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FOREWORD 

THE to! lmlng three papers which constt t u t e  th15  report, 

ENERGY TRANSFER, MECHAHISMS AflD TRACTION 

PERFORMANCE, have been prepared and presented as 

f 0 l  lows: 

I .  Tn&!.uence 0 6  Contuct C ~ ~ & ~ c b  on 

Enmgy Tham6m and Wheel Pm6ob~mnce on 

So6.t Sod!. R. N. Yong and E. A .  F a t t a h .  

5 t h  lnternat iona l Conference, l n t e r n e t i o n a  l 

Society  for Terrai n-Vehl c l e  Systems, D e t r o l  t ,  

U .S .A .  June 1975. 

2.  Vanc-Cone ileul~ame~ttb do& h h e b d r n e n i  06 

Taact ive  P~n@mance i n  Wheel-Sod Intenaction. 

H ,  N .  Yong, A .  F .  Yousset and E. A.  Fa t tah .  

5 t h  l n t e r n a t  lone l Conference, I n t a r n a t i o n a l  

Socloty tor Terrai n-Vehicle Systems, D e t r o i t ,  

U.S.A. J m o  1975. 

. C o ~ i d ~ t i o r ~  i ) r  Velude-&ow~d I n t e n a c t i o n  -in 

U$b-Road ! I o b U y  i n  the Canndian Mom%, 

R. N. Yong and P. V .  Janiga. Symposium on 

Canadian Vob i l  i  t y  and Env ironrrent, Canad Ian 

Society for Ter ra in -Veh ic le  Systems,  Ottawa, 

June 1974. 



n I E  above papers represent the r e s u l t s  obta ined i n  the  

w e r a l l  study of t h e  problems associated wlth t h e  

production of t r a c t i v e  e f f o r t  through wheel or 

track systems. The work performed was under 
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IHFLUEHCE OF CONTACT CHAAACTERISTICS 

ON EtlERGY TRANSFER AND WEEL PERFORHhNCE ON SOFT SOIL 

R. H. Yong and€.  A.  ~ a t t a h * *  

The items o f  i n te res t  w j t h  regard t o  the evaluatlon o f  

powered o r  towed wheel performance on so f t  s o i l  centre around: 

a ]  charac te r l s t l cs  [and requirenents] o f  drawbar-pull 

development f o r  powered wheel s . and 

b] p u l l  requirements f o r  towed wheels for  maintenance 

of continuous motion f o r  cases where sinkage i s  
less than vehic le  clearance. 

By and large, i t  Is noted t h a t  c ~ n o n l y  used methods f o r  

analysis and assessment of performance of  oft-road wheel systems r e l y  

on experimentally established pressure-sinkage and shear deformation 

re la t ionships as  a base f o r  generation o f  theore t i ca l ,  semi-theoretical 

o r  empirical too ls  - f o r  use i n  pred ic t ing expected drawbar-pull o f  the 

wheel system. Since the s o i l  pat tern o f  deformatfot? under the t e s t  

plate,conc, or shear r i n g  device and the  wheel are d i f f e r c n t ,  !t i s  

apparent t h a t  f o r  p red lc t l ve  purposes, thcor ies  based on expcr in!cntal l y  

* U i l l i a m  Scott Professor of C i v i l  Englnccring and Applied Hechanics, 
Director, S o i l  Mechanics Research laboratory, X c G i  11 Univers i ty ,  
Montreal . 

** 
Research Engineer, S o i l  Mechanics Research Laboratory, McGil l  
Unlversi ty, Hontreal . 



derived pressure-sinkage o r  shear deformation re la t ionships should be 

ca re fu l l y  used i f  performance predic t ion i s  desired. I n  order t o  

circumvent some o f  the probl MIS associated w l  t h  r e l a t j n g  d iss im i la r1  t y  

o f  the deformation f i e l d s ,  performance assessment may be predicted by 

studying wheel-soil in teract ion.  

I n  t h i s  paper, the performance o f  a wheel i s  evaluated i n  

terms of maximum useful energy [ w r k ]  that can be developed i n  vtew o f  

the wheel contact surface charac te r i s t i cs  and s o i l  propert ies - from a 

known o r  speci f ied energy input. I n  essence. w t t h  appropriate con- 

d i t i o n s  the wheel may be examined as an equival-ent s t a b l e  system - w i t h  

the  charac te r i s t i cs  and propert ies of wheel contact surface and subsoi 1 

propert les  def ln ing in te r face  relationships as a rmtual  i n t e r a c t i  n q  

systcm. Figure 1 shows the regrons associated w i th  the energy com- 

ponents pa r t i c i pa t i ng  i n  def in ing the s tab le  system. The d iss tpa t ion  

o f  the paras i t i c  energy components [i .e. i n t e r f a c i a l  and deforimt ion]  

can be seen i n  Figure 2,  It i s  apparent t ha t  if the cha rac te r i s t i cs  

o f  the energy d iss ipa t ion  curve can be al tered. wheel performance can 

be correspondingly changed. The parameter of useful i n te res t ,  i n  a non- 

changing s o i l  subst ra te  system rmuld be one concerned krith the contact  

surface and the resu l tan t  development of i n te r face  re la t ionships.  This 

study examines the resu l t s  obtained from t e s t s  on a r i g j d  wheel w i t h  

three surface condi t ions:  

a ]  smooth, 

b] rubber coated, and 

cJ V-shaped treads, 

i n  the l i g h t  of the development of energy t ransfer  a t  the in te r face  - 
ard resu l tan t  drawbar-pull . 
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ENERGY TRANSFER AND DRAWMR-PULL 

An evaluation o f  actual wheel performance I n  regard t o  sub- 

mil deformation a s  inf luenced by va r i a t i on  o f  wheel contact surface 

character is t ics  may be performed a t  d i f f e r e n t  degrees of s l i p  i n  terms 

o f  t h e  enersy t ransfer  mechanism a t  the interface. I n t u i t i v e l y  one 

would expect that  subsoil d i s t o r t i o n  and disturbance w i th  depth m y  be 

d i rect1 y associated w i t h  wheel s l i p  and contact charac te r i s t i cs .  The 

ind icat ions are that  the re la t fonships can be evaluated i n  terms o f  

energy transfer mechanics. The canponent o f  energy t ransfer which i s  

assoctated w i th  sub-soil deformation must obvious1 y depend on the 

nechanics of transfer a t  the interface,ard i s  thus seen to  be re la ted  

d l r e c t l y  t o  the  in ter face energy component. The procedure for 
examination requires an ana lys is  for the overa l l  p r o b l m  i n  terms o f  

the rat ionale for  p a r t i t i o n i n g  of the components o f  parasttic energy. 

As indicated previously [Yong and GIebb (1969)j  and as seen 

from Flgs, 1 and 2 ,  the energy balance formula may be wr i t ten  as 

where 

T = input torque 

w = angular wheel ve loc i t y  

V = t rans la t ional  v e l ~ j t y  

R = m l l i n g  resistance 

Ef = i n t e r f a c i a l  energy loss 

Equation (1) may be m i t t e n  a s  



where 

Fi = input energy 

L - useful output energy 

D = deformation energy 

0 and Ef are the components o f  p a r a s i t i c  energy i . e .  energy l o s t  t o  

the  s o i l .  For ease and s i m p l i c i t y  i n  cmpar ison  between the d i f f e r e n t  

wheel surface condi t ions,  the  energy balance equation should be 

described i n  terms o f  wheel t r ave l  speed and wheel diameter. 

Thus, 

where the dot  superscr ipt  ind icates r a t e .  

E~amlna t ion  of lrmnediate response and resul t a n t  subsoi l  

deformation and d l  s t o r t i o n  using f l a s h  X-ray techniques s im i la r  t o  those 

described by Yong and Uebb (19691, can confirm expectat ions i n  regard 

t o  dependency between s o i l  d i s t o r t  ion s l  jp/contact charac te r i s t i cs .  

The t e s t  r e s u l t s  ind ica te  t h a t  no d i r e c t  independent general ized 

r e l ~ t i o n s h i p  between the d i f fe ren t  r a t e  of energy parameters [ input ,  

useful output  and l osses l  and degree o f  s l i p  c a n  be w r i t t en .  I t  

appears t h a t  each energy component or  parameter i s  a func t ion  of the 

interdependent nature o f  the d i f fe ren t  wheel - s o i  l pararceters. 

The deformation energy r a t e  i s  seen t o  be a f unc t i on  of wheel 

load and s o i l  response. I n  turn ,  t h i s  i s  a func t ion  o f  the stress- 



s t r a i n  behaviour o f  the s o i l  ,and the loading ra te .  The rate o f  i n t e r -  

facial energy loss  i s  a funct ion o f  the  tangent ia l  stresses developed, 

contact area and s l i p  velocity. The dependence o f  s l  i p  performance on 

wheel parameters i s  obvious. An examination o f  the components o r  

factors con t r l  buting t o  input  energy ind icates t ha t  input  torque i s  

dependent an the resu l tan t  tangent ia l  stresses developed a t  wheel -sol  1 

in ter face,  The inf luence o f  wheel surface charac t e r i s t i c r  and angular 

W l o c j t y  may be seen i n  the changes i n  developed tangent ia l  stresses, 

since useful work i s  a funct ion o f  both input  and pnras i t j c  energies 

and the interdependent nature of wheel-soil parameters. 

EXPERIMEHTAT ION AND ANALY SI 5 

The laboratory s o i l  b i n  experiments were conducted t o  provide 

information on drawbar-pull tnput torque. angular ve loc l  t y ,  t rans la t iona l  

ve loc i ty ,  dynamic sinkage and t h e  displacement pat tern w i t h i n  the s o i l  

mass beneath m v l n g  r i g i d  wheels. The t e s t  f a c l l j t y ,  u t i l  l z i n g  a f l a s h  

X-ray technique hds been described previously by Yong e t  a l .  (1967). 

(1969)- The technique consists essential1 y o f  recording by f l ash  X-ray 

techniques, the  pos i t ions of lead narkers embedded i n  the subsoil a t  

various times corresponding t o  various instantaneous pos i t ions of t h e  

movingwheel. U i t h n - u l t i p l e r e c o r d i n g s ,  i t  i 5 s e e n  t h a t t h i s  procedure 

provides information which my be used t o  t race  the "d i s to r t i on "  motion 

o f  eachembeddedmarker. F roml inear  superposftlon, It i s  poss ib le  to  

provide f o r  ve loc i t y  and displacement f i e l d s  i n  the  s o i l  - as a r e s u l t  

o f  wheel motion. The developed procedures have been reported previously 

by Windisch and Yong (1970). 

TO provide f o r  a simple ra t iona l  approach i n  the analysis o f  

resu l ts ,  the experiments conducted considered the fo l lowing fac to rs :  

a] three d i f f e ren t  wheel loads - using a r i g i d  wheel wl t h  

constant radius. 



constant water content and densi ty of the c lay  subsoil, 

constant wheel t rans la t ional  velocl  ty, w i t h  varying 

angular ve loc i t y  and torque t o  provide f o r  s l i p s  

varying from the towed polnt  [zero torque] t o  
80 per cent s l i p ,  

varying r i g i d  wheel surface characteristics [smoth. 

rubber coated and V-shaped treads a f f i xed  t o  the 

rubber surface as seen <n F ig .  31. 

The e f f e c t  o f  the above factors  and var iables on wheel perform- 

ance and subsoi 1 deformation behaviour cons t i tu tes  the  b a s i s  f o r  the 

analysls and discussion stated hereafter. 

Interfacial Energy 

The i n te r fac ia l  energy. Ef, previously defined as  the energy 

dissipated a t  the wheel-soil in ter face may be expressed as 

It = 1 tangent ia l  stresses x e l m c n t a l  area x 
elemental s l i p  ve loc i t y  (5 )  

t o t a l  
area 

of 
contact 

Two methods were used t o  determine t h e  associated tangent ia l  stresses 

developed a t  w h e e l - s o i l  interface. The choice of each method depended 

on the amount o f  sl i p  obtained. For low s l i p s  - up t o  45  p e r  cent, 

the llethod f o r  determination of i n te r fac ia l  stresses required deter-  

nlnatton of the  contact stresses a t  wheel s o i l  i n te r face .  This vras 

obtajned wi th  exper irnental data and knowledge o f  

a ]  the resu l tan t  instantaneous stress f i e l d  

beneath the moving wheel, 

b] ' 
the instantaneous s t r a i n  and s t ra in - ra te  f i e l d s  

developed i n  the subsoil, and 



c] s o i l  deformation patterns [see Wlndlsch and 

Yong (1970)). 

By applyjng a su i tab le  y i e l d  criterion Cine.  Tresca] and the associated 

f low rule,  the i n t e r f a c i a l  stresses can be determlned using the method 

of character is t ics  as  shown by Yong and Windisch (1970). 

For h l g h  degrees of s l i p  [i .e. above 45 per cent] the 

tangential , or i n t e r f a c i a l ,  stress may be predicted by using a sk id  t e s t  

W obtain the re la t ionsh ip  between s l i p  ve loc i t y  and f r j c t i o n a l  stresses 

as shown i n  Fig. 4. 

Wheel Performance 

From previous studies, [Yong and Webb (1969)], i t  has been 

successfully establ ished that  wi th  the  use o f  the  v i s fop las t ' i c i t y  

technique, the subsoil response t o  s u r f i c i a l  wheel loading may be 

expressed i n  terms o f  d iss fpa t i ve  energy f i e l d s ,  subsoil stresses, 

I n te r fac ia l  stresses, s t r a j n  rate f i e l ds ,  through approprlate experi - 
mental andana l y t i ca l  procedures. I n  t h i s  study, t h e s u b s o i l  response 

behaviour my be examined i n  r e l a t i o n  t o  the charac te r i s t i cs  o f  wheel 

Input. i , e .  wheel load, input  torque and s l i p  rate,  as shown f o r  example, 

!n Figs. 5a through 5c. I t  i s  pert inent to  note tha t  only d i r e c t  subsoil  

response i s  given by t h e  f igures, and that  the e f f e c t  of wheel surface 

condi t ion on the wheel performance i s  not d i r e c t l y  described. I nd i rec t l y .  

however, one would expect t ha t  the  v e l w i  t y  and energy f i e l d s  r e f l e c t  

t ransfer  charac te r i s t i cs  a t  t h e  surface. 

Soi l  P a r t i c l e  Path 

To obta in  a be t te r  appreciat ion of  contact and Interface 

re la t ionships,  representat ive s o i l  pa r t i c l es  a t  some subsoil depth may 

be examined - v is-a-v is  s o i l  m t i o n  under load. The r o i l  p a r t i c l e  

paths shown i n  Fig. 6 express the motion o f  s o i l  pa r t i c l es  due t o  the 

surface nlotion of the wheel. Since the experimental wheel moves w i th  



Fig. 3 - Tread Arrangement unfolded on 
Hor i zonta l  Plane 

Fig. 4 - Effect of  S l  l p  V e l o c i t y  on F r i c t i o n a l  
-- Stresses i n  Skld T e s t i w  
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constant t rans la t ional  ve loc i t y  and i f  the  s o i l  i s  hanogenous, i t  i s  

expected tha t  the p a r t i c l e  paths f o r  typical  s o i l  elements a t  the same 

depth should be s im i l a r .  

I n  F ig .  6 the resu l tan t  p a r t i c l e  paths developed under a 

rav ing r i g i d  wheel f o r  rubber contact surface condi t ions are given. 

Analysis for  other condi t ions of loading reveals that  the shape o f  the 

p a r t i c l e  path can take varrous forms - dependlng on load and t rans fe r  

charac te r i s t i cs ,  I n  a s im i la r  vein, the same type o f  argument can be 

applied f o r  examination and evaluation o f  subsoi 1 performance 

expressed i n  terms o f  p a r t l c l e  ve loc i t ies ,  d e f o m t i o n  energy and sub- 

s o i l  s t ress contours, e,g.  Flgs. Sa through 5c. 

Dynamic S i  nkaqe and D e f o m  t t on  Energy 

Figure 7 shows the results o f  the  dynamic s lnkage f o r  two 

spec i f ic  wheel contact surface conditions. Tt war: found tha t  the 

sjnkage remained r e l a t i v e l y  constant a t  low loads - s l i g h t l y  sens i t ive 

t o  s l l p .  A t  higher loads, there was evldence of higher dependcncy on 

degree o f  s l l p  w l t h  add i t iona l  increase i n  dynamic sinkage noted w i t h  

roughness of the wheel contact surface. 

I n te r fac ia l  Energy 

The t e s t  r e s u l t s  demonstrate the expected dependencies 

between wheel load and developed i n te r fac i  a1 energy as condit ioned by 

wheel contact surface, s o i l  type and degree o f  s l i p .  T t  i s  i n te res t i ng  

to  note t ha t  a f t e r  a wel l -def ined degree o f  s l i p  [60 per cent] the i n t e r -  

facial energy appears t o  be a funct ion on l y  o f  s l  l p ,  i .en independent 

of  wheel load and contact surface charac te r i s t l c .  a s  shown i n  Fig.  8. 

As explained i n  the next section, the rubber surfaced wheel does indeed 

have an apparent smoother surface - due p r i m a r i l y  to  the proper t ies  o f  

cl  ay-rubber in teract fon.  S imi lar  curves and re la t ionsh ips  can be 

obtained f o r  other vheel loads and contact surface charac te r i s t i cs  - 
and a lso f o r  other subsoils. The charac te r i s t i c  s ingular po in t  o f  s l i p  
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which establ ishes the sing1 e valued re la t ionsh ip  between s l i p  r a t e  and 

i n t e r f a c i a l  energy i s  seen to  be dependent on the factors  and 
parameters associated w i th  loading surface and subsoil .  

Energy-sl i p  Curves 

I n  Fig.  9 the energy-sl i p  curves under one wheel load f o r  the 

th ree  spec i f i c  contact surfaces are glven. The di f ferences noted 

between t h e  curves r e l a t e  to  changes i n  surface condit ions. I t  i s  

pert inent t o  observe tha t  the charac te r i s t i c  performaKe of  any wheel. 

can be i den t i f i ed  by three points on the energy-sl i p  curve. These a r e  
jden t i f i ed  as  zero s l i p  [condi t ion] ,  selfpropet led and maximum drawbar- 

p u l l  points. The negative value o f  the drawbar-pull a t  t h e  zero s l i p  

towed point  i s  a measure o f  the r o l l i n g  resistance o f  the wheel. Tests 

show that  t h i s  value increases w i th  increasing wheel load. and can be 

envtsaged a s  being d i r e c t l y  re la ted  t o  the resu l tan t  increasing value of  

dynamic sinkage. H n i l s t  the negative drawbar-pull r e s u l t s  a t  zero s l i p  

for  the  tes ts  shown i n  Fig.  9 appear to  demonstrate i n s e n s i t f v i t y  t o  

wheel contact surface, t e s t  r esu l t s  ind icate t h a t  t h i s  i s  for tu i tous.  

I n t u t t l v e l y ,  one would expect t ha t  contact surface charac te r i s t i cs  w u l d  

tnfluence to11 ing resistance. This h s  been substantiated by Yong and 

Fattah (1975). 

Taklng the sel f -propel led po in t  as the point on the energy s l i p  

dlagram where the drawbar-pull 1 s  equal t o  zero, i t  i s  seen t h a t  t h i s  

point  i s  a property o f  the powered wheel. It i s  apparent t ha t  i n  order 

to  develop s u f f i c i e n t  t rac t<on t o  maintain the wheel i n  motion a t  th4s 

pornt, the c i rcun~feren t id l  wheel ve loc i t y  should be la rger  than i t s  t rans-  

l a t i o n a l  ve loc i ty .  i . e .  the s l i p  a t  t h i s  po in t  always has a pos i t i ve  value. 

As seen frm Fig.  9.  t h i s  i s  obvfously a funct ion o f  wheel load and con- 

t ac t  surface charac te r i s t i c .  The degree o f  s l i p  a t  the sel f -propel  led 

point  decreases with increasing roughness o f  the wheel . The j u s t i f i c a t i o n  

f o r  character iz ing the rubber surface as moother than the aluminum sur- 

face may be established as: 



Fig. - Enncgy Balance for R ig id  kheel 



11 the supporting r e s u l t s  shown i n  Fig.  8,  and 

2 1  the clay-rubber Interface adhesion i s  smaller - 
probably due to  the less than smoth nature of 
the rubber and the ma1 l e r  clay-rubber cohesion 

value. 

The mximun drawbar p u l l  for  all the t e s t s  appear t o  occur a t  

htgh degree o f  s l i p  - general ly around 65 t o  75 per cent. The t e s t  

r e w l  t s  ind icate t ha t  the drawbar-pull increases by increasing the 

rwghness of the wheel surface - w i t h  a correspondtng increase i n  

r q u i r e d  input energy. I t i s  in te res t ing  t o  note t ha t  a t  h igh s l i ps ,  

a t h i n  c lay  layer  appears to coat t h e  surface of the wheel and thus 

It i s  expected that  the tangential stresses developed would be between 

the c lay  layers, i . e .  a t  h igh s l ips ,  there would be l i t t l e  e f f e c t  o f  

wheel contact surface charac te r i s t i cs  on t h e  drawbar-pull. 

A useful po in t  for  examining ef fect iveness o f  surface t rans fe r  

of energy i s  the establishment of the c r i t i c a l  s l i p  po in t .  The 

c r l t l c a l  s l i p  po in t  i s  defined as the po in t  o f  maximun Loptimum] s l i p  

a t  which the i n t e r f a c i a l  energy remains sensibly zero. The s l i p  a t  

t h i s  po in t  appears to  be consistent1 y pos i t i ve  and general1 y  occurs 

before the sel f -propel led po in t .  A s  seen from Flg, 9, the  c r i t i c a l  

s l i p  po in ts  f o r  the three types o f  wheel contact surface are s u f f i c i e n t l y  

d i f ferent  - both i n  terms of s l l p  and i n  terms of input energy, when 

in ter face energy loss becomes s ign i f i can t .  The usefulness o f  such a 

c r i t i c a l  s l i p  po in t  as a measure o f  contact surface effectiveness f o r  

developnent of drawbar-pull and in ter face energy [surface disturbance?] 

can be seen. However, i t  i s  obvious that i n  vjew o f  the l i m i t e d  arount 

o f  data avai lable,  much remains t o  be done before a proper character izat ion 

o f  t h i s  c r i t i c a l  s l i p  po in t  can be obtained. The factors  and parameters 

needed for  consideration i n  the need for character izat ion would inc lude 

carcass s t i f fness,  tread configuration, subsoil proper t ies ,  con tac t  area 

and pressure, e t c .  The advantarlcs t o  be gained i n  establ ishing the 



c r l t t c a l  s l i p  po in t  r e l a t e  to  

a ]  developnent of drawbar-pull i n  view o f  
wheel and t i r e  constraints, and 

b] present awareness and conscious need 

f o r  minimization o f  surface disturbance 

i n  of f - road mobi l i ty ;  - the reduct ion 

o f  in ter face energy loss  i s  seen to  be 

d i r e c t l y  l i nked  t o  the reduction i n  

surface disturbance. 

The resu l t s  i n  Fig.  9 a l so  show t h a t  t h e  amount o f  input  enwgy 

that can be developed f o r  production of drawbar p u l l ,  i s  intimately t i e $  

i n to  the propert ies o f  the contacting bodies - wheel and sol1 surfaces. 

The smother surfaces r.ould apparently r e s t r i c t  energy input because o f  

the high s l i p  loss a t  the in ter face.  Wlth increased in t imate  r e l a t i o n -  

ships a t  the interface, t h e  amount of energy l o s t  a t  the in ter face 

increases and thus the input energy t h a t  can be developed becwnes 

correspondingly larger.  With a constant subsoil condit ion, i t  i s  

apparent that  drawbar-pull can  be increased thereby - as noted from 

Fig. I) i n  the alurntnun~ and t read wheels. 

The statements r e l a t i v e  to  input energy development perhaps 

should be f u r t he r  explained - i n  terms o f  interdependencies. Mh l l s t  

I t  may not  be imnediately obvious, input energy i s  not a quant i t y  that  

can be speci f led a s  an independent, kn0hTl and predetermined quant i ty.  

I t s  in te r - re la t ionsh ip  i n  terms of wheel - s o i l  i n te rac t i on  i s  establ ished 

a s  a funct ion o f  ava i lab le  in ter face and subsoil response proper t ies .  

Thus for  example, given s im i la r  subsoil response characteristics but 

t o t a l l y  d i ss im i l a r  sur face  layer propert ies - e.g. dry  as opposed t o  

s l ippery surfaces, i t  i s  evident t ha t  both resu l tan t  maxirwm drawbar- 



pull and input energy required t o  achieve maximum drawbar-pull w i l l  be 

changed. 

The examination of wheel performance i n  terms of in ter face 

performance - established through contacting surfaces, and through 

knwledge of development of the tw component parasi  t i c  energies provides 

for an appreciatfon o f  the amount of cont ro l  exercised i n  the surface 

layer of the subsoil v i s - a - v j s  wheel contact surface and load. With 

application of energy transfer re la t ionships,  resu l tan t  subsoil perfor- 

umce can also be evaluated - to  show the ef fect ive performance o r  

cont r ibut ion from wheels and t h e i r  surfaces. 

ACKAOWEDGMEMS 

This study was performed under Contract arrangement w i t h  t h e  

Department o f  Supply and Services [OSS], negotiated and administered 

by the Mob i l i t y  Section of Defence Research Establ i shment, Ottawa [DREO]. 
The assistance and input given by the Project O f f i ce r .  M r .  1, S. Lindsay, 

Earth kiences Division, are acknowledged. R .  Liyanage assisted i n  the 

experinlental por t ion  o f  the study progremne. 



REFCREHCES 

Yong, R. N , ,  Uoyd, C .  W, and Webb. G,  L ,  (1967). "Experimental 

Study o f  Behaviour o f  Sand under Moving I l j g i d  Hheels". 

Report P4o.D.Phys.R. ( G )  Misc.27, D i rectorate of Physica l  

Research. Defence Research b a r d .  Ottawa, Canada. 

Yong, R. N ,  and Nebb, G. L .  (1969). "Energy Diss ipat ion and Orawbar 

P u l l  Predict ion i n  Soi 1-Wheel In te rac t ion" .  Proceedings, 

Th i rd  In ternat ional  Conference. t h e  In ternat tonal  Society 

f o r  Terrain-Vehicle Systms, Vol . l ,  'Essen, Germany. 

Windisch, E. J ,  and Yong R. N. (1970). "The Determ<nation o f  So i l  

Strain-Rate W a v i o u r  Beneath a Moving Wheel". Journal o f  
Terramechanics, Vo1.7. Ko.1. 

Yong. R. PI. and Uindisch. E.  J. (1970). "Determination o f  Wheel 

Contact Stresses from Measured Ins tan taneous Soi 1 

Deformations". Journal of Terramechanics. Vo1.7. Nos. 3 

and 4 .  

Yong, R. ti. (1973). "Analyt ical  Predic t ive RcquIrements for  Physical 

Performance of Flobi l i  t y " .  Journal o f  Terramechanics, Yo1 .lo. 

No.4. 

Yong, R. N ,  and Fattah, E. A .  (1975). "Inf luence o f  Wheel Contact 

Surface Characteristics on C r i t i c a l  S l i p  Point  and Energy 

Transfer". Paper submitted t o  Journal o f  Terramechanics. 



VAHE-CONE HEASUREMEEITS -- FOR ASSESSFlEt4T OF 

TRACTIVE PERFORMAllCE Ill I~ IHEEL-SOIL  -- INTERACT I O N  

** 
R. N. Yong , A. F .  Youssef and E ,  A. ~ a t t a h * * *  

INTRODUCTION - 
The problem o f  assessment o f  t r a c t j v e  performance i n  wheel- 

so i l  i n te rac t i on  can be examined i n  terms o f  m i  1 response and associated 

strength Farameters a t  the c r i t i c a l  near-surface rcglon - especia l ly  

i n  view of  ttic s l i p  between wheel and so31 surface. In s i tua t ions  

h e r e  actual physical s l i p  j s  large or excessive, i t  becomes necessary 

to  d is t ingu ish  wheel inmobi l izat ion as a resu l t  o f  f l o t a t i o n  i n s t a b i l i t y  

developed through disturbance and strength loss i n  the surface layer  

because of h igh s l i p  performnce. This type o f  i ~ ~ ~ n ~ o b i l  i z a t i o r ~  w h i c h  

can be i den t i f i ed  as  s l ip-support  i m o b i l l z a t l o n  i s  no t  uncommon i n  

situations where excessive surface wett ing of the ground occurs thus 

providing f o r  s l ippery and sof t  surface layers .  Because the subsoll  
' 

beneath the surface layer  may not  be a f fec ted ,  i t  i s  necessary to  

i d e n t i f y  surface layer  i f i m b i l i z a t i o n  as a phenomenon separate from 

i n s t a b i l i t y  irmnobtlization which occurs through lack of f l o t a t i o n  as a 

d i r e c t  r e s u l t  o f  poor and i n s u f f i c i e n t  overa l l  bearing support - 
i d e n t i f i e d  as sinkage i m b i l  i za t ion .  This l p t t e r  kind of performnce 

charac te r i s t i c  3s i n  essence insens i t ive t o  s l i p  simply because when 

sinkage imnobi l j za t ion  occurs, surface layer  imnobil i z a t i o n  through 
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excessive s l i p  i s  n o n - e x i s t e n t  

wheel bccomes i m p o s s i b l e .  

I n  p r e v t o u s  s t u d i e s  

because p h y s i c a l  f o r w a r d  novment  o f  t h e  

[e.g. Yong (1973))  i t  has been well- 

e s t a b l i s h e d  t h a t  energy t r a n s f e r  f r o m  s u r f l c i a l  wheel  l o a d i n g  is d i s s i -  

pated t h r o u g h  i n t e r f a c e  sl i p  and s u b s o i l  d i s t o r t i o n  and de fo rmat ion .  

The a s s o c i a t e d  p a r a s i t i c  energy  components have been i d e n t i f i e d  as  s l i p  

energy and d e f o r m a t  i o n  energy l o s s e s .  I n t u i t i v e 1  y, one ~ i g h t  expec t  

t h a t  t h e  o p e r a t i v e  shcar  s t r e n g t h  pa ramete rs  i n  t h e  s u r f a c e  1  a y e r  

where in  s l i p  energy  l o s s  o c c u r s  wtll be d i f f e r e n t  f rom t h o s e  i n  the 

s u b s o i l  because o f  t h e  nanner  o f  s u r f a c e  l a y e r  d i s t o r t i o n  under  h i g h  

s l i p .  Thus, i n  view o f  the need f o r  assessment and p r o p e r  a n a l y s i s  o f  

t r a c t i v e  c a p a b i l i t y  o f  m v l n g  wheels where s l i p  i s  a r e l e v a n t  c o n s i d e r -  

a t i o n ,  i t  i s  apparent  t h a t  a p p r o p r i a t e  a c c o u n t i n g  f o r  s e p a r a t e  s o i l  

response b e h a v i o u r  be given. T h i s  study i s  concerned k r i t h  t h e  use o f  

a  vane shear d e v i c e  i n  c o n h i n a t i o n  with a cone w h i c h  i s  i n t e n d e d  t o  p r o -  

v i d e  s i m p l e  s t r e n g t h  d a t a  input  f o r  a n a l y s e s  ehich r e c o g n i z e s  t h e  need 

f o r  s e p a r a t i o n  o f  e x c e s s i v e  s u r f a c e  l a y e r  d l  s t o r t i o n  Lmechanisms] due 

t o  s l  i p ,  and s u b s o i l  d e f o r m a t i o n / d i  s t o r t t o n  performance due t o  surface 
l o a d j n g .  By e v a l u a t i n g  t h e  s o i l  response  t o  s l i p - s h e a r  d i s t o r t i o n  

u s l n g  a vane shear t y p e  o f  t e s t ,  and b y  o b t a j n i n g  t h e  b e a r i n g  c a p a b i l i t y  

o f  t h e  s u h s o i l  t h r o u g h  knowledge o f  t h e  d e f o r c a t i o n  r e s i s t a n c e  o f  t h e  

s o i l  [ f r o m  a cone p e n e t r a t i o n  t y p e  o f  per formance] ,  t h e  two k inds o f  

mechanisn c o n t r i b u t i n g  t o  w h e e l - s o i l  i n t e r a c t i o n  a r e  s u i t a b l y  accoun ted  

f o r .  W i t h  l i n e a r  s u p e r p o s i t i o n ,  i t  i s  hoped t h a t  i n i t i a l  p r e d i c t i o n  

o f  drawbar  p u l l  m i g h t  be a v a i l a b l e  - so 1  as t h e  f o r c e s  and paramete rs  

i n v o l v e d  i n  t h e  two mechanisms a r e  p r o p e r l y  i d e n t i f i e d ,  

SUBSOIL DEFORHAT IOtl/DISTORT 1014 
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F i g u r e  1 shows i n p u t  energy and b o t h  predicted and measured 

drawbar  pu l l .  r e s u l t s  i l  l u s t r a t t n g  the f a c t  t h a t  a p r o p e r  s e p a r a t i o n  o f  

energy t r a n s f e r  m e c h a n i s m  can  he s u c c e s s f u l l y  made - a s  shown 



Fig. 1 -.Energy Dissipation in P r d u c t i o n  
o f  Drawbar P u l l  

t h t e  that  t h e  p n r n s i t i c .  cne?Cy conpo~icnts  a r e  

identified a s  slip encrny and defernation ener&y 



prsvlously by Yong and k b b  (1969). As noted i n  the F<gure. the s l i p  

energy l o s s  occurs as a r esu l t  of  interface s l i p  between wheel surface 

and s o i l .  The deformation energy loss component occurs i n  the sub- 

so i l  [supporting] region. 

For measurement of  the deformation charac te r i s t i cs  o f  the 

sol1 - leading to  evaluation of deformation energy relat ionships,  i t  i s  

apparent t h a t  some form o f  cmpression resjstance t e s t  would be necessary. 

In v i e w  of widespread usage and as demonstrated previously, t h e  cone 

penetration device serves t o  provide a measure o f  resistance of subsoil 

t o d e f o r m t i o n  forces. T h e a p p l i c a t i o n o f  s u c h a d e v i c e  for  prov is ion 

o f  relevant strength data input must recognize 

( a )  the disslmi l a r  d i  s to r t t ve  mechanisms appl led t o  the 

subsoil between cone and wheel, and 

(b) the d i f f e r e n t  boundary condi t ions [both physical and 

mathematical ] between cor,e and wheel, 

The above notwithstanding, i t  i s  apparent t ha t  for  cor re la t ions  

between in terpreted data  f r o m  cone measurments and lwheel perfonnancc 

t o  be rea l  lzed, the concept o f  subsoil deformatlon energy equivalence 

needs t o  be appl ied. This concept states that  i n  the case o f  tw 
d iss im i la r  kinds o f  d i  s t o r t i v e  and de fo rmt ion  rnechani sms [i . e .  cone and 

wheel], since the spec i f i c  r esu l t an t  energy d iss ipa t ion  i n  the reac t i ve  

medium [i .e. subsoi l ]  for  each applied act ion i s  a scalar quant i ty .  com- 
parisons on the basis o f  equivalent ererqy d iss ipa t ion  between the two 

can be perfornied. It i s  understood that  actual physical model1 ing of 
l i k e  s i tuat ions i s  not necessari ly accmpl i shed. Thus, insofar as 

p red ic t i ve  capability i s  concerned, t b e  ideal requirements f o r  corres- 

pondence between physical and mathematical ~ o d e l l i n g  must s t i l l  be met. 

Recognizing the above concerns, i t  i s  apparent t ha t  a p p l i c a b i l i t y  

of w s u l t s  f r o m  cone measurements t o  wheel performance can best be 

achieved when s l i p  energy loss  i s  i ns ign i f i can t .  Frm F i g .  1, we ohserve 



that one could use t h e  cone data t o  compare equivalence i n  deformation 

energies f o r  the wheel up t o  the sel fpropel led po in t .  

Su bsoi 1 Deformation Energy 
Loss from Wheel Loading 

To provide the basis f o r  comparisons, r i g i d  wheel tes ts  were 

performed i n  the laboratory - using f l ash  X-ray recording and standard 

s o i l  b i n  experimental techniques previously described by Windisch and 

Yong (1970), 

The ana ly t i ca l  method used fo r  ca lcu la t ion  o f  the t o t a l  

energy o f  d e f o r m t i o n  i n  the subsoil has been used by Yong and F a t t a h  

(1975) and i s  s im i la r  t o  t ha t  used by Yong and Mebb (1 9 6 9 ) .  The 
coordinate pos i t i on  o f  representat ive s o i l  pa r t i c l es  under the wheel 

[and penetrometer] are i d e n t i f i e d  and the measured ra tes o f  d e f o m t j o n  

i z  the ve r t i ca l  and hor!zontal d i r ec t i on  are used i n  t h e  ana ly t i ca l  

treatment as fo l lows. 

Since the  derivatives of the  ve loc i t y  components w i t h  respect 

t o  distance are general ly s m a l l .  the Cauchy s t r a i n  r a t e  tensor [Eq, 11 

i s  used i n  preference t o  the Lagrangian s t r a l n  r a t e  tensor. i . e . :  

th- i t ing Eq. (1) I n  an unabridged notation. the s t r a i n  ra tes  can b e  

expressed as: 



where 

u and v = displacements i n  the x and y d i r e c t i o n s  respectively 

i s t r a i n  r a t e  

Invoking the  Levy-Mises incremental thmry o f  p l a s t i c  f l o w  

w r i t t e n  i n  terms o f  the straln i n v a r l a n t ,  we obta in :  

where 
2 

k = J ,  = second ( n v a r i a n t  o f  t h e  d e v i a t o r i c  s t r e s s  tensor 

k = shear strength i n  simple  shear 
o - s t r e s s  

I, = second ( n v a r i a n t  o f  s t r a i n  r a t e  tensor 

s t r e s s  values denote d e v i a t o r i c  components 

Since t h e  r a t e  a t  which p l a s t f c  biork i s  done i n  plane s t r a i n  

U [ t h a t  i s ,  t h e  power o f  deformation i n  plane s t r a i n ]  my be expressed 

as: 

Where t h e  primed stress values again denote deviatoric stress components, 

one can obta in :  



Thus, the t o t a l  work done, and hence the energy dissipated i n  accompl i sh -  

4ng p las t i c  deformation i n  the subsoil due to  rrnvement Lon the surface] 

o f  the wheel deformation, i s  found t o  be: 

where 

D = r a t e  of deformation energy d i ss ipa t i on  per u n I t  o f  wheel 

width. 

Applying t h e  above f o r  analysis of wheel experiments, we note 

f r o m  Table I the normal s l i p  r a t e  a t  the se l fpropel led po in t  [obtained 

frwn graphical representation as i n  Fig. 11 and the spec i f i c  deformation 

energy loss  expressed i n  u n i t  width o f  wheel. The spec i f i c  deformation 

energy a t  the sel fpropel led po in t  f o r  the representat ive t e s t  r e s u l t s  

f o r  the larger  wheel glven i n  Table I can be examined i n  r e l a t i o n  t o  the 

dynamic sinkage - as  shown i n  F i g .  2. It i s  observed tha t  a l i n e a r  

re la t ionsh ip  i s  obtained - thrnugh t h e  o r i g i n  o f  axes. This confirms 

the v a l i d i t y  o f  t e s t  measurements and ana l y t i ca l  treatment. 

VANE-CONE PENETRATION AND SUBSOTL DEFORWTIOFI 

Figure 3 shows the combined vane shear device and cone pene- 

trometer - i d e n t i f i e d  a s  a vane-cone device. With s inp le  i nse r t i on  

I n t o  the ground, the  dcvice i s  meant to  a c t  as a cone. U i t h  r o t a t i o n  



TABLE I 

H o m l  S l i p  Rate and Oeformatlon Energy Loss a t  S e l f  Propel l e d  Pojnt  

Whee 1 
Diameter 

In .  

Wheel 

3,75 

3 .75  

Yer t tca l  
Load 

l b .  

Normal 
S l i p  R a t e  

X 

S p e c i f i c  Defomat ion  
Energy Loss 

in .  lb / in / in . : t ld th  

TABLE I1  

Vane-Cone (30') Oepth o f  Penetrat ion Ftequired to  Predict  Deformation 
Energy Loss a t  t h e  S e l f  Propel led P o i n t  

Depth o f  T i p  
P e n e t r a t i o n  

i n .  

4.403 

3.380 

2.69 
3.380 

Wheel 
Load 

1 b. 

79 

51 

34 

23.5 

Wheel 
Diameter 

i n .  

1 3 . 5  
13.5 

13.5 

9.0 

Se l f  
Propel led 
S l i p  Rate 

% 

35.0 

23.9 

1 6 . 0  
27.7 

5pecifCc 
Deformation 
Energy l o s s  

i n / l b / i n / i n . K i d t h  

12 .00  
i .  20 

3 . 3 6  
7 , 2 9  



Fig. 2 - Variation of  Cpcclf ic  Deformation tnergy w i t h  
Dynamic Sinkage for a Rlgtd Uteel a t  the  

- Self  Propel led Po in t  

0 I I I 1 I I 
0.2 0.4 0.6 0.8 1 .O 1 .2  

O y ~ m l c  sinkage - tns. 



Flg. 3b - Typical Partlcle Path for Soil Element - 
resutttng f r o m  i n i t i a l  penetration followed 
by subsequent rotattonal shear. 

F ig .  33 - Vane-Cone Devlce 



of  the vane a t  any pa r t i cu la r  dcpth, the vane shear strcngth of the 

sub-soil can bc determined. By r o t a t i n g  the vane-cone d e v i c e  a t  h igh 

speeds, a measure of s o i l  resistance s lmf lar  t o  t ha t  i n  s l i p  per fommce 

can be obtained. The trace m v m e n t  o f  a representat ive sol1 e l m e n t  

due t o  i n l t l a l  penetration of the device followed by subsequent ro ta t i ona l  

shear i s  also shown i n  the Figure. The penetration resu l t s  from a 

typ ica l  cone and the vane-cone device have been in terpreted i n  terms 

of d iss ipa t i ve  energy us ing  Eq. (6)  and are shown i n  F ig .  4 i n  r e l a t i o n  

to  depth of penetration. It i s  observed tha t  a s  penetration depth 

increases, there i s  no di f ference i n  penetration readings between the 

two. In  actual fact ,  both too ls  give almost iden t i ca l  r esu l t s .  

The depth equjvalence f o r  cone and vane-cone penetrat ion t o  

rea l i ze  the corresponding spec i f ic  deformation energy l oss  due t o  t h e  

wheel loading t e s t s  shown i n  Table I i s  g iven i n  Table 11. The 

resu l t s  obtained frm cross p l o t t i n g  f o r  dynamic sinkage y and t l p  
Q 

penetration may be seen i n  Fig.  5. The l i n e a r  re la t i onsh ip  obtained 

i s  given as: 

where 

d = depth of t i p  penetration 

yo = dynamic sinkage 

rn = phenomenological coe f f i c i en t  depending on t he  t i p  angle 

k - constant depending on the vane-cone penetrometer 
height [approximately equal 0.7 o f  t o t a l  height)  

It; thls  case m and k are obtained as 2 . 0 3  and 2.0 respect ive ly  

It i s  obvious tha t  the re la t ionships obtained pe r ta in  t o  the 

pa r t i cu la r  se t s  o f  const ra in ts  set i n  t h e  experimental programne [i .e. 

s o f t  c lay,  and r i g i d  model wheels] and tha t  app l i ca t ion  t o  f i e l d  per- 

formance r m i n s  to  be investigated. I t  i s  expected t h a t  the general 

c lass o f  re la t ionships shorn i n  Figs. 4 and 5 should prevai l  i n  app l i -  
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cat ion t o  other t e s t s .  

For condi t ions where s l i p  performance becomes s i g n i f i c a n t  - 
e.g, above the se l fp ropc l l cd  potnt,  i t  i s  apparent that add i t i ona l  

accounting fo r  energy d i ss i pa t i on  a t  the in te r face  must be ava i lab le ,  

I n  essence, the s l i p  energy loss ccinponent must be incorporated i n t o  

analyses o f  t o t a l  energy d i ss i pa t i on  from wheel energy input  as seen 

t n  F j g .  1. The use of the vane component o f  the vane-cone device 

can now be considered a t  t h r s  stage f o r  evaluat ion o f  s l  i p  energy l oss  

con t r ibu t ing  t o  the t o t a l  energy loss. 

INTERFACIAL S L I P  AM3 W R G Y  DISSIPATION 

From geotechnicdl engineering tests and prev ious  experience, 

i t  i s  no t  unreasonable t o  e x p e c t  tha t  a vane shear device would be 

most appropriate f o r  assessment o f  energy l o s t  < n  the surface 1:yer 

due t o  excessive d i s t o r t i o n  i n  the layer  from wheel s l i p  a t  the i n t e r -  

face - espec ia l ly  i f  the  rcmoulding e f f e c t  f r o m  h igh vane shear 

r o t a t i o n  i s  u t i l l z e d .  A c lose  s i m i l a r i t y  i n  shear d i s t o r t i v e  e f f e c t s  

between wheel and vane s l  i p  might be expected n  view o f  the  conz t i  tu -  

t lve  behaviour o f  soi 1. 

The vane component o f  the vane-cone device shown i n  F ig .  3 

i s  designed t o  be used t o  provide for sot l response performance 

charac te r i s t i cs  o f  h igh shear d i s t o r t i o n  i n  the subsofl  or  surface 

layer. Vane shear  t e s t  nieasurements using conventional vanes and the 

vane-cone device on laboratory  prepared s o i l  i n  r e l a t i o n  t o  tangent ia l  

v e l o c i t i e s  [a t  outer  edge o f  the  vanes] a r e  shown i n  Fig. 6. Lle note 

tha t  both the ef fects of remoulding and r o t a t i o n a l  speed [ re f lec ted  i n  

terms o f  tangcnt ia l  ve l oc i t i es ]  are shown. I t  i s  apparent that the  

di f ferences i n  shear stress between conventional vanes and the device  

are r c l a t i v c l y  small, and t h a t  a t  higher r o t a t i o n a l  speeds t l ic  

d i f f c renccs  bccon~e i ns i gn i f i can t  - a s  can be expec td .  As notcd from 
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the resu l ts ,  the shear s t ress values asymptote a t  h igh rotational speeds. 

The asymptotic shear stress value rlMx can be taken from Fig. 6 and 

may be considered as the operative stress value ac t ing  i n  the surface 

layer  where high shear distortion due t o  wheel s l i p  occurs. 

Computation of  s l i p  energy loss  S can oon proceed according 

to: 

Area 

where 

vs = elemental s l i p  ve loc i t y  = rw-Vsoil 

dA = d i f f e r e n t i a l  area o f  in ter face contact 

r = radius o f  wheel 

w = angular ve loc i t y  o f  wheel 

Ymil  = elemental s o i l  ve loc i t y  

Taking values f o r  rmax v-c and applyjng t o  Eq. (8). one 

obtains the predicted s o i l - s o i l  s l i p  shear curve shown i n  Fig.  7. I t 

i s  stressed t h a t  the predicted curve represents shear resistance 

between m i l  and s o i l  which may not necessari ly occur throughout j n  a 

wheel-soil in ter face s l i p  s i tuat ion.  A t  the actual  in ter face,  s l i p  

occurs between s o i l  and wheel surface m t e r i a l .  Thus the operative 

shear strength i s  r 
n/ 5 

- i .e. shear s t ress between wheel and s o i l  . 
However, a t  a very small distance away from the wheel surface, s l  i p  

occurs between s o i l  and s o i l  j n  t he  h igh l y  disturbed surface layer .  

Thus, lmaX becomes the operative shear strength beyond the f i r s t  

contact  regior;. 

We note t he  close correspondence i n  Fig. 7 between the pre- 

d ic ted [calculated] i n t e r f a c i a l  s l i p  using the value o f  lmax from 
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Fig. 6 and Eq. (81, and the experimental values as obtained from Fig. 1 

[ s l i pene rgy  loss]. I t  i s r e c a l l e d t h a t  themeasured s l i p e n e r g y  

values are obtained by subtract ing deformation energy [computed as i n  

Yong and Webb (1969)l and measured drawbar p u l l  from measured input  

energy. Thus, the c lose agreenent shown i n  Fjg. 7 ind icates val id1 t y  

o f  vane shear strength input. 

By taking the predicted r e s u l t s  as shown i n  Fig. 7 and com- 

bining w i th  the computed spec i f i c  deforrnatjon energy [a lso using the 

vane-cone device], the drawbar p u l l  curve shown i n  Fig.  8 can be 

obtained - w i th  knowledge o f  t he  input  energy. The c lose agreenent 

between predicted and measured values, shorn by superposing predicted 

resu l ts  of s l i p  energy loss  f rom vane measurements using the  vane- 

cone, plus deformation energy losses using again the same tool .  demn- 

s t ra tes the potent ia l  usefulness of the too l .  The philosophy which 

requires recogni t ion o f  t he  two energy loss components thus appears t o  

ke correct .  

SUMMARY 

I t  i s  evident t ha t  for  simple p red i c t i on  of  drawbar p u l l  from 

4 1  test ing,  both compression and s l i p  shear behaviour must be evaluated. 

This study represents an attempt a t  an i n i t i a l  appraisal through simple 

test ing w i th  a view to obtaining a d i r e c t  kimwlerlge o f  the proper t ies  o f  

the s o i l  i n  the near surface region. The vane shear device tested i n  

t h i s  study i s  used to  provide f o r  an assessment o f  the operative shear 

strength i n  terms of compression behaviour i n  the  subsoil through appl j -  

cat ion o f  the cone concept, and the s l i p  shear performance cha rac te r i s t i cs  

i n  the surface layer  through use o f  the r o t a t i n g  aspects o f  the vane. 

The inference o f  s l i p  generation i n  the surface layer  reg ion 

i s  seen t o  be corre la ted i n  terms o f  the e f f e c t i v e  s t ress parameter 

which i s  developed i n  t e m s  o f  s t r a i n  r a t e  dependence. As shown, w i t h  

knowledge o f  the component which accounts f o r  f l o t a t i o n  given i n  t e m s  
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of  bearing support ,  and wi th  d i r e c t  canpression -- deformation co r re la t i on  

to  cone penetration measurements, an assessnent o f  drawbar p u l l  

performance can be obtained. The combination of the vane and cone 

measuranents, through the  use o f  a combined device which includes b o t h  

these features, provides for  a rea l  i s t i c  means f o r  assessment o f  t r a c t i v e  

performance i n  i.rhee1-soil i n te rac t ion  i n  view o f  t h e  approach t o  m d e l  l i n g  

wheel-soil act ion.  The spec i f i c  re la t ions  developed r:hich provide f o r  

correlat ions between the analyses generated from the vane-cone measure- 

ments, and actual pcrforrrance character ist ics,can be noted i n  terms o f  

the resu l t s  shown i n  Figs. 7 and 8 and i n  terms o f  s o i l  and wheel 

character is t ics ,  and now remain t o  be fu r ther  invest igated f o r  appl i - 
ca t ion  t o  other so i l  condi t ions and f i e l d  s t tuat lons.  

This study was performed under Contract a r ra~ iqmen t  w i t h  thc  

Oepartmcnt of Supply and Services IDS$], negotiated and administered 

by the Eiob i l i ty  Sectfon of Defence Research Establishtnent, O t t a w a  [UREO] .  

The assistance and input given by the Project  Of f i ce r ,  M r .  I. 5 .  Lindsay, 

Earth Sciences Division, are acknowledged. 
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CONS IOERATIONS I N  VEIIICLE-GROUND I NTERACTlON 

I N  OFF-ROAD M O B I L I T Y  I N  THE CANAOIAN NORTH 

by 
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R. N. Yong and P .  V .  Janlga 

INTROWCTION 

I n  vjew o f  the need f o r  operating i n  the  northern regions 

o f  Canada - f o r  purposes o f  development of  resources and maintenance 

o f  c o m n i c a t i o n ,  t ransportat ion and habi tat ion,  i t  i s  necessary to  

provlde the wherewlthal whjch ensures tha t  the q u a l i t y  o f  the 

environment i s  both preserved and protected. Slnce both a i r  

t ransport  and overground transport c o n s t t t u t c  the pr imary m a n s  of 

achieving p o r t a b t l i t y  o f  goods, etc. and s ince the present a t ten t ion  

i s  focussed on overground transport, i t  then becanes necessary t o  

provjde a "protect ive"  or "sympathetic" grouser/track o r  wheel s y s t m  

f o r  overland vehicles for operation on snow covered surfaces and on 

sof t  ground which would - 
I] Ensure zero or minimal surface cwer disturbance 

f o r  maintenance of o r i g i na l  s u r f f c i a i  environmental 

qua1 i t y .  

2 1  Produce productive drawbar p u l l  w h i l s t  f u l f i l l i n g  [I 1. 

33 Produce good " f lo ta t ion: '  q u a l i t i e s  i n  addi t ion to  

fu l f i lment  o f  points E l ]  and [Z]. 

Hilliam Scott Professor o f  C i v i l  Engineering and Applted Mechanics. 
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Applied Mechanics; &GI11 Universi ty,  Montreal. 



INITIAL CONSIDERATIOHS 

Because o f  i t s  s ize and cont inental  pos i t ion  Canada experiences 

a wide spectrum o f  c l  imates, i .e. from maritime, through continental,  - 
a lp ine  t o  the a rc t i c ,  which are i n  t u rn  superimposed on a s im i l a r l y  

var ied physiography. 

I n  view o f  t h i s  va r i a t j on  i t  4s useful to recognize a lso the 

charac te r i s t i c  c m o n  t o  t h i s  country: i n  that  i t s  p o l i t i c a l  boundary 

w i t h  the U.S. i s  also the approxinlate l i m f t  o f  northern co ld  regions. 

These are characterized by low tmperatures and snowfall throughout 

pa r t  o f  the year, resu l t ing  j n  a var jab le  snow cover d u r a t j o n .  I n  

general, t he  durat ion of snow cover increases w i th  l a t i t u d e  and 

a l t i t ude .  It can be sajd t ha t  i n  Canada [excluding some o f  the coastal 

and southernmost regions] snow covers the ground a t  l eas t  four months 

o f  the year. The va r i a t i on  o f  ground snow cover during and subsequent 

t o  formation and deposit ion i s  beyond c l a s s i f i c a t i o n  w i th  respect t o  

v e h i c l e & i l i t y ,  !&note f o r  example Someof t h e f a c t o r s  a f f ec t i ng  

the propert ies and character is t ics  o f  ground snow cover: 

11 t h e n a t u r e  and f o r m o f  p rec ip j t a tedc rys ta l s ,  

21 the extent o f  c r ys ta l  formation during p rec ip i ta t ion ,  

31 changes i n  the snow cover w i t h  time, temperature and 

humjdi t y ,  

41  changes i n  the snow cover due t o  so la r  rad ia t ion,  

53 nature and quant i t y  o f  forefgn matter i n  the snow, 

61 anisotropism due t o  depositfon, and 

71 wind forces. 

Hh i l s t  the above factors may tend t o  create pessimism i n  regard t o  the 



needed deta l led knowledge fo r  character iz ing and assessing snow 

performance, experience has shown that  It i s  necessary but not s u f f i c i e n t  

to  d is t ingu ish  the fol lowing snow character is t ics  w i t h  respect to  over- 

snow vehic le performance evaluatlon: 
* 

11 shallow rrom deep snows, 

21 low densi ty  frm high dens i ty  snows, 

31 wet frm dry  snows, and 

4 1  new from 01 d snows. 

In addi t ion to snow cover and propert ies, i t  becomes necessary 

to  t a k e  in to consideration the nature of ground surface cover - other 

than snow. The l im i ted  p lant  growth period i n  northern temperate and 

subarct7c regions requires that  par t i cu la r  a t ten t ion  be pa id  t o  

sustaining avai lab le  p lant  growth - as an in tegra l  pa r t  o f  the sur face 

environment. Thus, when t rac t ion  devices are imposed on ground 

surfaces, care must be exercised t o  ensure that  these devices do not 

destroy the p lant  growth o r  sur face cove r .  

Surface cover i s  important in: 

ecological consjderations [i .e ,  i n  establ i s h e n t  o f  

t h e  natural  i n te r - re la t  ionships between specif < c  

organisms and t h e i r  surf  i c i a l  environment], and 

i n  natural  control  o f  the micro-~neteorological i n t e r -  

re la t ionships a t  t h e  in ter face which i n  turn impact 

on t he  subsurface thermal regime [ i .e ,  geothermal 

p ro f i le ] .  



ENERGY TRANSFER AT THE INTERFACE 

Considerat ions a r i s i n g  f r o m  the eva?uation or assessment 

o f  veh ic le  impact on the s u r f i c i a l  environment require that  the 

design parameters be defined i n  re la t l an  t o  not only useful work out -  

put requirements, but  a lso i n  r e l a t i o n  t o  the imnediate enviroment. 

I n  addl t ion,  i t  i s  necessary t o  exallline t h e i r  inf luence and v a r i a b i l i t y  

v is-a-vis d i s t r i b u t i o n  and a v a i l a b i l i t y  f o r  design characterization. 

Just as the snow cover i s  a characteristic o f  the co ld  

northern region, the tracked vehlc le j s  charac te r j s t i c  of 

conventional over snow t ransport .  Such being the  case, by and large, 

considerations t n  vehic le  snow in teract ion w i l  l be 1 l m l  ted t o  the 

track-snow in te rac t ion  and grouser design. 

Perhaps the most expedient way t o  obtain an appreciat ion of 

snow behaviour and f o r  the purpose o f  obta tntng the consequent design 

parameters f s t o  compare observations o f  snow and s o i l  behaviour 

under various loadings. 

I n  general : 

DBP The versus s l i p  curves f o r  snow e x h i b i t  a l o w e r  
maximum than those for  so i l s .  [Thts i s  obvious from 

an immediate recogni t ion o f  the "strength" o f  snow] 

the mximum - DBP i s  at ta ined a t  a hjgher s l i p  i n  snow H 
than i n  s o i l s .  This i s  probably due to  i t s  

compressibi l i ty  and i t s  typ lca l  col lapse behaviour, 

because the u n i t  weight o f  f resh snow i s  a b u t  one 

order o f  magnitude smaller than that  o f  so i l s ,  

sInkpge w l l l  be greater and, i t i s  obvious tha t  the 



mater ia l  w i l l  be more susceptible t o  the e f f e c t  o f  
norn~a 1 pressures, 

4 1  because o f  the obvious anisotropy i n  snow, DBP versus 

s l i p  curves shows a much wider data scat ter ,  thus 

m k i n g  deternainist ic types o f  i n t e r p r i t a t i o n s  

d i f f i c u l t ,  

51 a5 opposed t o  s o i l s ,  snows are h igh l y  t ime and 

temperature dependent i n  regard t o  performance 

character izat ion.  For example, i t  i s  possib le t o  

i d e n t i f y  
- equi-temperature metamorphism, where fabr ic  

changes w i l l  r e s u l t  tn a re-order ing o f  the 
snow gralns w i th  growth o f  in ter -granular  bonds. 

As a consequence, strength w i l l  increase wi th t ime. 

- temperature gradient metamorphism, where because 

o f  t h e i r  pos i t i on  i n  the snow cover, some grains 

grow a t  the expense o f  others w i th  the consequent 

l o s s  o f  st rength i n  the  snow cover. 

- generally, tmpera tu re  tends t o  accelerate or 

attenuate the speed o f  the above mechanims 

depending on whether i t  i s  c lose t o  0" C o r  wel l  

be1 ow. 

61 the dynamic response behaviour o f  snow I s  dependent on the 

speed of loading i n  a fashion opposite t o  tha t  of s o i l s .  

T h i s  behaviour i s  a l so  coupled t o  t h e  snow's time and 

tmpera tu re  dependency fo r  st rength development, 

71  t h e  strength of snow under pure shear i s  near ly  equal to  

i t s  t ens i l e  strength. 

81 snow possesses a c r i t i c a l  u n i t  weight, 0.45 g/cc above 

which i t  does not apparently present a t r a f f i c a b i l i t y  

p r o b l m  f r o m  the viewpoint o f  f l o t a t i on .  



91 the property of s l i d i ng  f r i c t i o n  [o f  snow] does not 

conform to  the expectations expressed by Coulomb's 

Law i n  that  t h e  coe f f i c i en t  or f r l c t i o n  decreases 

w i t h  norm1 load, decreases wi th  s l i d i n g  speed, 

increases wl t h  decreasfng temperature; increases 

wi th  decreasing p a r t i c l e  s i z e ,  and i s  highly 

dependent on the in te r face  material.  

101 adbesion of snow i s  time and temperature dependent. 

To estab l ish the character ts t ics  o f  energy d i s t r i b u t i o n  

i n t o  the ground - from torque input o r  load appl icat ion,  we examine 

the  problem o f  mob i l i t y  using the experience galned f rom wheel 

studies. From previous publ icat ions [Yong e t  a l .  (1972) and Yong 

(1973)], i t  has been shown that  the  input  energy provided by a wbeel 

f o r  production o f  forward motion i s  dissipated i n  two forms - I . e .  

i n te r fac ia l  energy and deformation energy losses. These pa ras i t i c  

energy tosses are shown i n  Fig.  1. 

, 
FIGURE I - C(h'4POMEKIS OF PARASITIC ENERGY 
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The balance of energy obtained by subtract ing the paras1 t j c  

energy from the input  energy provides the useful  w r k  done - expressed 

as  drawbar p u l l .  We note that  if an aggressive contact systm i s  

used, more i n t e r f a c i a l  s l i p  energy loss can be genekated if energy 

t r ans fe r  through deformation forces i s  not ef fect ive ly achieved. 

Whi lst  t h i s  i n  tu rn  would r e s u l t  i n  production o f  a r esu l t an t  lower 

drawbar p u l l ,  t h e  ne t  e f f e c t  on the surface cover i s  considerable 

a1 t e ra t i on  o f  the contact  region becauie o f  the presence o f  h igh s l  i p  

shear  forces. On the  o t h e r  hand, if the tread design and wheel load 

parameters are ef fec t i ve  i n  achieving maximvm t rans fe r  o f  energy i n t o  

the substrate, the curves shown i n  Fig. 2 w i l l  be obtained. 

I n  a track/grouser system. a s i m i l a r  cha rac te r i s t i c  o f  

energy d i ss i pa t i on  i s  obtained. The values, however, w i l l  d i f f e r  

because o f  the mechanism f o r  energy t r a n s f e r .  The l i m i t  e q u i l i b r i m  

model for an angle grouser working i n  SOH i n  F i g .  3 i l l u s t r a t e s  that  

a higher,degree of surface djsturbance i s  generated i f  s im i la r  s l i p s  

[ t o  wheel loading] are allowed. Ye observe that i n  a grouser-snow 

s o i l  sur face 

[compress ion]  

FIGURE 3 - GROUSER-SOIL INTEWICT ION 



i n te rac t ion  problem, the zone j den t j f j ed  as A undergoes much d i s t o r t j o n  

[contrary t o  the grouser-soi l  model], w h i l s t  zone B remains r e l a t i v e l y  

'secure'. Volume changes i n  zone A are large, w h i l s t  volume changes 

i n  zone B are almost zero. * 

The ideal  and proper mechanjsm for generating maximum drawbar 

p u l l  [from Figs. 1 and 31 would requjre resu l tan t  zero or minimal 

i n t e r f a c i a l  energy loss. I f  thismechanism i s  achieved, t h e s i d e  

benef i t  of surface endrorment p r o t m t i o n  i s  a lso obtained. For snow 

covered surfaces, i t  becomes important and necessary t o  consider the 

problem j n  terms o f  a layered system, w i t h  pa r t i cu la r  a t ten t ion  being 

paid t o  the snow [ top  layer]  and the interface between snow and ground. 

Since the ground stratum w j l l  be frozen [more o r  less 1 i kel y so], t he  

energy t ransfer  mechanism achieved at: the in ter face w i  11 depend on 

the snow cover and the track/grouser system. We thus take note o f  

the fo l lowing points:  

11 the hjgh cmpress ib l l  i t y  of snow necessitates t ha t  

we d is t ingu ish  two  kjnds o f  m t e r j a l s  v is-a-v is  

the track/grouser system; one cont r ibu t ing  t o  t he  

bul ldozing resistance and the other providing the 

react ion f o r  t r a c t i v e  e f f o r t .  Much a lso depends 

on the r e l a t i v e  thickness o f  the snow layer  - plus 

age, etc., 

21 the choice o f  m t e r i a l s  making up the track/grouser 

system i s  important i n  t ha t  the development o f  a 

pa r t i cu la r  f a i  I u re  mechanism i s  dependent on the 

in ter face boundary conditions. 

33 the deformation f i e l d  under the t rack  and grousers i s  

not  only dependent on the s t ress-s t ra in  behaviour 

o f  snow but also the r a t e  o f  deformation and the 



coupled time and temperature ef fects .  Thls i n  turn 

nil 1 inf luence design decisions on track morphology, 

31 i n  order to  formulatea ra t iona l  grouser conftguration 

consistent wi th  the t rack systm, a manageable f a i l u r e  

criterion for the snow layer  needs to  b e  formulated 

and tested. T h i s  c r i t e r i o n  should span the complete 

tension and cmpressfon behaviour o f  the snon - 
p a r t i c u l a r l y  over the load-time period. 

LIMIT VALUES 

Uslng Fig. 3 as  a guide for evaluation o f  a t yp ica l  angle 

grouser system. we note from Fig. 4 the l i m i t  configurations f o r  

t ransfer o f  input energy i n t o  the s o i l  [ o r  snow1 - and i n  turn,  f o r  

generation o f  resu l tant  th rus t ,  

r 

A. Thrust development through 
f r i c t i o n  and adhesion a t  the 
in ter face,  and shear on the  s l i p  

s l t p  I l n e  
l i n e  when bearing i n s t a b i l i t y  

f o r  bear i ng threatens. 
-=- i n s t a b i l i t y  - 1, 

- D .  Thrust developnent through 
passive pressure developnent P 
i n  substrate due to  v e r t i c a l  P 

p l a t e  
face, and same mechanisms as 
i n  A. 

6 

and f r i c t i o n  and adhesion P 
+ '  . plus shear on the s l  i p 1 tne when 

bearing i n s t a b i l i t y  threatens 

FIG. 4. THRUST DEVELOPMENT FOR SOME GROUSERS 



PROTECTIVE GIIOIJSER REQU I RMENTS 

I t  i s  obvious from the  previous discusstons that  i f  a t rack 

i s  chosen, the protect ive grouser sys tm  must be so designed so as  

not t o  produce excessive s l i p  i n  the productlon o f  drawbar p u l l .  I n  

Fig. 4 the various configurations showing the I i m l t  deslgns f o r  

e f f ec t i ve  grouser t rans fe r  o f  energy i n to  t h e  ground would ind icate 

that  i f  one maintains the downward th rus t  o f  the grouser f o r  maximum 

achievement o f  deforrnatlon energy production, w h l l s t  minimizing the 

surface shear s l  i p  effect, a useful protect ive mechanism can be b u l l  t 

upwhereby p r o t e c t l o n o f  s u r f i c i a l  covercan beachieved. Thedesign 

shown I n  F j g .  5 serves t o  f u l f j l  the requirements indicated. 

The ra t iona le  for choice of the design shown i s  given i n  the  

I l l u s t r a t i v e  sketches i n  F i g .  5. Ideal ly.  the angle o f  ent ry  o f  

grouser i n t o  the ground should be one where t h e  en t ry  face contacts 

t h e g r o u n d a s a  f l a t  p la te .  Under theseclrcumstances, there i s  rm 

d i r e c t  i n l t i a l  shear indentation i n t o  the s o i l .  The rounded pa r t  o f  

the ent ry  face i s  meant t o  t ransfer the energy as the t rack "unwinds" 

and, i n  addit ion, does rot al low f o r  an e x l t  condi t ion which would be 

detr imental t o  the  surface cover, Par t icu lar  a t t en t i on  needs to  be 

patd t o  the spacing o f  the grouser system and the ent ry  and e x j t  

condit ions o f  the grouser. 

I n  actual productton, the spacing o f  the grouser depends 

upon t h e  kind o f  sprocket used. The fundamental p r i nc ip le  however, 

i s  t o  provide for a contact between the vehic le  through the t rack  

system, and u l t imate ly  through the grouser f o r  production o f  forward 

motion, wherein the t ransfer  of energy i s  such that  i f  i t  i s  through 



P? r P r o t e c t i v e  grouser 
. . 

NOTE : 1. Thrust development f o r  p r o t e c t i v e  grouser 
i s  derived from passive prcssure r e s j s t a n c e  
in the s u b s t r a t e  p l u s  shear forces on the  
s l i p  surface [length L5] when bear ing i n s t a b i l i t y  
threatens.  

2 .  For comparison, we note t h a t  L5 i s  l e s s  than L4 
but i s  l a r g e r  than L2 

- 

3. For t h r e a t e n d  bear ing i n s t a b i l i t y ,  the s u r m t i o n  
o f  shear forces on the slip line shows t h a t  t h e  
larger  s l i p  l i n e  provides f o r  a greater thrust  
generation. 

Track 
Grouser e x i t  

Grouser 
entry - 

4. Grouser e n t r y  and exl t  conf igurat ions  should provide 
f o r  p a r a l l e l  arrangement w i t h  substrate.  

FIG. 5 R A T I O M L E  FOR CHOICE OF PROTECTIVE GROUSER 



snow, a l t e r a t i o n  and compaction o f  the snow would not create problems 

for  continued establishment o f  growth o f  sui-f3ce vegetative cover. 

Thls presumes tha t  the bearing support o f  the subgrade w l l l  a1 so not 

deter iorate under t r a c t l v e  and compactive disturbante condi tlons 

established by the passage o f  the  over  snow vehic le ,  One w u l d  

expect that  because of  winter cord i t ions,  s u f f i c i e n t  bearing qual t t y  

ex is ts  f n  the substrate beneath the snow. A t  times, t h i s  may no t  be 

exact ly true - espectal ly i n  t h e  marginal p e r i d s  during thaw where the 

top par t  of the s o i l  substrate can e x i s t  a t  s l i g h t l y  above freezing 

temnera tures. 

I n  the period when one encounters s o f t  ground, because o f  

thaw or  because o f  poor overal l  subgrade qual i ty,  t t  i s  more than 

essential that  the contact nwphology establ ished f o r  the overland 

vehic le subscribe to  both good flotation and minimal s u r f i c i a l  

disturbance as desirable qual i t i e s .  The production o f  a proper 

t rack  system o r  an a l ternate form o f  vehic le  contact i s  seen t o  be 

most essential. I n  addi t ion to  the contact problem, i t  i s  understood 

tha t  a l l  the  other i tems pertaining t o  the mechanical production o f  the 

vehicle, and especia l ly  t o  the operation o f  the vehic le through the 

p e r f o m n c e  should be properly identified and evaluated. 

ENVIROWENTAL IMPLICATIONS 

Everything else being equal - and especia l ly  so fo r  the 

human (d r i ve r ]  f a c t o r ,  the d i r e c t  contact w i th  the sur f  i c i a l  environment 

provides f o r  f i r s t  considerat ion i n  maintenance o r  protect ion o f  surface 



qua1 j t y .  Recent evidence has shown tha t  s u r f l c i a l  scarrjnq can occur 

i n  the northern regions of  Canada to  such ar: extent t ha t  cont inual  

thermal erosion due to  stripping o f  the surface cover would r e s u l t  i n  

the production of t h e m k a r s t s  and other s im i la r  features i n  i ce - r i ch  

permafrost. It i s  pa r t i cu la r l y  i ns t ruc t i ve  t o  note t ha t  v i s i b l e  

scarr ing can occur due t o  t r a f f i c a b i l  i t y  on snow-covered te r ra in .  

With l im i t ed  use o f  1 ighter  tracked vehicles, i t  has been observed tha t  

no long- last ing disturbances occur - v is-a-v is  ground surface scarr lng. 

For heavier tracked vehicles, much depends on the season w i th in  which 

mob i l i t y  i s  undertaken, 

F r o m  the preceding discussions on the mechanics of i n t e r -  

act ion and f i e l d  experience w i th  ex ls t ing  vehicles i t  i s  apparent 

t ha t  the mechanisms involved i n  vehicle-ground in te rac t ion  are 

prect sely those which would cause surf i c i a l  envtronmental damage i f  

t h e  proper t rack or contact systems are not  avai lable,  and i f  caut ion 

I s  not  exercised, The significant factors  t o  be considered i n  

regard t o  mob i l i t y  are: 

1) disturbance and cmpact lon of snow cover from cont inual  

rnobil i t y  which w i l l  a l t e r  the thermal cover and 

aera t j o n  character is t ics  and which i n  turn could 

a f f e c t  the resp i ra tory  requirements o f  ce r ta in  

sensl  t i v e  plants during t h e i r  d o r i ~ n t  period. I n  

addi t ion,  the resu l tant  reduction o f  rad ia t ion  

through the compacted snow could a 1  so produce 

detr imental effects to  these same p l a n t s  .. 

21 scouring or scarr ing of  the ground surface, e i ther  

through l eve1 1 i ng o f f  o f  snow-covered te r ra  i n ,  or 
through energy transfer through the surface snow 



cover, thus creat ing p lan t  damage and subsequent 

a 1  t e ra t l on  to  the loca l  thermal regfme, 

high s l i p  and shear a t  the ground in ter face creat ing 

excessive ground surface disturbance and damage 

leading t o  permanent a1  t e ra t i on  o f  loca l  thermal 

cover, 

water and/or i c e  content o f  s o i l  and drainage character ls t lcs ,  

whlch i n  combination wi th  the preceding three factors  

could create undesirable complexities v is-a-vis resu l tan t  

i n s t a b i l  t t i e s  and production o f  erosion I n  i n i t i a l l y  

i ce - r i ch  slopes. 

Mob i l i t y  object ives f o r  operation i n  the Canadian north would 

denland t ha t  none of  the above factors  be tolerated. lbwever , there 

must e x l s t  a ce r ta ln  l a t i t ude  i n  tolerance leve l  i n  factors  11 and 2 1  

for  winter operatfon which could a l low f o r  successful econwnfc 

operation o f  vehicles i n  the north i n  winter or summer. The balance 

that  must be marn ta ind  i n  regard t o  s l i p  production and ground or 

snow compression depends not only on the  ground cover conditions, but 

also on the track or other contact morphology and the demands o f  the 

vehic le  - a s  an overa l l  consideration f o r  both winter and sumner 

operations. Load transfer character is t ics  can be changed i f  the 

proper contact mechanism and morphology i s  chosen f o r  distribution o f  

load wh i l s t  providing adequate t r a c t i v e  capab i l i t y .  The need f o r  a 

ra t iona l  approach to  t rack and wheel requirements i s  obvious. The 

problem o f  econom+cs i s  undoubted1 y important. This must be 

considered, however, together w i t h  and made compatible w i t h ,  other 

aspects o f  t h e  overa l l  problem. 



CONCLUDING REMARKS 

It i s  seen tha t  i n  the operationai requirements f o r  vehicles 

i n  the Canadian north, that  a t ten t ion  should be pa id  t o  the protect ion 

and preservation o f  the surface ecology especial Iy j n  a r e a s  where 

severe subsequent ground de te r io ra t ion  can occur because o f  changes i n  

the mic r~meteo ro log tca l  re la t ionships - leading to  changes jn the  

geothermal regime i n  t h e  substrate. T h e u s e o f  vehic les f o r  the 

northern regions m u s t  consider n o t  only the very co ld  c l hna t l c  

condi t ions and operatlonal hazards,  but a lso the imnediate surface 

topography, ground cover. and subsequent 1  i f e  o f  the envi ronment . 
With the proper choice o f  contact morphology, t h e  disturbance t o  the 

i m e d i a t e  environment can be reduced imneasurably w h i l s t  providing 

f o r  a proper transport system. The ideal  rqu i rements presented 

herein for a grouser configuration are predicated on the fact t ha t  

energy t rans fe r  f r o m  the track o f  the veh ic le  [ f o r  f o m a r ' b ~ m t i o n ]  
, * 

should be c o n f j n d  t o  the s u h t r a t e  - i.e. energy t ransfer  a t  the 

in te r face  which j s  expended I n  terms o f  tnterface shear s t ress 

generation should be m i  niml zed. 
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