter .  

fi 
where 

W = wheel load, 

p - pressure  beneath t h e  penet rometer ,  

b, d = wheel w i d t h  and d iamete r ,  

h, r = penetrometer h e i g h t  and r a d i u s ,  

6 - t r e a d  h e i g h t ,  

S = s l i p ,  

vL 
= t r a n s l a t i o n a l  v e l o c i t y ,  

G: = angu la r  v e l o c i t y ,  

r - t a n g e n t i a l  shear s t r e s s  ob ta ined  a t  the 
o u t e r  edge o f  the  vane component, 

In - f a c t o r  takes  the  e f f e c t  o f  backward c o n t a c t  
area equal  t o  t.31, 

k - b e a r i n g  s t a b i l i t y  f a c t o r  which i s  d imens ion less 
C 

and equal  t o  0 .225  for C = 0, 

R .  a ,  .? = d imens iona l  f a c t o r s  obtained f rom v i 5 i o p l a s t i c i t y  ana lyses  
( s e m i - a n a l y t i c a l  a n a l y s e s )  for  the purpose of d e f o r m a t i o n  
e n c r g y p r e d i c t i o n .  for cohesivematerial,$-Oand i n  
the case o f  f b  i n .  units, t = 1.21, cd = 0.97 and C - 0.230. 

A 

Note t h a t  the i t e m s  l i s t e d  a r e  r e a d i l y  obtained i n  measurements, 



4.0 C O H P A R I S O N  O F  ObWGAR WLL PREDICT lot4 RESULT5 
U S I N G  THE THRCE SEYS~MOEV I C E S  

- 

4 . 1  INTRODUCTION 

I n  t h i s  sect  ion, we compare the p r e d i c t  i v c  c a p a b i l i t y  o f  the t h r e e  

sens ing dev ices  w i t h  a c t u a l  wheel t e 5 t  r e s u l t s  f rom l a b o r a t o r y  tw b i n  t e s t s  

Ttie t e s t  i n s ~ r u m e n t s  used were d i scussed  i n  sect  i o n  2 . 0 .  and the methods o f  

u t i l i z a t i o n  o f  t e s t  d a t a  f o r  application to prediction o f  rnobi l i t y  have Seen 

g iven i n  sect ion 3.0, A s n o t e d  i n  s e c t i o n  2 . 0 ,  the t e s t s  c o n d u c t e d j y  t h e  

Ltiree d e v i c e s  produce r e s u l t s  e i t h e r  in  terms o f  compression a lane o r  I n  

terms or c m p r e r s i o n  p e n c t r a t i o n  and shear.  

As observed i n  s e c t i o n  3 . 0 ,  !he a c t u a l  r a w  d a t a  a v a i l a b l e  f rom each 

of the t e s t  d e v i c e s  should be used w i t h  the a n a l y t i c a l  t h e o r i e s  a s 5 o c i a t e d  w l t h  

the  5cns ing dev lces  to compute t h e  drawbal- pul I .  I t  i s  n o t c d  t h a t  t h e  drawbar-  

p u l  l can be ob ta  lned d i r e c t l y  us ing  the vane-cone dcv i c e  o r  the bevameter - type 

t w l ,  and i n d i r e c t l y  w i t h  e x ~ e n s i o n  i n t o  t h e  power number concept  t $ i t h  the 

V icksburg  penet rometer  t o o l .  

4 . 2  TOW B I N  T E S T S  CONDUCTED 

Three ty l les  o f  wheels were used i n  t h e  tov~ b i n  t e s t s .  These i re re :  

( a )  a p o l  i  shed a l m i n u r n  wheel ,  

(b) a r i g i d  whecl w i t h  i t s  c o n t a c t  s u r f a c e  coatcd w i t h  a 
1/8 i n c h  t h i c k  r u b b e r ,  

(c)  l h e  same rubher  crhecl coated w i t h  a t r e a d  s u r f a c e .  ( t r e a d  h e i g h t  - ;. inch )  

Three loads  were used for a l l  t h e  t e s t s  w i t h  these t h r c c  types o f  whccI5 .  

The loads u e r e  3 4  l b ,  r e p r e s e n t i n g  the , :~c iqh l  of t h e  whecl  i t s e l f ,  54 I s ,  a-d 

i 74 l b .  The s i z e  o f  rhe w h e e l  was 1 3 . 5  inches i n  dia:!etcr, and 3 .75  iqches 
I 

wide .  



4 . 3  COHPARlSON OF MEASURED AND PREDICTED VdCUtS - 

F i g u r e 5  4-1 th rough  4 - 3  show a compar ison of t h e  t e s t  r o s u l t s  w i t h  

those p r e d i c t e d  Imbed upon measurements made v ~ i t h  the t h r e e  sens ing  dev ices  

and t h e m e t h o d s  f o r  d a t a  r e d u c t i o n g i v e n  i n  s e c t i o n  3.0". 1 5 e v i d e n r  f rom 

a l l  t h r e e  f i g u r e s ,  t h e  k i n d s  O F  correlation o b t a i n e d  between p r e d i c t e d  and 

measured v a l u e s  f o r  t h c  v a r i o u s  t e s t  dev ices  v a r i e s  between adequatc to 

poor.  T h i s  i s  c s v e c i a l l y  t r u e  f o r  c o r r e l a t i o n s  w i t h  experiments whcre 

wheel su r face  c h a r a c t c r i b t  l r s  a r e  varled. 

The i n a b i l i t y  for s o m  of the f o o l s  t o  comp le te l y  p r e d i c t  the 

5 1  i p  drawbar pul  l pe r fo r~nance  does not necessari l y  1 l e  In t h e  manner i n  w h i c h  

the sensing dev ices  work, b u t  more so In the manner o f  u t i  l i s a t i o n  of the 

measured r c s u l  t 5  o t , t a in td  Frrm the sensing too ls  t t h l l s e l v e s .  I t  I s  apparen t  

f r a  the p r e v i o u s  discubrionr given i n  sections 2 . 0  and 3.0 t h a t  a c c o u r ~ t a b i  l i t y  

f o r  5 1  performance IS  not n e c e s s a r i l y  provided even I f  the shear s t r e n q t h  

o f  t h e  s n i l  i s  g l v e n .  I t  nlust be emphasized t h a t  i f  s l i p  a c c o u n t a b i l i t y  i s  

n o t  p r o v i d e d ,  t h i s  i s  n o t  t o t a l l y  a f a u l t  o f  t h e  rneasur in: t echn ique  i t s c l f  

but t h e  method o f  u t i l i z a t i o n  o f  the data  - i . e .  the a n a l y t i c a l  frarnc:.~ork 

used i n  a r s n c i a t i o n  w i t h  t h e  sens lng  t o o l  r e s u l t s .  

The e x c e p t i o n  to t h e  above i s  the cone penet rometer  w i i c h  does not 

pro" i de  a d i r e c t  shear s ' t rength  r e s u l t  and thus cannot e o b i  l y  lead t o  s l  ill 

l o s s  p r e d i c t  ion. Whi 1st t h e  power n u m k r  i lpp l  i c a t  i o n  f o r  t he  Vicksburr !  

penet rometer  r e s u l t s  has ex tended t h e  capabi  1 i t y  O F  the penct rnmeter  for 

computat ion of sl ip-drawbar p d l  l r e s d l  ts beyond a go no-qo s i  t u d t  i o n  to o v e r -  

A 

" I b L e  t h a t  t h e  comparison f o r  t h e  vane-cnnc lp r r !d ic t ions i n  F i g s .  4 - 1  throulh 
4 - 3  u t  i l  i2es t h e  s i m p l e  approx imate approach. The coppar i w n  o f  r e s u l  t 5  u . i i ng  tr* 
r i g o r o u s  approach f o r  p r e d i c t  ion o f  vane-cow r e w l  t s  i s  g i v c "  i n  sect  i o n  4 . 4 .  



Vane-cone w i t h  

0 
S l i p  r a t e ,  O - Experimental Re5ul t ( t r e a d  wheel) 

" [aIuminurnwheeII 

" ( r u b b e r  wheel) 

F I G .  4 -1  Measured and pred ic ted  pull energy usIng 
Bevameter, W . E  . S .  Power Number, and 
approx imate Vane-Cone equations. 

(for 34 lb wheel load) 



Vane-Cone 
w i t h  treac U. E . S .  (Power Lumber) 

Vane-Cone w i t h  no tread - 

( t read wheel) 
.-0.20 

(aluminum " ) 

4 ,  (rubber " 

F I G .  4 -2  Mea5urud and predicted p u l l  cnergy  u s i n g  
Bevameter, W . E . S .  Power N u u h r r .  and  
spprokinlatc Vanc-Conc equations. 

(for4 l b  wh.e.el load)  



W . E . S .  (Power Yurnbe~' 
.- 
3 I 3 
c .- ntal  ( t r e a d  wheel )  -. 
C 

Vane-Cone w i t h  

Vane-Cone w l  r h  no tread 

+ slip r a t e  Z 
1 

rubber whee I )  

slip 

imcntal 

r a t e  Z 

( rubber  whee I )  

F I G .  4-3 Measured and pred ic ted  p u l l  energy using Bevaqeter ,  
W . E . S .  Power Number, and approximate Vane-Cone 
equat tons. 

(Tor 76 1 b wheelload) 





. . 

-0 .40 

--- 
I 

100 

Sl i p  r a t e ,  percent  

Experimental renul t ( t r e a d  whee l )  
I I 

7, " ( a I u m i n m w h e e l )  - I ,  ,, (rubber wheel) 

( b---4 PI-edicted re5ult ( t r e a d  wheel) 

( I I 8 8 

( +----. (aluminum w k e l )  

( ,, P I  

,---a ( rubber  w h e e l )  

F IG .  4-5 Measured and pred ic ted  puTl energy and p u l l  to 
weight r a t i o  vs s l i p  r a t e  f o r  34 l b  wheel. 



-:meter-- 
.- Ewer lmental resu l  t ( t r e a d  w h e e l )  

1 4  " ( a l u m i n u m w h e e f )  - I ,  " (rubber wheel) 

( &---4 P r e d i c t e d  r e s u l t  ( t r e a d  wheel )  
-4 I 

Uane-Cone 
( 

I I 1 4  (aluminum whect)  

F l C . 4 - 6  Measured and p r e d i c t e d  pul l energy aud p u l  l to 
weight  r a t i o  v s  sl i p  r a t e  fo-el. 



- Cxxperi~llental r e s u l t  ( t read wheel) 

-J 
I ,  

" ( rubber  wheel 

Pred l c t e d  resul t ( t r e a d  wheel ) 
Vane-Cone ( 

I, 
[*---a " rubber whee I )  

F I G .  4'7 Measured and p r e d i c t e d  p u l l  energy and 
pul l t o  weiqht r a t i o  v s  s l  Tp r a t e  for 
L4 I b wheel . 



come the  l a c k  o f  d i r e c t  shear s t r e n g t h  measurements, i t  i s  seen t h a t  t h i s  techn ique 

i s  d e f i c i e n t  and cannot adequa te l y  p r e d i c t  t h e  performance i n  the  tow b i n  f o r  

the  t h r e e  types o f  wheels used. 

I t  shou ld  be noted t h a t  w h i l s t  t he  vane-cone p r e d i c t i o n s  a r e  perhaps 

the  b e t t e r  c o r r e l a t e d  s e t s  o f  p r e d i c t i o n s  [ w i t h  the  t e s t  data ] ,  t he  "s imple"  

approx imate method adopted has indeed r e s t r i c t e d  t h e  accuracy i n  c o r r e l a t i o n .  

Never the less ,  the  r e s u l t s  shown i n  F i g s .  4 -1  th rough  4 - 3  show t h a t  i f  the  

p roper  framework f o r  a n a l y s i s  o f  d a t a  i s  p r o v i d e d ,  a degree o r  measure o f  

c o r r e l a t i v e  f i t  can be o b t a i n e d .  

4.4 RIGOROUS ANALYSIS FOR VANE-CONE MEASUREMENTS 

I n  t h e  r e p o r t  The Uti l izat ion of !Jrme-Coil@ Dtdoice for F'm.l;d;rtim of 

XobiZity, Repor t  No. SMS-39 by Yong and Youssef, t h r e e  l e v e l s  o f  s o p h i s t i c a t i o n  

i n  a p p l i c a t i o n  o f  t h e  vane-cone measurements have been p resen ted .  I t  w i l l  be 

seen t h a t  t h e  o r d e r  o f  r i g o r  o r  s o p h i s t i c a t i o n  can be expressed as :  

( I )  Exact  method - r e p r e s e n t i n g  the  h i g h e s t  l e v e l  o f  

s o p h i s t i c a t i o n  i n  a n a l y s i s  o f  d a t a .  

( 2 )  R igorous method - d e n o t i n g  an i n t e r m e d i a t e  l e v e l .  

(3 )  A p p r o x i m a t e  - r e p r e s e n t i n g  a s imp le  approach and 

i s  the  lowest  l e v e l  o f  s o o h i s t i c a t i o n  

W i t h o u t  r e p e a t i n g  t h e  Repor t  SMS-39, we show t h e  sumnary DBP 

r e s u l t s  u s i n g  t h e  "Rigorous Approach" t o  p r o v i d e  the  reader  ?ri t h  an 

a p p r e c i a t i o n  o f  the k i n d  o f  p r e d i c t i v e  c o r r e l a t i o n  t h a t  can be o b t a i n e d  w i t h  

the  vane-cone r e s u l  t s .  

F i g u r e  4-4  shows t h e  f l o w  c h a r t  f o r  t h e  method o f  d a t a  a n a l y s i s ,  

w h i l s t  F igs.  4-5 th rough  4 - 7  show t h e  r e s u l t s  o b t a i n e d  w i t h  the  Rigorous Method 

i n  compar ison t o  t h e  t e s t  measurements. 



W h i l s t  i t  inlight be s t a t e d  t h a t  t h e r e  i s  a c e r t a f n  deqree o f  deja v u  

w i t h  the appl  [ c a t  i o n  o f  the vane-cone r e s u l t s ,  i t  must be s t a t e d  and emphasized 

t h a t  t h e  des iqn,  development and c o m s t r u c t i o n  o f  t h e  vane-cone s p e c i f i c a l l y  

addressed t h e  problem o f  enerqy t rans'er  mechan;cs. Thus, not  on1 y a r e  t h e  

measurements designed t o  p r o v i d e  the b a s i c  i n f o r m a t i o n  For use, t h e  f r a m e a r k  

for a n a l y s l s  o f  d a t a  has been d i r e c t l y  and s p e c i f i c a l l y  deve loped i n  t e r m s  o f  

t h e m e c h a n i c s o f  energy t r a n s l e r .  I t  i s  thus n o t  s u r - p r i s i n g  t h a t  t h e p r e d i c t i v e  

c a p a b i l i t y  w i t h  the r i g o r o u s  method i s  good. 

4.5 CONCLUO I H C  REHARKS 

As ;an be seen f rom the f i a u r e s  shown, t h e  a b i l i t y  t o  p r e d i c t  the 

measured d ranbar  p u l  l I n  the tcw b i n  t e s t s ,  w i t h  t h e  k i n d s  o f  neasurcments 

made w l t h  t h e  vane-con* d e v i c e  a r e  n e t  tea d i s s i m i l a r  fro111 t h a t  of the 

bevameter- type t o o l ,  t h e  a s s o c i a t e d  a n a l y t  l c a 1  f r a m w o r k  for u t i  l i s a t  i o n  o f  

t h e  vane-cone resuTts  - i . e .  u t l l i 5 a t i o n  of the d a t a  i n  terms o f  e n e r g e t i c s  

p r o v i d e s  f o r  a  n e t h o d  o f  a n a l y s i s  and p r e d i c t i o n  wh ich  responds more c l o s e l y  to 

the  a c t u a l  problem a t  hand - e5peciaT l y  i f  the h i g h e r  l e v e l  o f  s o p h i s t i c a t i o n  

of a n a l y s i s  i s  used.  Thus i t  i s  n o t  s u r p r i s i n g  t h a t  the d a t a  o b t a i n e d  w l t h  

t h e  vane-cone dev lce,  t o g e t h e r  w i  t h  t h e  u t  i l i sa t  ion o f  enerqet  i c s  a s  a 

method of a n a l y s i s  can indeed p r o v i d e  f o r  a c l o s e r  p r e d i c t  l v e  c o r r e l a t i o n  

w i t h  the r e s u l t s  obta ined i n  a c t u a l  tow b i n  t e s t s .  

I n  the  r e p o r t  d e a l i n g  w i t h  the vane-cone dev ice,  ?'iv Y t Y : < x . : ~ : : ; !  :;:. 
.,. 

Yam-Conc :%v&s )'or & - n d i c t b :  of' ;.@hi?: ty. by Yong and Youssef , S M S -  3 9 - ,  t h e  

more enact  methods for a p p l i c a t i o n  of vane-cone t e s t  r e s u l t s  g i v e n  t o g e t h e r  w i t h  t h e  

s l rnple method of a n a l y s t s  a s  d e s c r i b e d  i n  t h i s  p resen t  r e p o r t  show t h e  e f f e c t  

o f  s i m p l i f i c a t i o n  i n  the a n a l y s i s  and p r e d i c t i o n  c a p a b i l i t y .  

.,. 
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A - I  

A P P E N O I X  A 

I .  H O D I F I E O  B E K K E R A P P R O A C H  

The same Bekker approach d l  scusse i s  u s e d  aga 

t h i s  npper ldlx  where these modif ied equations a t e  obtained - and have been used 

a s  the Bekker equnt ions r e c e n t l y  [ I977  1 by Thmpson (Hovcy, Ot tawa) .  

( a )  S inkage 

r 

( B y  t r i a l  and ert-or s u b s t i t u t i o n  of Z t o  o b t a i n  
r 

e q u a l i t y  t o  the nearest  tenth o f  a n  i n c h . )  

( b )  R o l l l n q  Resistance 

( c )  T r a c t i o n  Force 

H - (b  L C + W t a n  $) (I-e - j / K )  

(d) Using Eq.(3-3)  the drawbar p u l l  can be c a l c u l a t e d :  

D P = H - R  

A l l  the a b v e  variabTes a r e  g i v e n  before i n  s e c t i o n  3 . 4 .  Note t h a t  Ea. ( A - I )  

i s  from the  rmdel shown i n  F i g .  A - I .  This i s  contrasted w i t h  the  i n i t i a l  

simp1 i f i c a t i o n  given i n  Eq.  (3-6). 



F I G  A:1 Geometrical model for Eq. A - 1  



2 .  COWARISON BEWEEN THE BEKKER RESULTS 

Cmpar isons be  tween the results  o b t a i n e d  u s i n g  the above equat ions 

and the equat ion qivfn before i n  section 3 . 4  a r e  shcwn i n  T a b l e  A - l  and 

F i g .  A-2 .  Thcse comparisons demonstrate that  there is essential Ty no 

d i f f e r e n c e  bctween the r e s u l t s  obtained i n  us ing the two types of  e q u a t i o n s .  

Thus the  comparisons s h m  i n  section 4 .0  a r e  v a l i d  f o r  a l l  cases 

TABLE A- l Comparison be tween Bekker ( 1969) 

S l i p  

40 

5 0  

60 

70 

a n d  hod i f  i e d  Bekker 

Uheel L w d  



,-,,,,,Modified Bckker Equat ions IA- I )  
through ( A - 3 )  and Equation ( 3 - 3 ) .  

Bekker Equation (1969) 

--  . "  
Slip rate,  t 

-+----- +- - - l : - - - - - - t - - - . - -~  
/# 

f - - - 
I 

- 
, 74 l b  wheel 

F1G.A-2  T r a c t  ion and pul 1 Curve as developed by the 
Bevame ter approach 



3 .  COMI'UTER SOLUTION FOR EQUATIONS A - 1  T!IROVGH 11-3 

AND EQUATION 3-1 



4 .  RESULTS 

Roll ing 
Resistance 

I b 

Tract Ion 
Force 

I b 

Drawbar 
P u l  I 
I b 

Uhee l S l i p  
Load 2 

I b - 
Deformation 

in.  
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