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Ïðèâåäåí ñòàòè÷åñêèé ðàñ÷åò ýêñêàâàòîðíîãî êîâøà àêòèâíîãî òèïà ñ ðåæóùèìè 
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äíîé èç ñàìûõ ðàñïðîñòðàíåííûõ ìàøèí äëÿ ðàçðàáîòêè ãðóíòà 
ÿâëÿåòñÿ îäíîêîâøîâûé ýêñêàâàòîð. Ñðåäè ïóòåé ïîâûøåíèÿ åãî 

ýôôåêòèâíîñòè è ðàñøèðåíèÿ òåõíîëîãè÷åñêèõ âîçìîæíîñòåé ÿâëÿåòñÿ 
èñïîëüçîâàíèå â êà÷åñòâå íàâåñíîãî îáîðóäîâàíèÿ êîâøà àêòèâíîãî äåé-
ñòâèÿ. 

Êîâø àêòèâíîãî äåéñòâèÿ, óñòàíîâëåííûé íà ýêñêàâàòîð, ïîçâîëÿåò 
ïðîèçâîäèòü ðàçðàáîòêó ãðóíòîâ è ïîðîä ïîâûøåííîé ïðî÷íîñòè áåç èñ-
ïîëüçîâàíèÿ äîïîëíèòåëüíîãî òåõíîëîãè÷åñêîãî öèêëà ïî ïîäãîòîâêå 
ãðóíòà ê ýêñêàâàöèè. Ýòî ïðèâîäèò ê âîçðàñòàíèþ ïðîèçâîäèòåëüíîñòè ðà-
áîò è ñíèæåíèÿ èõ ñòîèìîñòè. 

Â Ïåðìñêîì ãîñóäàðñòâåííîì òåõíè÷åñêîì óíèâåðñèòåòå âåäóòñÿ èññëå-
äîâàíèÿ â îáëàñòè ñîçäàíèÿ ýêñêàâàòîðíûõ êîâøåé, à òàêæå äðóãèõ ðàáî-
÷èõ îðãàíîâ ñ àêòèâíûìè ðåæóùèìè çóáüÿìè, èñïîëüçóþùèìè â êà÷åñòâå 
ïðèâîäà ãèäðîöèëèíäðû è óïðàâëÿåìûìè ñïåöèàëüíûì óñòðîéñòâîì íà îñ-
íîâàíèè ñèãíàëîâ, ïîëó÷åííûõ ñ ïîìîùüþ äàò÷èêîâ äàâëåíèÿ è ïåðåìåùå-
íèÿ [1,2]. Ãèäðîöèëèíäðû ñïîñîáíû ñîçäàòü íà ðåæóùèõ êðîìêàõ çóáüåâ 
âûñîêèå óäåëüíûå äàâëåíèÿ, ÷òî âåäåò ê ñóùåñòâåííûì ëîêàëüíûì íàïðÿ-
æåíèÿì â ìàññèâå ãðóíòà ñ äàëüíåéøèì åãî ðàçðóøåíèåì. Ïîÿâëÿåòñÿ âîç-
ìîæíîñòü ðàçðàáîòêè ãðóíòà áîëåå âûñîêîé êàòåãîðèè [3]. 

Â ïðåäëàãàåìîì êîâøå àêòèâíîãî äåéñòâèÿ (ðèñ. 1) çóáüÿ çàêðåïëåíû íà 
øòîêàõ ãèäðîöèëèíäðîâ. Äàííàÿ êîíñòðóêöèÿ ïîçâîëÿåò àêòèâíûì çóáüÿì 
ñîâåðøàòü âîçâðàòíî-ïîñòóïàòåëüíûå äâèæåíèÿ. Êàæäûé ãèäðîöèëèíäð 
óïðàâëÿåòñÿ îòäåëüíûì ãèðîðàñïðåäåëèòåëåì, ÷òî ïîçâîëÿåò ñîâåðøàòü 
íåçàâèñèìûå äðóã îò äðóãà äâèæåíèÿ àêòèâíûõ çóáüåâ. Àìïëèòóäà âîçâðàò-
íî-ïîñòóïàòåëüíûõ äâèæåíèé àêòèâíîãî çóáà çàâèñèò îò êîíñòðóêöèè ãèä-
ðîöèëèíäðà. Ñêîðîñòü ïåðåìåùåíèÿ àêòèâíûõ çóáüåâ çàâèñèò, â ïåðâóþ 
î÷åðåäü, îò ïðîèçâîäèòåëüíîñòè íàñîñíîé óñòàíîâêè ïî ðàñõîäó, à óñèëèÿ 
íà àêòèâíûõ çóáüÿõ — îò äàâëåíèÿ ðàáî÷åé æèäêîñòè â ãèäðîñèñòåìå. Ïî-
âîðîò âñåãî êîâøà îñóùåñòâëÿåòñÿ ãèäðîöèëèíäðîì ïðèâîäà êîâøà ñ óñè-

ëèåì 
ãö

P
.

 

Îïèñûâàåìàÿ êîíñòðóêöèÿ ïîçâîëÿåò, ïðè íàëè÷èè ñîîòâåòñòâóþùåãî 
àïïàðàòà óïðàâëåíèÿ, îáåñïå÷èòü øèðîêèé äèàïàçîí äâèæåíèé è ñèëîâûõ 
õàðàêòåðèñòèê àêòèâíûõ çóáüåâ. Â ÷àñòíîñòè, ýòî ìîãóò áûòü äâèæåíèÿ 
çóáüåâ ñ îïðåäåëåííîé àìïëèòóäîé è ÷àñòîòîé, ÷òî õàðàêòåðíî äëÿ êîâøåé 
àêòèâíîãî òèïà âèáðàöèîííîãî äåéñòâèÿ. 

Î 
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Ðèñ. 1. Ñõåìà êîâøà àêòèâíîãî äåéñòâèÿ 

 

 
Ðèñ. 2. Ñõåìà ðàñïðåäåëåíèÿ ñèë ïðè êîïàíèè êîâøîì àêòèâíîãî äåéñòâèÿ 
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Êîìïëåêñíàÿ ñèñòåìà óïðàâëåíèÿ âñåõ çâåíüåâ íàâåñíîãî îáîðóäîâàíèÿ (ñòðåëà, 
ðóêîÿòü, êîâø, àêòèâíûå çóáüÿ) ïîçâîëÿåò åùå áîëåå ðàñøèðèòü âîçìîæíîñòè 
êîâøà àêòèâíîãî äåéñòâèÿ. 

Ïåðñïåêòèâà çíà÷èòåëüíîãî õîäà àêòèâíûõ çóáüåâ è áîëüøèõ âîçìîæíîñòåé 
óïðàâëåíèÿ ïîçâîëÿåò ðàçðàáîòàòü êîâø àêòèâíîãî äåéñòâèÿ ñ øèðîêèì ñïåê-
òðîì âîçäåéñòâèÿ íà ãðóíò. Ïîÿâëÿåòñÿ âîçìîæíîñòü ðàçðàáîòêè ïðî÷íûõ 
ãðóíòîâ ñ âûñîêîé ïðîèçâîäèòåëüíîñòüþ è íèçêîé ýíåðãîåìêîñòüþ. 

Ìàòåìàòè÷åñêàÿ ìîäåëü êîâøà àêòèâíîãî äåéñòâèÿ ïîçâîëÿåò ðåøèòü øèðî-
êèé ïåðå÷åíü çàäà÷, âîçíèêàþùèõ ïðè ïðîåêòèðîâàíèè êîíñòðóêöèè êîâøà (4). 
Ìàòåìàòè÷åñêàÿ ìîäåëü êîâøà àêòèâíîãî äåéñòâèÿ îñíîâàíà íà äèôôåðåíöè-
àëüíûõ óðàâíåíèÿõ. Äëÿ äàëüíåéøåé ðàáîòû è ïîëó÷åíèÿ óðàâíåíèé äâèæåíèÿ 
ìåõàíè÷åñêîé ñèñòåìû â îáîáùåííûõ êîîðäèíàòàõ, òðåáóåòñÿ èõ èíòåãðèðîâà-
íèå è îïðåäåëåíèå ïî íà÷àëüíûì óñëîâèÿì ïîñòîÿííûõ èíòåãðèðîâàíèÿ. 

×àñòíûé ñëó÷àé, ïðè êîòîðîì îòñóòñòâóåò äâèæåíèå êîâøà è àêòèâíûõ çóáüåâ, 
ïðèâîäèò ê çíà÷èòåëüíîìó óïðîùåíèþ óðàâíåíèé äâèæåíèÿ ìåõàíè÷åñêîé ñèñòå-
ìû â îáîáùåííûõ êîîðäèíàòàõ. Â ýòîì ñëó÷àå ëåâûå ÷àñòè óðàâíåíèé Ëàãðàíæà, 
ñîäåðæàùèå êèíåòè÷åñêèå ýíåðãèè, îáðàùàþòñÿ â íóëü. Â ïðàâûõ ÷àñòÿõ óðàâíå-
íèé Ëàãðàíæà îñòàþòñÿ îáîáùåííûå ñèëû, ÷òî â ðåçóëüòàòå âåäåò ê óðàâíåíèÿì 
ñòàòèêè. 

Ñòàòè÷åñêèé ðàñ÷åò ïîçâîëÿåò îïðåäåëèòü âçàèìîäåéñòâèÿ ñèë, äåéñòâóþùèõ íà 
êîíñòðóêöèþ ïðè âñòðå÷å ñ íåïðåîäîëèìûì ïðåïÿòñòâèåì. 

Êàê îòìå÷àëîñü ðàíåå, ðàáîòà êîâøà àêòèâíîãî äåéñòâèÿ õàðàêòåðèçóåòñÿ 
âûäâèæåíèåì è âòÿãèâàíèåì àêòèâíûõ çóáüåâ. Ìû ïðåäïîëàãàåì, ÷òî ïðè ðàáî-
òå êîâøà àêòèâíîãî äåéñòâèÿ êàæäûé èç çóáüåâ ðàáîòàåò ïîî÷åðåäíî. Ýòî çíà-
÷èò, ÷òî êàæäûé ñëåäóþùèé çóá íà÷èíàåò âíåäðÿòüñÿ â ãðóíò, êîãäà ïðåäûäó-
ùèé çóá ñîâåðøèë ñâîþ ðàáîòó. 

Ïðè ñòàòè÷åñêîì ðàñ÷åòå ìîæíî âûäåëèòü òðè ñëó÷àÿ: 
Ïðîèñõîäèò óïîð àêòèâíîãî çóáà â íåïðåîäîëèìîå ïðåïÿòñòâèå â ðåçóëüòàòå 

äâèæåíèÿ êîâøà, àêòèâíûé çóá íåïîäâèæåí. 
Ïðîèñõîäèò óïîð àêòèâíîãî çóáà â íåïðåîäîëèìîå ïðåïÿòñòâèå â ðåçóëüòàòå 

åãî âûäâèæåíèÿ, êîðïóñ êîâøà íåïîäâèæåí. 
Ïðîèñõîäèò óïîð àêòèâíîãî çóáà â íåïðåîäîëèìîå ïðåïÿòñòâèå â ðåçóëüòàòå 

ñîâìåñòíîãî äâèæåíèÿ êîâøà è àêòèâíîãî çóáà. 
Äëÿ ñëó÷àÿ I ìîæíî çàïèñàòü (ðèñ. 2) 

( )

( )( )
( )( )

⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ + ⋅ −
⎜ ⎟
⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ + =
⎜ ⎟− ⋅ − ⋅
⎜ ⎟⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠

C i i W W

i i i

E Ai

i i i

m g r m g r x P r

r x C A
P r P

r x C A

1 1 2 1 2

2

1 2 2

1 2

1 2 2

cos cos( ) cos( )

sin( ) sin( ) 0,

cos( ) cos( )

     (1) 

ãäå m
1
 — ìàññà êîâøà ñ ãðóíòîì; 

i
m

2
 — ìàññà îäèíî÷íîãî i — îãî àêòèâíîãî 

çóáà; g  — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, g = 9,81 ì/ñ2; 
W

P  — ñèëà, ñîçäà-

âàåìàÿ øòîêîì ãèäðîöèëèíäðà ïðèâîäà êîâøà; 
E

P  — ñèëà ñîïðîòèâëåíèÿ 

ãðóíòà, êîòîðàÿ âîçäåéñòâóåò íà ðåæóùóþ êðîìêó êîâøà; 
Ai

P – ñèëà ñîïðîòèâ-

ëåíèÿ ãðóíòà, êîòîðàÿ äåéñòâóåò íà ðåæóùóþ êðîìêó åäèíè÷íîãî çóáà â 

òî÷êå 
i

A . 
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Ñëåäîâàòåëüíî 

( )

( )( )
( )( )

⎛ ⎞
⎜ ⎟⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ +
⎜ ⎟⎜ ⎟
⎜ ⎟+ ⋅ − ⋅⎜ ⎟⎝ ⎠= ⎜ ⎟

⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ +
⎜ ⎟
⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠

C i i

W W E

Ai

i i

i i

m g r m g r x

P r P r
P

r x C A

r x C A

1
1 2 1 2

1

2

1 2 2

2

1 2 2

cos cos( ) cos( )

.

sin( ) sin( )

cos( ) cos( )

      (2) 

Äëÿ íåêîòîðûõ ðàñ÷åòîâ, íàïðèìåð, ïî îïðåäåëåíèþ èçãèáàþùèõ óñèëèé, 
äåéñòâóþùèõ íà øòîê ãèäðîöèëèíäðà, íåîáõîäèìî çíàòü îñåâûå è ðàäèàëüíûå 

ñèëû. Îïðåäåëèì ïðîåêöèè ñèëû 
Ai

P  íà îñè x y
2 2
, , ò.å. ñîîòâåòñòâåííî îñåâóþ 

ñèëó x

AiP
2  è ðàäèàëüíóþ ñèëó y

AiP
2 . Äëÿ ýòîãî íåîáõîäèìî íàéòè óãîë α . 

Ïîñêîëüêó óãîë ìåæäó íàïðàâëåíèåì äåéñòâèÿ ñèëû 
Ai

P  è îòðåçêîì 
i

AB  ñî-

ñòàâëÿåò 900, òî ìîæíî çàìåòèòü, ÷òî 

πα = − ϕ + ∠
i

ABE.
2

                                                                                        (3) 

Â ñâîþ î÷åðåäü, ïî òåîðåìå ñèíóñîâ 

∠
=

∠
i i

i i

ABE A E

A EB A B

sin( )
.

sin( )
                                                                                         (4) 

èëè 

⎛ ⎞
∠ = ⋅ ∠⎜ ⎟

⎝ ⎠

i

i i

i

A E
ABE A EB

AB
arcsin sin( ) .                                                                  (5) 

Ïî òåîðåìå êîñèíóñîâ 

= + − ∠
i i i

AB A E EB A EB
2 2 cos( ).                                                                     (6) 

Âèäíî, ÷òî  

∠ = π − ϕ
i

A EB .                                                                                                (7) 

Ïîäñòàâëÿÿ (7), (6), (5) â (3) ìû ìîæåì îïðåäåëèòü óãîë α  

⎛ ⎞π
⎜ ⎟α = − ϕ + × π − ϕ
⎜ ⎟+ − ∠⎝ ⎠

i

i i

A E

A E EB A EB
2 2

arcsin sin( )
2 cos( )

.                            (8) 

Ñîîòâåòñòâåííî, äëÿ ñëó÷àÿ I 

( )

( )( )
( )( )

⎛ ⎞
⎜ ⎟⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ +
⎜ ⎟⋅ α⎜ ⎟
⎜ ⎟+ ⋅ − ⋅⎜ ⎟⎝ ⎠= ⎜ ⎟

⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ +
⎜ ⎟
⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠

C i i

W W EIx

Ai

i i

i i

m g r m g r x

P r P r
P

r x C A

r x C A

1
1 2 1 2

12

2

1 2 2

2

1 2 2

cos cos( ) cos( )
cos

,

sin( ) sin( )

cos( ) cos( )

 (9) 
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( )

( )( )
( )( )

⎛ ⎞
⎜ ⎟⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ +
⎜ ⎟⋅ α⎜ ⎟
⎜ ⎟+ ⋅ − ⋅⎜ ⎟⎝ ⎠= ⎜ ⎟

⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ +
⎜ ⎟
⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠

C i i

W W EIy

Ai

i i

i i

m g r m g r x

P r P r
P

r x C A

r x C A

1
1 2 1 2

12

2

1 2 2

2

1 2 2

cos cos( ) cos( )
sin

.

sin( ) sin( )

cos( ) cos( )

(10) 

Äëÿ ñëó÷àÿ II ìîæíî çàïèñàòü óðàâíåíèå  

⋅ ⋅ γ + λ + ϕ − + =
i Ai EAi

m g P P
2

sin( ) 0,                                                               (11) 

ãäå 
EAi

P  — ñèëà, ñîçäàâàåìàÿ øòîêîì ãèäðîöèëèíäðà ïðèâîäà i — îãî àêòèâ-

íîãî çóáà. 

Ïðîåêöèè ñèëû 
Ai

P  íà îñè x y
2 2
, , äëÿ ñëó÷àÿ II çàïèøåì 

= ⋅ ⋅ γ + λ + ϕ −IIx

Ai i EAi
P m g P2

2
sin( ) ,                                                                   (12) 

=IIy

AiP
2

0.                                                                                                       (13) 

Ñëó÷àé III ÿâëÿåòñÿ îáùèì äëÿ äâóõ ïðåäûäóùèõ ñëó÷àåâ. Ëåãêî ìîæíî çàìå-
òèòü, ÷òî â ýòîì ñëó÷àå ðåçóëüòàò îïðåäåëÿåòñÿ ñóììîé ïðîåêöèé (9), (12) è (10), 
(13) 

( )

( )( )
( )( )

⎡⎛ ⎞
⎢⎜ ⎟⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ +
⎢⎜ ⎟⋅ α⎜ ⎟
⎜ ⎟⎢ + ⋅ − ⋅⎜ ⎟⎝ ⎠ +⎢⎜ ⎟= ⎢⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ +

⎢⎜ ⎟
⎢⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠⎢

+ ⋅ ⋅ γ + λ + ϕ −⎣

C i i

W W E

IIIx

Ai
i i

i i

i EAi

m g r m g r x

P r P r

P r x C A

r x C A

m g P

1
1 2 1 2

1

2
2

1 2 2

2

1 2 2

2

cos cos( ) cos( )
cos

sin( ) sin( )

cos( ) cos( )

sin( )

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎢ ⎥
⎦

,

 (14) 

( )

( )( )
( )( )

⎛ ⎞
⎜ ⎟⎛ ⎞⋅ ⋅ ⋅ γ + ⋅ ⋅ ⋅ γ + λ + ⋅ γ + λ + ϕ +
⎜ ⎟⋅ α⎜ ⎟
⎜ ⎟+ ⋅ − ⋅⎜ ⎟⎝ ⎠= ⎜ ⎟

⎜ ⎟− ⋅ γ + λ − + ⋅ γ + λ + ϕ +
⎜ ⎟
⎜ ⎟+ − ⋅ γ + λ − + ⋅ γ + λ + ϕ
⎝ ⎠

C i i

W W EIIIy

Ai

i i

i i

m g r m g r x

P r P r
P

r x C A

r x C A

1
1 2 1 2

12

2

1 2 2

2

1 2 2

cos cos( ) cos( )
sin

.

sin( ) sin( )

cos( ) cos( )

 (15) 

Â ðåçóëüòàòå ïðîâåäåíèÿ ñòàòè÷åñêîãî ðàñ÷åòà ïîÿâëÿåòñÿ âîçìîæíîñòü îï-
ðåäåëèòü âçàèìîñâÿçü ìåæäó ñâîéñòâàìè ñðåäû (ïîðîäû, ãðóíòà) è òðåáóåìûìè 
õàðàêòåðèñòèêàìè êîâøà àêòèâíîãî äåéñòâèÿ. Òåì ñàìûì âîçìîæåí ðàñ÷åò 
êîíñòðóêòèâíûõ ýëåìåíòîâ êîâøà â çàâèñèìîñòè îò ñâîéñòâ ñðåäû, äëÿ ðàáîòû 
â êîòîðîé ïëàíèðóåòñÿ åãî èñïîëüçîâàíèå. Â ÷àñòíîñòè, ðàñ÷åò îñåâîé è ðàäè-
àëüíîé ñîñòàâëÿþùåé ñèëû ñîïðîòèâëåíèÿ ãðóíòà, êîòîðàÿ äåéñòâóåò íà ðåæó-
ùóþ êðîìêó çóáà, ïîçâîëÿåò èñïîëüçîâàòü äàííûå äëÿ ðàçðàáîòêè êîíñòðóêöèè 
ãèäðîöèëèíäðà ïðèâîäà àêòèâíîãî çóáà. 
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