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Â ñòàòüå ðàññìîòðåíî ñèëîâîå âçàèìîäåéñòâèå ãóñåíè÷íîãî äâèæèòåëÿ ñ ãðóíòîì ïðè ïîâîðîòå ìàøèíû. Ïî-
ñêîëüêó áîëåå 70 % ðåàêöèé ãðóíòà ïî ñâîåé ïðèðîäå ÿâëÿþòñÿ ñèëàìè òðåíèÿ, òî çà îñíîâó âçÿòà ìàòåìàòè-
÷åñêàÿ òåîðèÿ òðåíèÿ Ô.À. Îïåéêî. Ñîãëàñíî òåîðèè, ðåçóëüòèðóþùàÿ ñèëà è ìîìåíò òðåíèÿ ÿâëÿþòñÿ âçà-
èìîñâÿçàííûìè âåëè÷èíàìè, îïðåäåëÿåìûìè ïîëîæåíèåì ìãíîâåííîãî öåíòðà ñêîëüæåíèé. Ïðè óâåëè÷åíèè 
ìîìåíòà òðåíèÿ ñèëà óìåíüøàåòñÿ è íàîáîðîò. Ïîñêîëüêó ëþáîé ãóñåíè÷íûé äâèæèòåëü èìååò ãðóíòîçàöåïû, 
òî âçàèìîäåéñòâèå åãî ñ ãðóíòîì â ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâëåíèÿõ ñòàíîâÿòñÿ ðàçëè÷íûì. Â ðàì-
êàõ ïðèíÿòîãî ïîäõîäà àíèçîòðîïèÿ ñèëîâîãî âçàèìîäåéñòâèÿ äâèæèòåëÿ ñ ãðóíòîì âûðàæàåòñÿ â ðàçëè÷íûõ 
êîýôôèöèåíòàõ òðåíèÿ â ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâëåíèè. Êðîìå òîãî, èìååò ìåñòî ïðèíöèïèàëüíî 
ðàçíûé õàðàêòåð âçàèìîäåéñòâèÿ ñ ãðóíòîì. Â ïîïåðå÷íîì íàïðàâëåíèè íàáëþäàåòñÿ ÷èñòûé ñðåç. Â ïðîäîëü-
íîì íàïðàâëåíèè ïåðåä íà÷àëîì ñðåçà ãðóíò ñìèíàåòñÿ çà ñ÷åò ñâîèõ óïðóãèõ ñâîéñòâ. Â ñòàòüå ïðèâåäåíà 
ìàòåìàòè÷åñêàÿ ìîäåëü ñèëîâîãî âçàèìîäåéñòâèÿ ãóñåíè÷íîãî äâèæèòåëÿ ñ ãðóíòîì ñ ó÷åòîì àíèçîòðîïèè 
âçàèìîäåéñòâèÿ. Óïðóãèå ñâîéñòâà ãðóíòà â ïðîäîëüíîì íàïðàâëåíèè ó÷èòûâàþòñÿ çà ñ÷åò ïåðåìåííîãî êî-
ýôôèöèåíòà òðåíèÿ, ââåäåííîãî ïîä çíàê èíòåãðàëà. Â êà÷åñòâå ôóíêöèè ïðèìåíåí ãèïåðáîëè÷åñêèé òàíãåíñ, 
ïîñêîëüêó îí ïîçâîëÿåò ââîäèòü íàèìåíüøåå ÷èñëî ýìïèðè÷åñêèõ êîýôôèöèåíòîâ. Íà îñíîâå ïðåäñòàâëåííîé 
ìàòåìàòè÷åñêîé ìîäåëè ñèëîâîãî âçàèìîäåéñòâèÿ áûëè ïðîâåäåíû ÷èñëåííûå ðàñ÷åòû. Ðåçóëüòàòû ïðåäñòàâ-
ëåíû â ãðàôè÷åñêîì âèäå, ÷òî ïîçâîëÿåò íàãëÿäíî îöåíèòü âëèÿíèå àíèçîòðîïèè. Ðàñ÷åòû ïîêàçàëè, ÷òî ðàç-
ëè÷èÿ â çíà÷åíèÿõ ñèëû òðåíèÿ çà ñ÷åò ó÷åòà àíèçîòðîïèè ìîæåò äîñòèãàòü 50 %, à ìîìåíòà òðåíèÿ – äî 10 %. 
Êëþ÷åâûå ñëîâà: ãóñåíè÷íûé äâèæèòåëü, êðèâîëèíåéíîå äâèæåíèå, ñèëîâîå âçàèìîäåéñòâèå, àíèçîòðîïèÿ, 
êîíòàêò ñ ãðóíòîì, ñèëà òðåíèÿ, ìîìåíò òðåíèÿ. 

The article discusses the force interaction of the caterpillar propeller with the ground during the vehicle turn. Since 
more than 70 % of soil reactions are inherently friction forces, the article is based on the Fyodor Opeiko mathematical 
theory of friction. According it, the resulting force and the moment of friction are interrelated quantities determined 
by the position of the instantaneous center of sliding. With increasing the moment of friction, the force decreases 
and vice versa. Since any caterpillar mover has lugs, its interaction with the soil in the longitudinal and transverse 
directions becomes different. In the frame-work of the adopted approach, the anisotropy of the force interaction of the 
propulsion with the soil is ex-pressed in various friction coefficients in the longitudinal and transverse directions. In 
addition, there is a fundamentally different nature of the interaction with the soil. In the transverse direction, a clean 
cut is observed. In the longitudinal direction, before the start of the cut, the soil is crushed due to its elastic proper-
ties. The article presents a mathematical model of the force interaction of a caterpillar propeller with soil, taking into 
account the anisotropy of the interaction. The elastic properties of the soil in the longitudinal direction are taken into 
account due to the variable coefficient of friction introduced under the integral sign. Hyperbolic tangent is used as a 
function, since it allows one to introduce the smallest number of empirical coefficients. Based on the presented math-
ematical model of force interaction, numerical calculations were performed. The results are presented in graphical 
form, which allows to visually as-sess the effect of anisotropy. The calculations showed that the differences in the val-
ues of the friction force due to taking into account anisotropy can reach 50 %, and the moment of friction up to 10 %.
Keywords: tracked propeller, curvilinear motion; force interaction; anisotropy; contact with the ground; friction force; 
friction moment.
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 Ââåäåíèå
Ïðè äâèæåíèè òðàíñïîðòíîãî ñðåäñòâà 

íà íåãî ñî ñòîðîíû ãðóíòà äåéñòâóþò ñèëû 
ðåàêöèé. Íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿ-
åò ôîðìèðîâàíèå ýòèõ ñèë â ïðîöåññå êðè-
âîëèíåéíîãî äâèæåíèÿ ìàøèíû [1−4], êîãäà 
â êàæäîé òî÷êå êîíòàêòà êðîìå ïðîäîëüíûõ 
ñèë, âîçíèêàþò è ïîïåðå÷íûå ñîñòàâëÿþùèå. 
Â òåîðèè äâèæåíèÿ êîëåñíûõ ìàøèí îíè ÷àñòî 
îáúÿñíÿþòñÿ óïðóãèìè ñâîéñòâàìè øèíû, ïðè-
âîäÿùèìè ê áîêîâîìó óâîäó [5−6]. Äëÿ ãóñå-
íè÷íûõ ìàøèí, èìåþùèõ áîëüøèå ñìåùåíèÿ 
òî÷åê ãóñåíèö â ïîïåðå÷íîì íàïðàâëåíèè, ýòè 
ñèëû ÿâëÿþòñÿ ñîñòàâëÿþùèìè ñèëû òðåíèÿ. 
Ñîãëàñíî èññëåäîâàíèÿì Ã.Ì. Òàòàð÷óêà [7], 
íà äîëþ òðåíèÿ ñêîëüæåíèÿ îïîðíîé ïîâåðõíî-
ñòè ïðèõîäèòñÿ íå ìåíåå 73–82 % ñèë, âîçíèêà-
þùèõ â êîíòàêòå ãóñåíèöû ñ ãðóíòîì ïðè ïî-
âîðîòå ìàøèíû.

Îñîáåííîñòüþ ñèë òðåíèÿ ñêîëüæåíèÿ ÿâ-
ëÿåòñÿ èõ îãðàíè÷åíèå ïî ïðåäåëüíîìó çíà÷å-
íèþ. Ýòî îãðàíè÷åíèå êàñàåòñÿ ðåçóëüòèðóþ-
ùåé ñèëû òðåíèÿ â êàæäîé òî÷êå êîíòàêòà [8], 
ïîýòîìó ïðèìåíåíèå ïðèíöèïà íåçàâèñèìîñòè 
ïðè ôîðìèðîâàíèè ñèëîâûõ ôàêòîðîâ â êîí-
òàêòå ñ ãðóíòîì íåäîïóñòèìî [9]. Ñëåäîâà-
òåëüíî, çàâèñèìîñòü ìåæäó ñèëîé è ìîìåíòîì 
òðåíèÿ â êîíòàêòå îäíîçíà÷íà è ïîä÷èíÿåòñÿ 
ìàòåìàòè÷åñêîé òåîðèè òðåíèÿ [10]. 

Íåîáõîäèìî îòìåòèòü, ÷òî ñèëîâîé êîíòàêò 
ãóñåíè÷íîãî äâèæèòåëÿ ñ ãðóíòîì ïðåäñòàâëÿ-
åò ñîáîé íå ÷èñòîå òðåíèå ñêîëüæåíèå, à âêëþ-
÷àåò ýëåìåíòû ñöåïëåíèÿ ãðóíòîçàöåïîâ 
ñ âåðõíèì ñëîåì ïî÷âû è åå óïðóãîå ñìÿòèå. 
Â ðåçóëüòàòå êàðòèíà âçàèìîäåéñòâèÿ ïðèîáðå-
òàåò ÷åðòû àíèçîòðîïèè.

Öåëü èññëåäîâàíèé
Îöåíêà âëèÿíèÿ àíèçîòðîïèè íà ôîðìè-

ðîâàíèå ñèëîâûõ ôàêòîðîâ (ñèëó è ìîìåíò 
òðåíèÿ), âîçíèêàþùèõ â êîíòàêòå ãóñåíèöû 
ñ ãðóíòîì ïðè ïîâîðîòå ìàøèíû.

Ìàòåðèàëû è ìåòîäû
Ïåðâûå øàãè â îïèñàíèè ñèë òðåíèÿ 

ïðè êðèâîëèíåéíîì äâèæåíèè òåëà áûëè ñäå-
ëàíû åùå â êîíöå XVIII âåêà Í.Í. Øèëëåðîì 
[11] è Í.Å. Æóêîâñêèì [12]. Ðàññìîòðèì ôîðìè-
ðîâàíèå ñèë òðåíèÿ ïðè êðèâîëèíåéíîì ñêîëü-
æåíèè òåëà ïî øåðîõîâàòîé ïîâåðõíîñòè ïîä-
ðîáíåå (ðèñ. 1). 

Ïðè êðèâîëèíåéíîì äâèæåíèè ñêîëüæåíèå 
ïðåäñòàâëÿåò ñîáîé ìãíîâåííî âðàùàòåëü-

íîå äâèæåíèå îòíîñèòåëüíî öåíòðà O ñ êî-
îðäèíàòàìè x è y. Ñêîðîñòü ñêîëüæåíèÿ V

ñê
 

ëþáîé áåñêîíå÷íî ìàëîé ïëîùàäêè êîíòàêòà 
dS íàïðàâëåíà ïåðïåíäèêóëÿðíî ðàäèóñ-âåê-
òîðó r, îïóùåííîìó èç ìãíîâåííîãî öåíòðà 
ñêîëüæåíèÿ. Ýëåìåíòàðíàÿ ñèëà òðåíèÿ dF 
âñåãäà íàïðàâëåíà â ïðîòèâîïîëîæíóþ ñêîðî-
ñòè ñêîëüæåíèÿ ñòîðîíó. Ðàçëîæèì âåêòîð dF 
íà ïîïåðå÷íóþ õ è ïðîäîëüíóþ ó îñè. Ïðîåê-
öèè dF

y
 è dF

x
 îïðåäåëÿþòñÿ: 

  
cos( ),
sin( );

x

y

dF dF
dF dF

 
 

 (1)

 
   2 2r y x     , (2)

ãäå x, y – êîîðäèíàòû ìãíîâåííîãî öåíòðà 
ñêîëüæåíèÿ; ,   – êîîðäèíàòû ýëåìåíòàðíîé 
ïëîùàäêè dS .

 

sin( ) ( ) ,
cos( ) ( ) .

x r
y r

   
  

 (3)

Â ðåçóëüòàòå ïðèâåäåíèÿ âñåõ ýëåìåíòàð-
íûõ ñèë ê ìãíîâåííîìó öåíòðó ñêîëüæåíèÿ ïî-
ëó÷èì:

 

   

   

   

2 2

2 2

2 2

x

y

o

ydF dF
y x

xdF dF
y x

dM dF y x

  
    

   
     

      


. (4)

Ðèñ. 1. Ñõåìà ñèë, äåéñòâóþùèõ 
â êîíòàêòíîé ïëîùàäêå äâèæèòåëÿ ñ ãðóíòîì
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Ïðè ñêîëüæåíèè êàæäàÿ ýëåìåíòàðíàÿ ñèëà 
òðåíèÿ dF äîñòèãàåò ñâîåãî ìàêñèìàëüíî-
ãî çíà÷åíèÿ dF qdS  , ãäå  – êîýôôèöèåíò 
òðåíèÿ; q – íîðìàëüíîå äàâëåíèå. Ïðîñóììè-
ðîâàâ âñå ýëåìåíòàðíûå ñèëû (4), ïîëó÷èì:

 

   

   

   

2 2

2 2

2 2

,

,

.

x

y

o

yF q d d
y x

xF q d d
y x

M q y x d d







  
    

    


     
     

         








 (5)

Ïðè ðåøåíèè êîíêðåòíûõ çàäà÷ óäîáíåå 
ïðèêëàäûâàòü ðåàêöèè ãðóíòà â ñåðåäèíå 
ïÿòíà êîíòàêòà. Ïåðåíåñåì ñèëîâûå ôàêòîðû 
â öåíòð êîíòàêòà: 

 

2 2 ,

.
x y

c o x y

F F F

M M yF xF

  


  
 (6)

Ðåçóëüòàòû è îáñóæäåíèå
Äëÿ àíàëèçà âçàèìîñâÿçè ìåæäó ñèëîé 

è ìîìåíòîì òðåíèÿ áûëî ïðîâåäåíî ÷èñëåííîå 
ìîäåëèðîâàíèå ñèñòåìû (6) ñ ïîìîùüþ ïðî-
ãðàììíîãî ïàêåòà MatCad. Ãðàôè÷åñêîå èçî-
áðàæåíèå ðåçóëüòèðóþùåé ñèëû F è ìîìåíòà 
M

c
 òðåíèÿ ïðåäñòàâëåíû íà ðèñ. 2.
Ëåãêî óâèäåòü âçàèìíóþ ñâÿçü ìåæäó ðå-

çóëüòèðóþùåé ñèëîé F è ìîìåíòîì M
c
 òðåíèÿ. 

Ïðè íóëåâîé ðåçóëüòèðóþùåé ñèëå ìîìåíò 

èìååò ìàêñèìàëüíîå çíà÷åíèå, ÷òî ñîîòâåò-
ñòâóåò âðàùåíèþ âîêðóã öåíòðà êîíòàêòà. 
Ïðè íóëåâîì ìîìåíòå ñèëà äîñòèãàåò ñâîåãî 
ìàêñèìàëüíîãî çíà÷åíèÿ, ÷òî ñîîòâåòñòâóåò 
ïîñòóïàòåëüíîìó ñêîëüæåíèþ ïÿòíà êîíòàêòà. 

Àíèçîòðîïèÿ âçàèìîäåéñòâèÿ
Íàëè÷èå ãðóíòîçàöåïîâ íà ïîäîøâå ãóñå-

íè÷íîãî äâèæèòåëÿ ïðèâîäèò ê àíèçîòðîïèè 
âçàèìîäåéñòâèÿ, ÷òî îòðàæàåòñÿ â ðàçíûõ êî-
ýôôèöèåíòàõ òðåíèÿ â ïðîäîëüíîì y  è ïî-
ïåðå÷íîì x  íàïðàâëåíèè [13−14]. Êîýôôè-
öèåíò ñöåïëåíèÿ â ïðîäîëüíîì íàïðàâëåíèè 
âñåãäà áîëüøå, ÷åì â ïîïåðå÷íîì íàïðàâëåíèè 

y x   .
Ââåäåì ïðåäåëû èíòåãðèðîâàíèÿ  è  ñî-

ãëàñíî ïîëíîìó êîíòàêòó ãóñåíè÷íîãî äâèæè-
òåëÿ ñ ãðóíòîì (ðèñ. 3): 

– â ïðîäîëüíîì íàïðàâëåíèè = –0,5L...0,5L, 
ãäå L – áàçà ìàøèíû; 

– â ïîïåðå÷íîì íàïðàâëåíèè  = –0,5 (B + 
+ b)...–0,5(B – b) è  = –0,5(B – b)...0,5(B + b), ãäå 
B – êîëåÿ ãóñåíè÷íîé ìàøèíû; b – øèðèíà ãóñå-
íèöû;

Íåñìîòðÿ íà òî ÷òî âíåñåíèå íîðìàëüíî-
ãî äàâëåíèÿ q ïîä èíòåãðàëüíûå çàâèñèìîñòè 
(5) ïîçâîëÿåò ó÷åñòü ëþáîé çàêîí èçìåíåíèÿ 
åãî ïî ïëîùàäêå êîíòàêòà, îñòàíîâèìñÿ ïîêà 
íà ðàâíîìåðíîì åãî ðàñïðåäåëåíèè: q = G/2Lb  
ãäå G – âåñ ìàøèíû. 

Òîãäà ñèëîâûå ôàêòîðû (5), âõîäÿùèå â ñè-
ñòåìó (6), ïðèîáðåòàþò âèä:

Íà ãðàôè÷åñêîì èçîáðàæåíèè çàâèñèìîñòåé 
ñèëû òðåíèÿ F è ìîìåíòà M

c
 òðåíèÿ â êîíòàê-

òå (ðèñ. 4) âëèÿíèå àíèçîòðîïèè ïðîÿâëÿåòñÿ 
â àñèììåòðèè ðåçóëüòèðóþùåé ñèëû òðåíèÿ.

Óïðóãèå ñâîéñòâà ãðóíòà
Åùå îäíîé îñîáåííîñòüþ àíèçîòðîïèè âçàè-

ìîäåéñòâèÿ ÿâëÿåòñÿ ðàçíûé õàðàêòåð âçàèìî-
äåéñòâèÿ ãðóíòîçàöåïîâ ñ ïî÷âîé, ÷òî îáúÿñíÿ-
åòñÿ èõ ðàñïîëîæåíèåì. 

 
   

 
    

 

 

 

 
   

 
    

 

 

 
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2 2 2 2
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2 2 2 2
0,5 0,5 0,5

2 2

2

,

,

B b B bL
x x

x
L B b B b

B b B bL
y y

y
L B b B b

x y
o

q y d q y d
F d

y x y x

q x d q x d
F d

y x y x

q y q x
M

y x

  

   

  

   

            
           
           
           

      


   

  

  

 
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L B b B b

q y q x
d d d

y x

  

   










             
         

  

(7)

Ðèñ. 2. Ãðàôè÷åñêîå èçîáðàæåíèå ñèëû F 
è ìîìåíòà M

c
 òðåíèÿ
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îòñóòñòâóåò, òàê êàê ñðåç ãðóíòà íà÷èíàåòñÿ 
â ñàìîì íà÷àëå ïîïåðå÷íîãî ñìåùåíèÿ.

Äëÿ ó÷åòà óïðóãèõ ñâîéñòâ ãðóíòà â ïðî-
äîëüíîì íàïðàâëåíèè íåîáõîäèìî ïðîäîëüíûé 
êîýôôèöèåíò òðåíèÿ 

y
 ñäåëàòü ïåðåìåííûì. 

Çàâèñèìîñòü êîýôôèöèåíòà ñöåïëåíèÿ (ïðî-
äîëüíîãî òðåíèÿ 

y
) îò áóêñîâàíèÿ  õîðîøî èç-

âåñòíà (ðèñ. 5), õîòÿ îïèñûâàåòñÿ îíà ó ðàçíûõ 
àâòîðîâ ïî-ðàçíîìó [17−18]. 

Íàèáîëåå øèðîêîå ïðèìåíåíèå ïîëó÷è-
ëà ôîðìóëà Â.Â. Êàöûãèíà [19], ïîëó÷åííàÿ 
èì ïî ðåçóëüòàòàì îáðàáîòêè ýêñïåðèìåíòîâ 
Â.Ï. Çàïîëüñêîãî [20]. Ôîðìóëà îáëàäàåò íàè-
ìåíüøèì êîëè÷åñòâîì ýìïèðè÷åñêèõ êîýôôèöè-
åíòîâ è ïîçâîëÿåò îïèñûâàòü ëþáîé òèï ãðóíòà. 

Â îáðàáîòêå È.Ï. Òðîÿíîâñêîé [21] çàâèñè-
ìîñòü êîýôôèöèåíòà ñöåïëåíèÿ 

y
 îò áóêñîâà-

íèÿ  èìååò âèä:

 
   , tanh , ,y ya a      (8)

ãäå tanh( ) ( ) ( )x x x xx e e e e     – ãèïåðáîëè-
÷åñêèé òàíãåíñ;  – áóêñîâàíèå; a – ýìïèðè÷å-
ñêèé êîýôôèöèåíò, õàðàêòåðèçóþùèé óïðóãèå 
ñâîéñòâà ãðóíòà.

Áóêñîâàíèå â êàæäîé òî÷êå êîíòàêòà áóäåò 
ðàçíîå, è çàâèñèò îíî îò ïîïåðå÷íîé êîîðäè-
íàòû òî÷êè îòíîñèòåëüíî öåíòðà ñêîëüæåíèÿ 
(x – y) è ðàäèóñà ïîâîðîòà ìàøèíû R:

 ( , ) ( ) ( ).x y x R x      (9)

Ó÷èòûâàÿ ââåäåííûå çàâèñèìîñòè (8–9), 
îêîí÷àòåëüíûé âèä ñèëîâûõ ôàêòîðîâ, âîç-
íèêàþùèõ â êîíòàêòå ãóñåíè÷íîãî äâèæèòåëÿ 
ñ ãðóíòîì íà ïîâîðîòå ìàøèíû, èìååò âèä:

Ðèñ. 3. Ôîðìà è ðàçìåðû êîíòàêòà 
ãóñåíè÷íîé ìàøèíû ñ ãðóíòîì

Ðèñ. 4. Ãðàôè÷åñêîå èçîáðàæåíèå ñèëû F è M
c
 

òðåíèÿ ñ ó÷åòîì àíèçîòðîïèè
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
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       



 


 (10)

Â ïðîäîëüíîì íàïðàâëåíèè âíà÷àëå ïðîèñ-
õîäèò óïðóãîå ñìÿòèå ãðóíòà, è òîëüêî ïðè äî-
ñòèæåíèè êàñàòåëüíûõ íàïðÿæåíèé ïðåäåëü-
íîãî çíà÷åíèÿ íà÷èíàåòñÿ ñäâèã ñðåçàííîãî 
ãðóíòîçàöåïàìè ñëîÿ ïî÷âû [15−16]. Â ïîïå-
ðå÷íîì íàïðàâëåíèè óïðóãàÿ ñîñòàâëÿþùàÿ 
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Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ ôîðìóë (10) 
ïðåäñòàâëåíà íà ðèñ. 6.

Èç ðèñ. 6 âèäíî, ÷òî ââåäåíèå óïðóãèõ 
ñâîéñòâ ãðóíòà òîëüêî â ïðîäîëüíîì íàïðàâëå-
íèè óñèëèâàåò àñèììåòðèþ ñèëîâûõ ôàêòîðîâ, 
êîòîðàÿ òåïåðü íàáëþäàåòñÿ íå òîëüêî ó ðå-
çóëüòèðóþùåé ñèëû òðåíèÿ F, íî è ó ìîìåí-
òà M

c
 òðåíèÿ. Àíàëèç íà îñíîâå ÷èñëåííîãî 

ðàñ÷åòà ïîêàçàë, ÷òî ðàçëè÷èÿ â çíà÷åíèÿõ ñè-
ëîâûõ ôàêòîðîâ ïî ôîðìóëàì (5) è (10) ìîæåò 
ñîñòàâëÿòü äî 50 % ïî ñèëå òðåíèÿ è äî 10 % – 
ïî ìîìåíòó òðåíèÿ.

Ðèñ. 6. Ãðàôè÷åñêîå èçîáðàæåíèå ñèëû F è ìîìåíòà 
M

c
 òðåíèÿ ñ ó÷åòîì àíèçîòðîïèè è óïðóãèõ ñâîéñòâ 

ãðóíòà â ïðîäîëüíîì íàïðàâëåíèè

Âûâîäû
Ðåàêöèè ñâÿçåé, âîçíèêàþùèå â êîíòàêòå 

ãóñåíèöû ñ ãðóíòîì ïðè ïîâîðîòå ìàøèíû, 
ïî ñâîåé ïðèðîäå íà 73–80 % ñîñòîÿò èç ñèë 
òðåíèÿ. Ôîðìèðîâàíèå ñèëîâûõ ôàêòîðîâ 
íà îñíîâå ìàòåìàòè÷åñêîé òåîðèè òðåíèÿ äî-
êàçàëî âçàèìîñâÿçü ìåæäó ñèëîé è ìîìåíòîì 
òðåíèÿ, çíà÷åíèÿ êîòîðûõ îäíîçíà÷íî îïðå-
äåëÿþòñÿ ïîëîæåíèåì ìãíîâåííîãî öåíòðà 
ñêîëüæåíèé.

Íàëè÷èå ãðóíòîçàöåïîâ ïðèâîäèò ê àíèçî-
òðîïèè ñèëîâîãî âçàèìîäåéñòâèÿ. Ïðåäåëüíûé 
êîýôôèöèåíò òðåíèÿ â ïðîäîëüíîì íàïðàâëå-
íèè âñåãäà áîëüøå, ÷åì â ïîïåðå÷íîì íàïðàâ-
ëåíèè. Ýòî îòðàæàåòñÿ â àñèììåòðèè ðåçóëü-
òèðóþùåé ñèëû òðåíèÿ.

Ïîïåðå÷íîå ðàñïîëîæåíèå ãðóíòîçàöåïîâ 
ñïîñîáñòâóåò ðàçëè÷íîìó õàðàêòåðó âçàèìîäåé-
ñòâèÿ ñ ãðóíòîì. Â ïîïåðå÷íîì íàïðàâëåíèè 
ñðàçó íàáëþäàåòñÿ ñðåç ãðóíòà, ÷òî îòðàæàåò-
ñÿ â ïîñòîÿííîì ìàêñèìàëüíîì êîýôôèöèåíòå 
òðåíèÿ. Â ïðîäîëüíîì íàïðàâëåíèè ãðóíò âíà-
÷àëå ñìèíàåòñÿ ïîä äåéñòâèåì ãðóíòîçàöåïîâ 
è òîëüêî ïðè äîñòèæåíèè ïðåäåëüíûõ íàïðÿ-
æåíèé ñðåçàåòñÿ. Â ìàòåìàòè÷åñêîé ìîäåëè 
óïðóãèå ñâîéñòâà ãðóíòà îòðàæàþòñÿ ââåäåíèåì 
ïåðåìåííîãî êîýôôèöèåíòà òðåíèÿ íà îñíîâå ãè-
ïåðáîëè÷åñêîãî òàíãåíñà. Ó÷åò óïðóãèõ ñâîéñòâ 
ãðóíòà â ïðîäîëüíîì íàïðàâëåíèè ïðèâåë ê ïîÿâ-
ëåíèþ àñèììåòðèè ìîìåíòà òðåíèÿ è óñèëåíèþ 
åå â ðåçóëüòèðóþùåé ñèëå òðåíèÿ. 

×èñëåííûé àíàëèç ïîêàçàë, ÷òî ïðåíåáðå-
æåíèå âëèÿíèåì àíèçîòðîïèè ïðè îïèñàíèè 
ñèëîâîãî âçàèìîäåéñòâèÿ ãóñåíèöû ñ ãðóíòîì 
ïðè ïîâîðîòå ìàøèíû ìîæåò ïðèâåñòè ê ñå-
ðüåçíûì îøèáêàì, òàê êàê èçìåíåíèå çíà÷åíèÿ 
ñèëû òðåíèÿ ìîæåò äîñòèãàòü 50 %, à ìîìåí-
òà – äî 10 %.
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