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A compara t ive  analys is  is made of the p r o c e s s e s  of f r ic t ion  between solid su r f aces  and of 
the shift of loose m a t e r i a l s  over  s u r f a c e s .  The authors  a r r i v e  at the opinion that the 
mechan i sm of these  p r o c e s s e s  is dist inct  and exp re s s  a hypothesis  about the mechan i sm 
of the shift  of a loose m a t e r i a l  over  a su r face .  

P r o c e s s e s  a ssoc ia ted  with contact between loose ma te r i a l s  and solid su r faces  and the i r  mutual  d i s -  
p lacement  a r e  d i s semina ted  e x t r e m e l y  widely.  The t ranspora t ion ,  s to rage  and r e p r o c e s s i n g  of loose m a t e -  
r i a l s  must  be encountered in the major i ty  of b ranches  of the national economy.  In these  p r o c e s s e s  the loose 
m a t e r i a l s  make contact with the working m e m b e r s  of the t ranspor t ing  and r e p r o e e s s i n g  machines  and with 
the confining s u r f a c e s .  Hence,  the r e s i s t i v e  fo rces  of loose m a t e r i a l s  to being shifted over  su r f aces ,  the 
c h a r a c t e r  of the re la t ive  shift  p r o c e s s ,  and its pecu l i a r i t i e s  exer t  g rea t  influence on the technological  p r o -  
cess  as a whole, on i ts  eff iciency,  power consumption and wear  of the equipment,  the s t ruc tu ra l  and s t rength  
pecu l ia r i t i e s  of the equipment .  

The sc ience  of the re la t ive  shift  of solid su r faces  is p resen t ly  at a suff iciently high level  because  of 
the accumulat ion and genera l iza t ion  of exper imenta l  data.  Since it is imposs ib le  to desc r ibe  the r e g u l a r i -  
t ies  inherent  in the p r o c e s s  of f r ic t ion  by using Coulombts law, invest igat ions have been conducted on the 
influence of d ive rse  f ac to r s  on the f r ic t ion coefficient ,  and the var ious  phenomena accompanying the f r i c -  
t ion p r o c e s s .  Various hypotheses  on the mechan i sm of the f r ic t ion p r o c e s s  [1, 2] have been cons t ruc ted  as 
a r e su l t  of invest igat ions,  which explain the pecu l ia r i t i es  of this p r o c e s s  and i ts  inherent  r egu la r i t i e s  more  
or l ess  convincingly.  This  p e r m i t s  conducting fur ther  invest igat ions more  expediently,  as well  as  r e g u l a -  
t ion of the magnitude of the f r ic t ion  in a sufficiently broad  range  of var ia t ion  of the shift mode and the s e l e c -  
t ion of different  p a i r s  of m a t e r i a l s ,  which is quite impor tan t  in p rac t i ca l  r e s p e c t s .  In some  ca se s ,  the re  is 
the poss ib i l i ty  of de termining a sufficiently exact  value of the f r ic t ion  fo rce  analyt ica l ly .  

The c o r r e c t  answer  to the question of whether  the p r o c e s s e s  of the re la t ive  shift  of solid su r f aces  
and the shift of loose m a t e r i a l s  over  su r faces  a re  s im i l a r  or  have essen t ia l  d i f fe rences  is quite impor tan t .  
In the f o r m e r  case ,  the r egu la r i t i e s  inherent  in the shift of su r faces  can be c a r r i e d  over  to the shift  of loose 
m a t e r i a l s  ove r  su r f aces  by using accumula ted  exper imen ta l  data  to inse r t  some  co r r ec t i on  coeff icients  in 
avai lable  r egu la r i t i e s  without t rying to expose the mechan i sm of the p r o c e s s .  In the opposi te  case ,  new r e g -  
u la r i t i e s  inherent  to p r e c i s e l y  this p r o c e s s  can be expected,  which we shall  be able to explain by knowing 
just  the na ture ,  the mechan i sm,  of the p r o c e s s .  

Let us examine two solid su r f aces ,  or  a loose ma te r i a l  and a sur face  in contact and let us comp a re  
them: 

a) Two su r faces  come into contact only at a smal l  quantity of e l e m e n t a r y  a r e a s .  An inc rea se  in the 
quantity of individual, independently loaded, e lements  compr i s ing  the common f r ic t ion  su r face  will  
r e su l t  in all  cases  in a significant i nc rea se  in the actual  contact  a r e a ,  and t he r e fo re ,  in a r i s e  in 
the f r ic t ion  coefficient  [3]. For  a loose ma te r i a l  in contact with a solid su r face  the re  is a v e r y  
l a rge  quantity of individual e lements  compr i s ing  the total  f r ic t ion su r face ,  each of which is loaded 
by a ce r ta in  fo rce  independently of the o the rs .  

b) If only sliding f r ic t ion  can occur  during the re la t ive  shift  of two solid su r faces  on s epa ra t e  contact 
a r e a s ,  then during the contact between loose ma te r i a l  and a sur face  each pa r t i c l e  contiguous to the 
su r face  has the opportunity,  depending on different  conditions, of being displaced re la t ive  to the 
su r face  with sl iding,  swinging, and spinning. 
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c) The contact is d i s c r e t e  when two solid su r f aces  or  a loose ma te r i a l  and a su r face  touch. But if the 
d i s c r e t e  c h a r a c t e r  of the contact between solid su r faces  is due to the waviness  and roughness  of 
the s u r f a c e s ,  the d i sc re t e  cha rac t e r  of the contact between a loose ma te r i a l  and a su r face  is due 
mainly  to the l a rge  quantity of e lements  compr i s ing  the common contact su r face .  

d) The  condition respons ib le  for  the external  f r ic t ion  of solid su r faces  is local izat ion of the s t ra ins  in 
a v e r y  thin su r f ace  l ayer  whose thickness is a f rac t ion  of a micron  or mic rons .  As a loose  m a t e -  
r i a l  shif ts  over  a su r face  thes t r a ins  a r e  propagated  to a cons iderable  depth [4]. 

e) If the c h a r a c t e r  of the d isplacement  in the deformable  zone is of wave nature  during the external  
f r ic t ion  of solid su r f aces ,  then both a wave d isp lacement  of the pa r t i c les  and a t r an s f e r  of motion 
f r o m  one l aye r  of loose ma te r i a l  to another  will occur  during the shift  of a loose ma te r i a l  over  a 
su r f ace .  The motion of the individual pa r t i c l e s  in the zone nea r  the wall  hence occurs  both along, 
and at  different  angles  to, the re la t ive  veloci ty  vec to r .  Consequently,  a re la t ive  d isp lacement  and 
mixing of pa r t i c l e s  occurs  in the nea r -wa l l  zone. 

f) If the magnitude of the p r e l i m i n a r y  d isp lacement  cor responding  to the total  r e s t  f r ic t ion is a f r a c -  
tion of a mic ron  or  microns  during the f r ic t ion  of solid bodies ,  then the d isp lacement  cor responding  
to the m a x i m u m  r e s i s t a n c e  of loose ma te r i a l  to shift is 0.01-0.1 m during the shift  of loose ma te r i a l  
over  a su r f ace .  The  d isplacement  is hence jumplike .  

We the re fo re  see  that there  a r e  essent ia l  d i f ferences  between the re la t ive  shift  of two solid su r faces  
and of a loose  ma t e r i a l  and a su r face .  This  p e r m i t s  the assumpt ion  that the mechan i sm of these  p r o c e s s e s  
is indeed dis t inct .  

Unfortunately,  until r ecen t ly  r e s e a r c h e r s  cons idered  the shift of loose  ma te r i a l  over  a su r face  as the 
shift  of solid su r f ace s  in approaching the p roce s s  as  a whole while r e m a r k i n g  on some  pecu l ia r i t i e s  in the 
p r o c e s s .  This  is  r e f l ec ted  a lso  in many exper imenta l  pape r s  [5, 6], when the l ayer  of loose ma te r i a l  con-  
tiguous to the su r f ace  was re la ted  to, and the re fo re  t r a n s f o r m e d  into a second solid body. 

The d i f fe rences  between the re la t ive  shift of two solid su r faces  and of a loose ma te r i a l  and a su r face  
a r e  indubitably due to the mobil i ty  of the pa r t i c les  of loose ma te r i a l  cha rac t e r i zed  by the packing densi ty .  
A number  of r e s e a r c h e r s  [7] mention that the packing density of loose ma te r i a l  is f a r  f r o m  the m a x i m u m  
in the genera l  ca se .  The leas t  value of the packing densi ty has been observed  on the boundary of the su r face  
- l o o s e  ma te r i a l ;  the packing density r i s e s  gradual ly  with r e c e s s i o n  f r o m  the su r face ,  and r eaches  a constant  
value at some dis tance t h e r e f r o m .  

T h e r e f o r e ,  it can confidently be a s sumed  that the pa r t i c l e s  of loose ma te r i a l  in the boundary domain 
f o r m  some  s t ruc tu r a l  fo rma t ions :  the pa r t i c les  in these  s t ruc tu ra l  fo rmat ions  a r e  in some  equi l ibr ium p o s i -  
t ion,  and a fo r ce  of a definite magnitude must be applied to c a r r y  them over  into another  posi t ion.  Normal  
and tangential  f o r c e s  act  on an individual pa r t i c le  at i ts  points of contact  with the su r face  and the adjacent  
p a r t i c l e s .  As the fo rce  tending to shift the su r face  re la t ive  to the loose ma te r i a l  appea r s ,  additional tangen-  
t ia l  fo rces  or iginate  at the contacts  between the pa r t i c l e s  and the su r face ,  which add up to the r e s i s t a n c e  of 
the loose ma te r i a l  to shift  ove r  the su r face .  The red is t r ibu t ion  and a l te ra t ion  of the no rma l  and tangential  
fo rces  occur  s imul taneous ly  on the contacts  between the pa r t i c l e s  of the f i r s t  l aye r  and the o the rs ,  which 
a r e  d i rec ted  towards  cancel ing the effect  of the tangential  fo rces  on contacts  with the su r face  and p reven t -  
ing poss ib le  s t ruc tu ra l  changes .  The re fo re ,  the effect  of the tangential  f o r ce s  appear ing  on the contacts  of 
the f i r s t  l aye r  of m a t e r i a l  with the sur face  is p ropaga ted  a definite depth within the loose ma te r i a l ,  whose 
value depends on the f r ic t ional  p r o p e r t i e s  of the ma te r i a l  and on its s t ruc tu re  in the nea r -wa l l  l a y e r .  

Until the shift ing f o r c e  r eaches  a definite value,  the re la t ive  d isp lacement  of pa r t i c l e s  in the s t ruc tu ra l  
fo rmat ions  does not occur .  But the s t ruc tu ra l  fo rmat ions  p o s s e s s  some  e las t ic i ty .  Hence, the d i sp lacement  
of the bounding su r f ace  re la t ive  to the loose ma te r i a l  which occurs  at this t ime  will occur  because  of the 
e las t ic  p r o p e r t i e s  of the m a t e r i a l  pa r t i c l e s ,  and mainly its s t ruc tu re  in the nea r -waU laye r ,  and can reach  
a cons iderable  magnitude.  Hence, the d isp lacement  is e las t ic  in nature  in this phase  of the shift  p r o c e s s .  

As the shift ing fo rce  grows fur ther ,  a t ime  a r r i v e s  when the f r ic t ion  fo rces  on the contacts  between 
pa r t i c l e s  of the f i r s t  l aye r  and the other  par t i c les  cannot oppose the pa s sage  of some  pa r t i c l e s  in the s t r u c -  
tu ra l  fo rmat ions  to a more  equi l ibr ium posit ion.  This  p r o c e s s  is cer ta in ly  s ta t i s t i ca l  in nature  s ince the 
r e a r r a n g e m e n t  of some  pa r t i cu la r ly  unstable s t ruc tu ra l  fo rmat ions  can occur  so much e a r l i e r .  But these  
local  r e a r r a n g e m e n t s  a r e  a lmos t  never  re f lec ted  in the nature  of the d isp lacement  in this per iod  by just  in-  
c reas ing  the f rac t ion  of the res idua l  s t r a ins  in the initial d isp lacement .  
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When the shifting force reaches some value, rupture of a significant quantity of near-wall  s tructural  
formations occurs.  The particles emerging from previously existing structural  formations go over into a 
new equilibrium position characterized by a large quantity of contacts with the surrounding particles and 
the surface. 

During the structural  rearrangements ,  a specific number of particles acquires the possibility of pe r -  
forming rotational motion under the effect of the applied additional tangential force.  Since the rocking f r ic -  
tion is very much less than the sliding friction, then this should result  in a sharp diminution in the total 
force of resis tance to shift, whereupon a sharp r ise occurs in the displacement of the surface relative to 
the loose material ,  a jump in the displacement. A still greater  quantity of near-wall  s tructural  formations 
is hence ruptured. Therefore ,  the jump in displacement should involve structural  rearrangement  on the 
loose material  in the near-wall  zone towards increasing the packing density of the material .  The number 
of particles capable of performing rocking friction during shift diminishes sharply, it is replaced by sliding 
friction; the structure of the loose material  acquires great strength relative to the shift forces;  an increase 
occurs in the actual area of contact between the material  and the surface. 

Such a considerable increase in the resistance force of the loose material to shift occurs as a result  
of such transformations that the surface motion over the material  ceases.  

In contrast to the elastic character  of the displacement in the previous shift period, the jump dis- 
placement should be mainly i r revers ib le  since i r revers ib le  structural  transformations occur at this time 
which are related to the passage of individual particles into a more equilibrium position. Hence, only a 
negligible part of the displacement whose magnitude depends on the elastic propert ies of the loose material  
part icles and the loose material  s tructure again formed in the near-wall  zone is selected in taking off the 
shifting force.  

As the shifting force grows, the process is repeated; f i rs t  occurs a smooth displacement whose major 
portion is elastic in nature, then collapse and a jump in displacement during which a further rearrangement  
occurs in the near-wall  regions towards increasing the packing density of the material .  This cyclic process  
is repeated again and again. And newer and newer layers of material  are  entrained during the r ea r range-  
ment of the s tructure.  This occurs until the structure of the near-waU layers  acquires the propert ies  for 
which further rearrangement  will not be possible. 

As the shifting force increases further,  collapse of the surface sets in as does the passage of the pro-  
cess into the second phase, the phase of continuous motion under a constant shifting force.  At this time the 
force of the loose material resisting shift along the surface acquires the maximum value (for given condi- 
tions of the shift process  and a given pair  of loose material  and surface).  

Three  kinds of relative motion between the surface and the loose material  are  possible in the second 
phase of the shift process:  

1. Motion without any (at least visual) changes in the structure of the near-wall  layers formed during 
the f irs t  phase of the shift. This kind of motion originates for low surface roughness and a large 
normal pressure  of the loose material  on the surface. There is no possibility of performing rock- 
ing friction on separate part icles,  and the motion occurs only with the part icles sliding over the 
surface. A high friction coefficient between the separate part icles,  ensuring the high structural  
strength of the loose material layers  adjoining the surface with respect  to the shifting forces being 
developed on the contacts between the particles and the surface,  will contribute to the origination 
of this kind of motion. 

2. Motion with the formation of a near-wall  layer of loose material  at some gradient of the relative 
velocity over the depth. The most prevalent kind of motion originates for normal pressures  and 
roughnesses fluctuating within significant l imits.  For this kind of motion the relative velocity of 
particles adjoining the surface is less than the particle velocity in deeper layers  of the material .  
The particle velocity relative to the surface gradually increases to some constant value with r e -  
moval f rom the surface, and the velocity gradient between the separate part icle layers  diminishes 
from some maximum value (originating at the boundary between the loose material  and the surface) 
to zero.  Part icles adjacent to the surface may perform both sliding and rocking friction. 

3. Motion with the formation of a material  layer with zero relative velocity at the surface.  The shift 
of the remaining layers of material occurs along this fixed layer; hence, the propert ies of the sur -  
face (its roughness, material) exert no influence on the drag coefficient. The relative velocity 
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gradient increases from zero to some value, then again drops to zero. The particles are displaced 
with sliding and rocking in the zone with variable velocity gradient. Local rearrangements of the 
material structure and its mixing hence occur. 

The formation of any kind of loose material motion relative to the surface depends on a whole series 
of factors: the normal pressure, thefrict ionalpropert ies of the material particles and the surface, the initial 
packing density of the loose material, the times of fixed contact, etc. The criteria for the passage from 
one kind of relative motion to another have unfortunately not been clarified. 

Experimental investigations of the shift process of loose materials over a surface which have been 
conducted in the loose materials laboratory of the M. V. Lomonosov Odessa Technological Institute on a 
number of loose materials and surfaces confirmed the hypothesis mentioned about the mechanism of the 
shift process of loose materials over surfaces. 
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