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ÏÀÐÀÌÅÒÐÈ×ÅÑÊÀß ÎÏÒÈÌÈÇÀÖÈß 
ÊÐÈÂÎËÈÍÅÉÍÎÃÎ ÐÀÁÎ×ÅÃÎ ÎÐÃÀÍÀ 
ÄËß ÏÎÑËÎÉÍÎÉ ÁÅÇÎÒÂÀËÜÍÎÉ ÎÁÐÀÁÎÒÊÈ ÏÎ×ÂÛ

PARAMETRIC OPTIMIZATION OF THE CURVILINEAR 
WORKING ELEMENT FOR LAYERWISE SOIL-FREE 
TILLAGE

Äëÿ ýôôåêòèâíîãî ôóíêöèîíèðîâàíèÿ â óñëîâèÿõ íåäîñòàòî÷íîãî è íåóñòîé÷èâîãî óâëàæíåíèÿ þãà Ðîññèè ïî÷-
âîîáðàáàòûâàþùèå ìàøèíû ðàçðàáàòûâàþòñÿ íà îñíîâå áëî÷íî-ìîäóëüíîãî ïðèíöèïà ïîñòðîåíèÿ ñ ðàçëè÷íûìè 
ðàáî÷èìè îðãàíàìè ñî ñìåííûìè ýëåìåíòàìè. Âîçìîæíîñòü êîìáèíàöèè ñìåííûõ ýëåìåíòîâ çàëîæåíà â êîí-
ñòðóêöèè ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû. Äàííûé ðàáî÷èé îðãàí îñíàùàåòñÿ 
êðèâîëèíåéíûì, ïëîñêîðåçíûì ðûõëèòåëÿìè èëè ýëåìåíòàìè èç ïëàñòèêà. Êà÷åñòâåííûå ïîêàçàòåëè òåõíîëî-
ãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 
ïî ñðàâíåíèþ ñ äðóãèìè äîñòèãàþò áîëåå âûñîêîãî óðîâíÿ: 97,4…98,5 % ôðàêöèé ðàçìåðîì äî 50 ìì; ðåçêîå 
ñíèæåíèå ñîäåðæàíèÿ ýðîçèîííî-îïàñíûõ ÷àñòèö â ïîâåðõíîñòíîì ñëîå äî 15,12…18,13 %. Çàòðàòû ýíåðãèè íà 
ôóíêöèîíèðîâàíèå ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòèêà íà 6 % ìåíüøå, ÷åì ñ êðèâîëèíåéíûì ðûõëèòå-
ëåì. Öåëü èññëåäîâàíèÿ: ñíèæåíèå ýíåðãîçàòðàò çà ñ÷åò îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî îðãàíà ñ êðèâîëè-
íåéíûì ðûõëèòåëåì ïðè ñîõðàíåíèè êà÷åñòâà òåõíîëîãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî òðåõôàêòîðíîìó ïëàíó Áîêñà äëÿ îïðåäåëåíèÿ ïàðàìå-
òðîâ ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì, îáåñïå÷èâàþùèì ñíèæåíèå ýíåðãîçàòðàò íà ïîñëîéíóþ 
áåçîòâàëüíóþ îáðàáîòêó ïî÷âû. Êðèòåðèåì îöåíêè âûáðàíî òÿãîâîå ñîïðîòèâëåíèå ðàáî÷åãî îðãàíà, îò êîòîðîãî 
íàïðÿìóþ çàâèñÿò ýíåðãîçàòðàòû íà âûïîëíåíèå òåõíîëîãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Íàèáîëüøåå âëèÿíèå íà ðîñò òÿãîâîãî ñîïðîòèâëåíèÿ îêàçûâàåò óâåëè÷åíèå óãëà êðîøåíèÿ äîëîòà. Ñ 
ðîñòîì ñêîðîñòè íàáëþäàåòñÿ ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ ìåíüøåé èíòåíñèâíîñòüþ. Ýòî îáúÿñíÿåòñÿ 
ìåíåå ñóùåñòâåííûì âëèÿíèåì ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî òÿãîâîå ñîïðîòèâëåíèå ïî ñðàâ-
íåíèþ ñî ñêîðîñòüþ ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ. Ñ óâåëè÷åíèåì ãëóáèíû îáðàáîòêè ïî÷âû òÿãîâîå ñî-
ïðîòèâëåíèå âîçðàñòàåò. Ïðè ôèêñàöèè ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà óðîâíå 2,5 ì/ñ îïòèìàëüíîå 
çíà÷åíèå ãëóáèíû îáðàáîòêè ïî÷âû 28…29 ñì, óãëà êðîøåíèÿ äîëîòà 31…31,5 ãðàä. 
Êëþ÷åâûå ñëîâà: ïî÷âà, ðàáî÷èé îðãàí, ïîñëîéíàÿ áåçîòâàëüíàÿ îáðàáîòêà, êðèâîëèíåéíûé ðûõëèòåëü, ïàðàìå-
òðè÷åñêàÿ îïòèìèçàöèÿ.

For effective functioning in conditions of insufficient and unstable moistening of the south of Russia, tillage machines 
are developed on the basis of the block-modular construction principle with various working elements with replaceable 
elements. The possibility of a combination of replaceable elements is incorporated in the design of the working ele-
ment for layer-by-layer soil-free tillage. This working body is equipped with curved, planar rippers or plastic elements. 
Qualitative indices of the technological process of layer-by-layer soil-free tillage of the working body with a curvilinear 
ripper, in comparison with others, reach a higher level: 97,4...98,5 % of fractions up to 50 mm, a sharp decrease in the 
content of erosion-hazardous particles in the surface layer to 15,12...18,13 %. The energy consumption for the function-
ing of the working element with plastic elements is 6 % less than with the curved ripper. The purpose of the research 
øû åðó reduction of energy costs due to optimization of the parameters of the working body with a curved ripper while 
maintaining the quality of the technological process of layered soil-free tillage. Experimental studies on the three-factor 
Box plan for determining the parameters of the working body with a curvilinear ripper have been carried out, which 
ensures a reduction in energy costs for layer-by-layer soil-free tillage. The criterion for evaluation is the traction resist-
ance of the working body, on which the energy costs directly depend on the performance of the technological process 
of layer-by-layer soil-free tillage. The greatest influence on the growth of traction resistance is due to an increase in the 
crumbling bit angle of the barpoint. With increasing speed, a reduction in traction resistance with a lower intensity is 
observed. This is explained by the less significant effect of the speed of movement of the working member on its traction 
resistance in comparison with the propagation velocity of the stress wave. With an increase in the depth of cultivation of 
the soil, the traction resistance increases. When fixing the speed of moving the working element at a level of 2,5 m/s, the 
optimal value of the depth of tillage is 28...29 cm, the angle of crumbling of the bit is 31...31,5 degrees.
Keywords: soil, working element, layer-by-layer without-till treatment, curvilinear ripper, parametric optimization.
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Ââåäåíèå
Ãîñóäàðñòâåííîé ïðîãðàììîé ðàçâèòèÿ 

ñåëüñêîãî õîçÿéñòâà è ðåãóëèðîâàíèÿ ðûíêîâ 
ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè, ñûðüÿ è 
ïðîäîâîëüñòâèÿ íàìå÷åí ðÿä çàäà÷, ê êîòîðûì 
îòíîñèòñÿ âîñïðîèçâîäñòâî è ïîâûøåíèå ýô-
ôåêòèâíîñòè èñïîëüçîâàíèÿ çåìåëüíûõ ðåñóð-
ñîâ, ýêîëîãèçàöèÿ ïðîèçâîäñòâà, óâåëè÷åíèå 
îáúåìà ïðîèçâîäñòâà ïðîäóêöèè ðàñòåíèåâîä-
ñòâà íà îñíîâå ðîñòà óðîæàéíîñòè îñíîâíûõ 
âèäîâ ñ/õ êóëüòóð, îáåñïå÷åííîñòü ñåëüõîçòî-
âàðîïðîèçâîäèòåëåé ñîâðåìåííûìè âèäàìè 
ñåëüñêîõîçÿéñòâåííîé òåõíèêè, âíåäðåíèå èí-
íîâàöèîííûõ ðàçðàáîòîê òåõíîëîãèé [1–5] â 
ÀÏÊ â óñëîâèÿõ íåäîñòàòî÷íîãî è íåóñòîé÷è-
âîãî óâëàæíåíèÿ þãà Ðîññèè. 

Ýòî ïîçâîëèò îïðåäåëèòü íàïðàâëåíèÿ 
ïî ôîðìèðîâàíèþ êîìïëåêñà òåõíè÷åñêèõ 
ñðåäñòâ êà÷åñòâåííî íîâîãî ïîêîëåíèÿ [6], ïî-
çâîëÿþùèõ ïîâûñèòü ïðîèçâîäèòåëüíîñòü 
òðóäà è ýíåðãîýôôåêòèâíîñòü [7], íàäåæíîñòü 
ïðè ýêñïëóàòàöèè ìàøèí [8], óëó÷øèòü ïî-
êàçàòåëè òåõíîëîãè÷åñêîãî ïðîöåññà [9], ñîç-
äàòü áëàãîïðèÿòíûå óñëîâèÿ äëÿ ïðîèçâîäñòâà 
ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè è îáåñïå-
÷èòü åå êîíêóðåíòîñïîñîáíîñòü íà âíóòðåííåì 
è âíåøíåì ðûíêàõ. 

Âîçìîæåí ïåðåõîä îò èíòåíñèâíûõ òåõíîëî-
ãèé âîçäåëûâàíèÿ ñåëüñêîõîçÿéñòâåííûõ êóëü-
òóð íà òàê íàçûâàåìûå âûñîêèå òåõíîëîãèè, 
ðàññ÷èòàííûå íà äîñòèæåíèå óðîæàéíîñòè êóëü-
òóðû, áëèçêîé ê åå áèîëîãè÷åñêîìó ïîòåíöèàëó. 

Ðàçðàáàòûâàåìûå ïî÷âîîáðàáàòûâàþùèå 
ìàøèíû çà ñ÷åò áëî÷íî-ìîäóëüíîãî ïðèíöèïà 
ïîñòðîåíèÿ è êîìïëåêòîâàíèÿ èõ ðàçëè÷íûìè 
ðàáî÷èìè îðãàíàìè íà îñíîâå ñèíåðãèñòè÷å-
ñêîé êîìáèíàöèè ñìåííûõ ýëåìåíòîâ [10] ñïî-
ñîáíû âûïîëíÿòü òåõíîëîãè÷åñêèå îïåðàöèè 
â ðàçëè÷íûõ ïî÷âåííî-êëèìàòè÷åñêèõ óñëî-
âèÿõ, â òîì ÷èñëå â óñëîâèÿõ íåäîñòàòî÷íîãî 
è íåóñòîé÷èâîãî óâëàæíåíèÿ þæíûõ ðåãèîíîâ 
Ðîññèè. 

Âîçìîæíîñòü êîìáèíàöèè ñìåííûõ ýëåìåí-
òîâ çàëîæåíà â êîíñòðóêöèè ðàçðàáîòàííîãî 
ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé áåçîòâàëüíîé 
îáðàáîòêè ïî÷âû [11]. Ðàáî÷èé îðãàí äëÿ ïî-
ñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû îñíà-
ùàåòñÿ êðèâîëèíåéíûì, ïëîñêîðåçíûì ðûõëè-
òåëÿìè èëè ýëåìåíòàìè èç ïëàñòèêà. 

Â ðåçóëüòàòå ïðîâåäåííûõ ðàíåå èññëåäîâà-
íèé [11] óñòàíîâëåíî, ÷òî íàèìåíüøåå òÿãîâîå 
ñîïðîòèâëåíèå âîçíèêàåò ïðè ôóíêöèîíèðîâà-
íèè ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòè-

êà. Ïðè ýòîì ðàçíèöà òÿãîâîãî ñîïðîòèâëåíèÿ 
(ðèñ. 1, à) è ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì 
ðûõëèòåëåì (ðèñ. 1, á) íå ïðåâûøàåò 6 %. 

à 

á

Ðèñ. 1. Èññëåäóåìûå ðàáî÷èå îðãàíû: 
à – ñ ýëåìåíòàìè èç ïëàñòèêà; 

á – ñ ýëëèïòè÷åñêèì ðûõëèòåëåì

Îäíàêî êà÷åñòâåííûå ïîêàçàòåëè òåõíîëî-
ãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé 
îáðàáîòêè ïî÷âû ðàáî÷åãî îðãàíà ñ êðèâîëè-
íåéíûì ðûõëèòåëåì äîñòèãàþò áîëåå âûñîêî-
ãî óðîâíÿ: 97,4...98,5 % ôðàêöèé ðàçìåðîì äî 
50 ìì; ðåçêîå ñíèæåíèå ñîäåðæàíèÿ ýðîçèîí-
íî-îïàñíûõ ÷àñòèö â ïîâåðõíîñòíîì ñëîå äî 
15,12...18,13 %. Ðàáî÷èé îðãàí ñ ýëåìåíòàìè èç 
ïëàñòèêà îáåñïå÷èâàåò ïîëó÷åíèå 82,0...84,8 % 
ôðàêöèé ðàçìåðîì äî 50 ìì è ñíèæåíèå íà 
2,95...3,41 % ñîäåðæàíèÿ ýðîçèîííî-îïàñíûõ 
÷àñòèö â ïîâåðõíîñòíîì ñëîå ïî÷âû [12].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ñíèæåíèå 

ýíåðãîçàòðàò çà ñ÷åò îïòèìèçàöèè ïàðàìåòðîâ 
ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 
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ïðè ñîõðàíåíèè êà÷åñòâà òåõíîëîãè÷åñêîãî 
ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ
Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâà-

íèÿ ïî ïàðàìåòðè÷åñêîé îïòèìèçàöèè [13] ðà-
áî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì, 
îáåñïå÷èâàþùèì ñíèæåíèå ýíåðãîçàòðàò íà 
ïîñëîéíóþ áåçîòâàëüíóþ îáðàáîòêó ïî÷âû.

Îïòèìèçàöèÿ ïàðàìåòðîâ è ðåæèìîâ ôóíê-
öèîíèðîâàíèÿ ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé 
áåçîòâàëüíîé îáðàáîòêè ïî÷âû ïðåäóñìàòðè-
âàëà ïðîâåäåíèå ïîëåâûõ èññëåäîâàíèé. Ýêñïå-
ðèìåíòàëüíûå çíà÷åíèÿ èçìåðÿåìûõ âåëè÷èí 
ïîäâåðãàëè ñòàòèñòè÷åñêîé îáðàáîòêå â ñîîò-
âåòñòâèè ñ ÑÒÎ ÀÈÑÒ 1.17-2010 «Èñïûòàíèÿ 
ñåëüñêîõîçÿéñòâåííîé òåõíèêè è àãðîòåõíîëî-
ãèé. Ìåòîäû ñðàâíèòåëüíîé îöåíêè ñ èñïîëü-
çîâàíèåì ìíîãîôàêòîðíîãî êîððåëÿöèîííî-
ãî-ðåãðåññèâíîãî àíàëèçà»; ââåäåí 15.09.2011. 
(âçàìåí ÑÒÏ 13.046-80). 

Âàðüèðóåìûìè ôàêòîðàìè â ýêñïåðèìåíòå 
ïî òðåõôàêòîðíîìó ïëàíó Áîêñà áûëè âûáðà-
íû: ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà; 
ãëóáèíà îáðàáîòêè ïî÷âû; óãîë êðîøåíèÿ 
(âõîäà â ïî÷âó â ïîïåðå÷íî-âåðòèêàëüíîé ïëî-
ñêîñòè) äîëîòà. 

Ïðåäåëû èçìåíåíèÿ ýòèõ ôàêòîðîâ ïðåä-
ñòàâëåíû â òàáë. 1.

Óðîâíè ôàêòîðîâ âûáèðàëè òàêèì îáðàçîì, 
÷òîáû îïòèìàëüíûå èõ çíà÷åíèÿ, ðàññ÷èòàí-
íûå òåîðåòè÷åñêè è ó÷èòûâàþùèå ñóùåñòâóþ-
ùèå îãðàíè÷åíèÿ, ïîïàäàëè â öåíòð èíòåðâàëà 
âàðüèðîâàíèÿ.

Ìàêñèìàëüíûìè çíà÷åíèÿìè äëÿ ïåðâîãî 
ôàêòîðà ÿâëÿþòñÿ çíà÷åíèÿ ñêîðîñòè ïåðåìå-
ùåíèÿ ðàáî÷åãî îðãàíà îò 2 äî 3 ì/ñ, äëÿ âòîðî-
ãî ôàêòîðà – ìàêñèìàëüíîé ãëóáèíû îáðàáîòêè 
ïî÷âû îò 25 äî 35 ñì, òðåòüåãî – ìàêñèìàëüíîãî 
óãëà êðîøåíèÿ äîëîòà îò 30 äî 35 ãðàä.

Êðèòåðèåì îöåíêè (îòêëèêà) ÿâëÿåòñÿ òÿãî-
âîå óñèëèå ýíåðãîñðåäñòâà [14], çàòðà÷èâàåìîå 

Òàáëèöà 1
Ïðåäåëû èçìåíåíèÿ ôàêòîðîâ

Âàðüèðóåìûå â îïûòå ôàêòîðû Êîäèðîâàííûå îáîçíà÷åíèÿ 
ôàêòîðîâ

Ïðåäåëû èçìåíåíèÿ

–1 0 +1

Ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà, ì/ñ Õ
1

2 2,5 3

Ãëóáèíà îáðàáîòêè ïî÷âû, ñì Õ
2

25 30 35

Óãîë êðîøåíèÿ äîëîòà, ãðàä. Õ
3

30 32,5 35

Òàáëèöà 2
Ïëàí ýêñïåðèìåíòà è âûõîäíûå ïàðàìåòðû îïûòîâ

№
îïûòà

Ìàòðèöà 
ïëàíèðîâàíèÿ Íàòóðàëüíûå çíà÷åíèÿ ïåðåìåííûõ

Âûõîäíûå 
ïàðàìåòðû (òÿãîâîå 
ñîïðîòèâëåíèå), êÍÕ

1
Õ

2
Õ

3

Ñêîðîñòü 
ïåðåìåùåíèÿ 

ðàáî÷åãî îðãàíà, ì/ñ

Ãëóáèíà 
 îáðàáîòêè 
ïî÷âû, ñì

Óãîë êðîøåíèÿ 
äîëîòà, ãðàä.

1 +1 +1 0 3 35 32,5 6,5
2 +1 –1 0 3 25 32,5 7,2
3 –1 +1 0 2 35 32,5 9,1
4 –1 –1 0 2 25 32,5 7,4
5 0 0 0 2,5 30 32,5 5,2
6 +1 0 +1 3 30 35 7,2
7 +1 0 –1 3 30 30 6,3
8 –1 0 +1 2 30 35 9,1
9 –1 0 –1 2 30 30 6,9

10 0 0 0 2,5 30 32,5 8,2
11 0 +1 +1 2,5 35 35 10,1
12 0 +1 –1 2,5 35 30 7,3
13 0 –1 +1 2,5 25 35 8,1
14 0 –1 –1 2,5 25 30 7,2
15 0 0 0 2,5 30 32,5 6,3
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íà ïðåîäîëåíèå ñèëû ñîïðîòèâëåíèÿ ïî÷âû, 
äåéñòâóþùåé íà ðàáî÷èé îðãàí (òÿãîâîå ñîïðî-
òèâëåíèå ðàáî÷åãî îðãàíà). Îò âåëè÷èíû òÿãî-
âîãî ñîïðîòèâëåíèÿ íàïðÿìóþ çàâèñÿò ýíåð-
ãîçàòðàòû íà âûïîëíåíèå òåõíîëîãè÷åñêîãî 
ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Ïîýòîìó íåîáõîäèìî ïîäîáðàòü ðàöèî-
íàëüíûå çíà÷åíèÿ ôàêòîðîâ, îáåñïå÷èâàþùèõ 
ìèíèìàëüíîå òÿãîâîå ñîïðîòèâëåíèå.

Ïëàí ýêñïåðèìåíòà è âûõîäíûå ïàðàìåòðû 
îïûòîâ ïðåäñòàâëåíû â òàáë. 2. 

Ðåçóëüòàòû è èõ îáñóæäåíèå
Â ðåçóëüòàòå èññëåäîâàíèé âëèÿíèÿ ñêîðî-

ñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà, ãëóáèíû 
îáðàáîòêè ïî÷âû, óãëà êðîøåíèÿ äîëîòà íà òÿ-
ãîâîå ñîïðîòèâëåíèå ïîëó÷åíî ðåãðåññèîííîå 
óðàâíåíèå â êîäèðîâàííûõ îáîçíà÷åíèÿõ:

Y = 2,252 – 0,663Õ
1
 + 0,378Õ

2
 + 0,85Õ

3
 – 

– 0,6Õ
1
Õ

2
 + 0,325Õ

1
Õ

3
 + 0,475Õ

2
Õ

3
 – 

– 0,092 2
1X  + 0,089 2

2X + 0,71 2
3X .

Ïðîâåðêà àäåêâàòíîñòè ìàòåìàòè÷åñêîé 
ìîäåëè ïîêàçàëà, ÷òî ïî êðèòåðèþ Ôèøåðà 
(F = 8,16 < F

òàá
 = 9,55) óðàâíåíèå ìàòåìàòè-

÷åñêîé ìîäåëè ÿâëÿåòñÿ àäåêâàòíûì. Ìîäåëü 
ïðèìåíèìà äëÿ ðåøåíèÿ íàó÷íî-èññëåäîâà-
òåëüñêèõ çàäà÷. 

Àíàëèç âëèÿíèÿ ôàêòîðîâ íà êðèòåðèé îï-
òèìèçàöèè ïî óðàâíåíèþ ðåãðåññèè âûÿâèë 
ñëåäóþùåå.

Óãîë êðîøåíèÿ äîëîòà ðàáî÷åãî îðãàíà (Õ
3
) 

îêàçûâàåò íàèáîëåå ñèëüíîå âëèÿíèå. Ýòîò 
ôàêòîð èìååò íàèáîëüøèé êîýôôèöèåíò ïðè 
Õ

3
 â óðàâíåíèè ðåãðåññèè, à çíàê «ïëþñ» ó êî-

ýôôèöèåíòà, õàðàêòåðèçóþùåãî âëèÿíèå äàí-
íîãî ôàêòîðà, óêàçûâàåò íà óâåëè÷åíèå êðèòå-
ðèÿ îïòèìèçàöèè.

Ìåíüøåå âëèÿíèå íà êðèòåðèé îïòèìèçà-
öèè îêàçûâàåò ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî 
îðãàíà (Õ

1
). Çíàê «ìèíóñ» ó êîýôôèöèåíòà ïðè 

Õ
1
, õàðàêòåðèçóþùåãî âëèÿíèå äàííîãî ôàêòîðà, 

óêàçûâàåò íà òî, ÷òî ñ ðîñòîì åãî çíà÷åíèÿ ïðî-
èñõîäèò óìåíüøåíèå êðèòåðèÿ îïòèìèçàöèè. 

Õàðàêòåð âëèÿíèÿ ãëóáèíû îáðàáîòêè 
ïî÷âû ðàáî÷èì îðãàíîì (Õ

2
) ïîêàçûâàåò, ÷òî ñ 

óâåëè÷åíèåì åãî çíà÷åíèÿ ïðîèñõîäèò ðîñò òÿ-
ãîâîãî ñîïðîòèâëåíèÿ.

 Âëèÿíèå ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî 
îðãàíà è ãëóáèíû îáðàáîòêè ïî÷âû íà èçìåíå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðåäñòàâëåíî íà 
ðèñ. 2.

Ïðè ôèêñàöèè çíà÷åíèÿ óãëà âõîäà â ïî÷âó 
äîëîòà ðàáî÷åãî îðãàíà íà óðîâíå 32,5 ãðàäó-
ñà êðèòåðèé îïòèìèçàöèè ïîñëåäîâàòåëüíî 
óìåíüøàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè â ïðåäå-
ëàõ åå âàðüèðîâàíèÿ â îïûòå. Íàèìåíüøåå çíà-
÷åíèå êðèòåðèé îïòèìèçàöèè äîñòèãàåò ïðè 
ãëóáèíå îáðàáîòêè ïî÷âû îò 30 äî 31,5 ñì.

Âëèÿíèå óãëà âõîäà â ïî÷âó äîëîòà ðàáî÷åãî 
îðãàíà è ãëóáèíû îáðàáîòêè ïî÷âû íà èçìåíå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðåäñòàâëåíî íà 
ðèñ. 3.

Ðèñ. 2. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ãëóáèíû îáðàáîòêè ïî÷âû è ñêîðîñòè 

ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì

Ðèñ. 3. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ãëóáèíû îáðàáîòêè è óãëà 

êðîøåíèÿ äîëîòà ðàáî÷åãî îðãàíà 
ñ êðèâîëèíåéíûì ðûõëèòåëåì 

Ïðè ôèêñàöèè çíà÷åíèÿ ñêîðîñòè ïåðåìåùå-
íèÿ ðàáî÷åãî îðãàíà íà óðîâíå 2,5 ì/ñ ïîëó÷å-
íî îïòèìàëüíîå çíà÷åíèå ãëóáèíû îáðàáîòêè 
ïî÷âû (îò 28 äî 29 ñì) è óãëà êðîøåíèÿ äîëîòà 
(îò 31 äî 31,5 ãðàä.). 
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Âëèÿíèå èçìåíåíèÿ óãëà âõîäà â ïî÷âó 
äîëîòà ðàáî÷åãî îðãàíà è ñêîðîñòè ïåðåìåùå-
íèÿ ðàáî÷åãî îðãàíà íà òÿãîâîå ñîïðîòèâëåíèå 
ïðåäñòàâëåíî íà ðèñ. 4.

 

Ðèñ. 4. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ñêîðîñòè è óãëà âõîäà â ïî÷âó äîëîòà 

ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 

Ïðè ôèêñàöèè çíà÷åíèÿ ãëóáèíû îáðàáîòêè 
ïî÷âû ðàáî÷èì îðãàíîì íà óðîâíå 30 ñì êðè-
òåðèé îïòèìèçàöèè ïîñëåäîâàòåëüíî óìåíü-
øàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè â ïðåäåëàõ åå 
âàðüèðîâàíèÿ â îïûòå. Íàèìåíüøåå çíà÷åíèå 
êðèòåðèé îïòèìèçàöèè äîñòèãàåò ïðè óãëå êðî-
øåíèÿ äîëîòà ðàáî÷åãî îðãàíà îò 31 äî 31,5 ãðàä. 
Îïòèìàëüíûé óãîë êðîøåíèÿ äîëîòà ðàáî÷åãî 
îðãàíà ñîñòàâëÿåò îò 31 äî 31,5 ãðàä è ïðè ãëó-
áèíå îáðàáîòêè ïî÷âû îò 28 äî 29 ñì çàôèêñèðî-
âàíî îïòèìàëüíîå òÿãîâîå ñîïðîòèâëåíèå. 

Â ðåçóëüòàòå ïðîâåäåííîãî àíàëèçà ýêñïå-
ðèìåíòàëüíûõ äàííûõ áûëî âûÿâëåíî ñíèæå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ óâåëè÷åíèåì 
ñêîðîñòè, ÷òî ïîäòâåðæäàþò ïðåäûäóùèå èñ-
ñëåäîâàíèÿ [11] (ðèñ. 5). Öèôðàìè íà ðèñóíêå 
óêàçàíû çíà÷åíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ óâåëè-
÷åíèåì ñêîðîñòè ìîæíî îáúÿñíèòü õàðàêòåðîì 
âçàèìîäåéñòâèÿ ðàáî÷åãî îðãàíà ñ ïî÷âîé â ñî-
îòâåòñòâèè ñ êîíñòðóêöèåé êðèâîëèíåéíûõ 
ñòîéêè è ðûõëèòåëÿ, êîòîðûå ïðè êðîøåíèè 
ïëàñòà çà ñ÷åò ôîðìû ñïîñîáñòâóþò âîçíèêíî-
âåíèþ ðàçíîíàïðàâëåííûõ äåôîðìàöèé, â òîì 
÷èñëå íàèìåíåå ýíåðãîåìêèõ (ðàñòÿæåíèÿ). 
Ïðè îïòèìàëüíîì óãëå êðîøåíèÿ íàáëþäàåò-
ñÿ äîñòàòî÷íûé ïîäïîð ïëàñòà, îòñóòñòâóåò 
ïðîöåññ ñãðóæèâàíèÿ ïî÷âû ïåðåä ðàáî÷èì 
îðãàíîì [15], ìîùíîñòü ýíåðãîñðåäñòâà íå ðàñ-
õîäóåòñÿ íà ïåðåìåùåíèå ïðèçìû âîëî÷åíèÿ, è 
òÿãîâîå ñîïðîòèâëåíèå ñíèæàåòñÿ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ ðîñòîì 
ñêîðîñòè ïðè áëîêèðîâàííîì ðåçàíèè, êîòî-
ðîå âîçíèêàåò ïðè âçàèìîäåéñòâèè äîëîòà ñ 
ïî÷âîé â ïîäïàõîòíîì ñëîå ïðè äîñòèæåíèè 
êðèòè÷åñêîé ãëóáèíû ðåçàíèÿ, ïîäòâåðæäåíî 
èññëåäîâàíèÿìè Â.È. Ïûíäàêà, À.Å. Íîâèêîâà. 
Ñæàòèå â óñëîâèÿõ áëîêèðîâàííîãî ðåçàíèÿ 
íîñèò öèêëè÷åñêèé õàðàêòåð, ñîïðîâîæäàþ-
ùèéñÿ ñìåùåíèåì ïëàñòà ââåðõ ïî ïîâåðõíî-
ñòè íàêëîííîãî äîëîòà. Ïðè ýòîì îò íàãðóæåí-
íûõ è ïåðåóïëîòíåííûõ ôðàãìåíòîâ ïî÷âû 
ðàñïðîñòðàíÿþòñÿ âîëíû íàïðÿæåíèé è äåôîð-
ìàöèé – ñîçäàåòñÿ âèáðàöèîííîå âîçäåéñòâèå 
íà ïî÷âó. Ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëíû íà-
ïðÿæåíèÿ íàïðÿìóþ çàâèñèò îò ìîäóëÿ óïðó-
ãîñòè, êîòîðûé ïðè âûñîêîé óïëîòíåíîñòè è 
òâåðäîñòè ïîäïàõîòíûõ ñëîåâ ïî÷âû ðåçêî âîç-
ðàñòàåò è ñîèçìåðÿåòñÿ ñî ñêîðîñòüþ çâóêà. 
Ýòî îáúÿñíÿåò íåñóùåñòâåííîå âëèÿíèå ñêîðî-
ñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî òÿãî-
âîå ñîïðîòèâëåíèå ïî ñðàâíåíèþ ñî ñêîðîñòüþ 
ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ [16]. Ïðè 
âèáðàöèîííîì âîçäåéñòâèè óãîë âíóòðåííåãî 
òðåíèÿ ïåðèîäè÷åñêè ñòðåìèòñÿ ê íóëþ è ïðè 
îïðåäåëåííîì óãëå êðîøåíèÿ äîëîòà ðàáî÷å-
ãî îðãàíà ðàçðóøåíèå ïëàñòà ïðîèñõîäèò ïîä 
óãëîì ñêîëà, ñîâïàäàþùèì ñ íàïðàâëåíèåì 
íàèìåíüøåãî ñîïðîòèâëåíèÿ ïî÷âû.

Èññëåäóåìûé ðàáî÷èé îðãàí ðàçðàáîòàí íà 
îñíîâå ÷èçåëüíîãî ñ ðûõëèòåëåì äëÿ ìåëêîé 
îáðàáîòêè ïî÷âû, ðàñïîëîæåííûì â âåðõíåé 
÷àñòè ñòîéêè. Èç àíàëèçà ôîðìóëû Ãîðÿ÷êèíà 
ñëåäóåò, ÷òî ïðè óìåíüøåíèè îáðàáàòûâàåìîé 
ïëîùàäè â ïîïåðå÷íîì ñå÷åíèè ïðè èñïîëüçî-
âàíèè ÷èçåëÿ, ôóíêöèîíèðóþùåãî ñ íåäîðåçîì 

Ðèñ. 5. Ñå÷åíèå ïîâåðõíîñòè îòêëèêà ïðè èçìåíåíèè 
óãëà êðîøåíèÿ äîëîòà è ñêîðîñòè ïåðåìåùåíèÿ 
ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòèêà [11]
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ïëàñòà ïî øèðèíå çàõâàòà ìàøèíû, à òàêæå 
ïðè èçìåíåíèè êîýôôèöèåíòîâ, õàðàêòåðèçóþ-
ùèõ ñîïðîòèâëåíèå äåôîðìàöèÿì ðàñòÿæåíèÿ, 
óâåëè÷åíèå ñêîðîñòè ðàáî÷åãî îðãàíà ñ êðè-
âîëèíåéíûìè ñòîéêîé è ðûõëèòåëåì íå ïðè-
âîäèò ê ïîâûøåíèþ òÿãîâîãî ñîïðîòèâëåíèÿ, 
à ïðè îïòèìàëüíûõ ïàðàìåòðàõ äàæå ñïîñîá-
ñòâóåò åãî ñíèæåíèþ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðè óâå-
ëè÷åíèè ñêîðîñòè ðàáî÷åãî îðãàíà ñ ýëåìåí-
òàìè èç ïëàñòèêà îáúÿñíÿåòñÿ óìåíüøåíèåì 
ïåðâîé ñîñòàâëÿþùåé ôîðìóëû Ãîðÿ÷êèíà çà 
ñ÷åò ïîëîæèòåëüíûõ ñâîéñòâ èñïîëüçóåìî-
ãî âûñîêîìîëåêóëÿðíîãî ïîëèýòèëåíà íèçêîé 
ïëîòíîñòè, âûðàæåííûõ â çíà÷èòåëüíîì óìåíü-
øåíèè ìàññû êîíñòðóêöèè è êîýôôèöèåíòà 
âíåøíåãî òðåíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî óñëîâèÿ ïðîâåäåíèÿ 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé [12] õàðàê-
òåðèçîâàëèñü ýêñòðåìàëüíîé òâåðäîñòüþ íà 
ãëóáèíå áîëåå 25 ñì (7,49 ÌÏà ïðè äîïóñêàå-
ìîé 4 ÌÏà). Ïîýòîìó íåîáõîäèìî ïðîäîëæèòü 
èññëåäîâàíèÿ ïðè ðàçëè÷íûõ óñëîâèÿõ ôóíê-
öèîíèðîâàíèÿ äëÿ ïîäòâåðæäåíèÿ âûäâèíó-
òîé ãèïîòåçû î ìåíåå ñóùåñòâåííîì âëèÿíèè 
ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî 
òÿãîâîå ñîïðîòèâëåíèå (ïî ñðàâíåíèþ ñî ñêî-
ðîñòüþ ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ).

Çàêëþ÷åíèå
Â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ èññëå-

äîâàíèé ïî òðåõôàêòîðíîìó ïëàíó Áîêñà ïî 
êðèòåðèþ ìèíèìóìà òÿãîâîãî ñîïðîòèâëåíèÿ 
îïðåäåëåíû ïàðàìåòðû ðàáî÷åãî îðãàíà ñ êðè-
âîëèíåéíûì ðûõëèòåëåì, îáåñïå÷èâàþùèì 
ñíèæåíèå ýíåðãîçàòðàò íà ïîñëîéíóþ áåçîò-
âàëüíóþ îáðàáîòêó ïî÷âû: ïðè ôèêñàöèè çíà-
÷åíèÿ ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà 
íà óðîâíå 2,5 ì/ñ ïîëó÷åíî îïòèìàëüíîå çíà÷å-
íèå ãëóáèíû îáðàáîòêè ïî÷âû (îò 28 äî 29 ñì) 
è óãëà êðîøåíèÿ äîëîòà (îò 31 äî 31,5 ãðàä.). 
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