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Ðàññìîòðåíû ïðîáëåìû çàãðÿçíåíèÿ êîìïîíåíòîâ îêðóæàþùåé ñðåäû îò íåîáóñòðîåííûõ ñâàëîê íà 
ãîðîäñêèõ òåððèòîðèÿõ. Âûäåëåíû ýòàïû ðàçâèòèÿ íåîáóñòðîåííîé ñâàëêè. Ðàçðàáîòàíà ìàòåìàòè÷å-
ñêàÿ ìîäåëü ïðîíèêíîâåíèÿ çàãðÿçíÿþùèõ âåùåñòâ â ãðóíò ïîä íåîáóñòðîåííîé ñâàëêîé. Èñïîëüçî-
âàíèå àïïàðàòà ìàòåìàòè÷åñêîé ìîäåëè ïîçâîëÿåò îïðåäåëèòü ãëóáèíó ïðîíèêíîâåíèÿ çàãðÿçíåíèé, 
âðåìÿ ïðîíèêíîâåíèÿ çàãðÿçíÿþùèõ âåùåñòâ â ãëóáü ãðóíòà. Èñïîëüçîâàíèå ìîäåëè ïîçâîëèò îáîñ-
íîâàííî îïðåäåëÿòü òîëùó çàãðÿçíåííîãî ãðóíòà ïðè ëèêâèäàöèè ñâàëêè. 

Êëþ÷åâûå ñëîâà: òâåðäûå áûòîâûå îòõîäû, çàãðÿçíÿþùèå âåùåñòâà, ìîäåëü ïðîíèêíîâåíèÿ 

 
Â ïðîöåññå îáðàçîâàíèÿ è ðàçâèòèÿ íåîáó-

ñòðîåííîé ñâàëêè íàáëþäàåòñÿ ñïåöèôè÷åñêèå 
ïðîöåññû âîçäåéñòâèÿ òàêîé ñâàëêè íà êîìïî-
íåíòû îêðóæàþùåé ñðåäû. Ïîýòîìó ïðåäëàãà-
åòñÿ æèçíåííûé öèêë íåîáóñòðîåííîé ñâàëêè 
ðàçäåëèòü íà ýòàïû ñ ó÷åòîì ýòèõ îñîáåííî-
ñòåé: 
1 ýòàï – îáðàçîâàíèå ñâàëêè, íà÷èíàåòñÿ ñ 

ìîìåíòà ïîÿâëåíèÿ íà ñâîáîäíîé òåððèòîðèè 
ïåðâîé ïîðöèè îòõîäîâ, âîêðóã êîòîðûõ íà÷è-
íàåò ôîðìèðîâàòüñÿ íåîáóñòðîåííàÿ ñâàëêà. 
Âñëåäñòâèå ïðîöåññîâ, ïðîòåêàþùèõ â òåëå 
ñâàëêè, íà ïîâåðõíîñòè ãðóíòà ïîä îòõîäàìè 
íàêàïëèâàþòñÿ çàãðÿçíÿþùèå âåùåñòâà. 

2 ýòàï – ðàçâèòèå ñâàëêè, õàðàêòåðèçóåòñÿ 
àêòèâíûì ïðîíèêíîâåíèåì îáðàçîâàâøèõñÿ íà 
ïîâåðõíîñòè ãðóíòà ïîä îòõîäàìè çàãðÿçíÿþ-
ùèõ âåùåñòâ íåïîñðåäñòâåííî â ãðóíò è äàëü-
íåéøåì ðîñòîì çàíèìàåìîé íåîáóñòðîåííîé 
ñâàëêîé òåððèòîðèè. 

3 ýòàï – ðàçâèòàÿ ñâàëêà, õàðàêòåðèçóåòñÿ 
ðàñøèðåíèåì çîíû çàãðÿçíåíèÿ ãðóíòà ïîä 
ñâàëêîé. Ïðè ýòîì â ãðóíòå äîñòèãàþòñÿ ìàê-
ñèìàëüíûå çíà÷åíèÿ êîíöåíòðàöèé çàãðÿç-
íÿþùèõ âåùåñòâ, ïåðåíåñåííûõ âîäîé â ïðî-
öåññå ìåõàíè÷åñêîãî ïåðåíîñà.  

Òàê êàê íà ïåðâîì ýòàïå âîçäåéñòâèå îò íå-
îáóñòðîåííîé ñâàëêè âûðàæàåòñÿ òîëüêî â âè-
äå îáðàçîâàíèÿ íåáîëüøîãî êîëè÷åñòâà çàãðÿç-
íÿþùèõ âåùåñòâ íà ïîâåðõíîñòè ãðóíòà, òî 
öåëåñîîáðàçíî ðàññìàòðèâàòü ïîñëåäóþùèå 
ýòàïû ðàçâèòèÿ, êîãäà ïðîèñõîäèò ïðîíèêíî-
âåíèå íàêîïèâøèõñÿ âåùåñòâ â òîëùó ãðóíòà. 
Îáðàçóþùèåñÿ íà ïîâåðõíîñòè çàãðÿçíÿþùèå 
âåùåñòâà ïðîíèêàþò â ãëóáü ãðóíòà çà ñ÷åò 
ñíåãîòàÿíèÿ è ñèëüíûõ äîæäåé, òî åñòü ïåðèî-
äè÷åñêè – ïðîöåññ íåñòàöèîíàðíûé. Çíà÷èò, 
ïðîöåññ ïðîíèêíîâåíèÿ çàãðÿçíÿþùåé æèäêîñòè 
_____________________________________ 
Øàáàíîâ Âñåâîëîä Àëåêñàíäðîâè÷, êàíäèäàò òåõíè÷å-
ñêèõ íàóê, ïðîôåññîð êàôåäðû ïðèðîäîîõðàííîãî è 
ãèäðîòåõíè÷åñêîãî ñòðîèòåëüñòâà 
Ãàëèöêîâà Þëèÿ Ìèõàéëîâíà, ñòàðøèé ïðåïîäàâàòåëü 
êàôåäðû ïðèðîäîîõðàííîãî è ãèäðîòåõíè÷åñêîãî 
ñòðîèòåëüñòâà. E-mail: galickova@yandex.ru 

â ïî÷âó ïîä ñâàëêîé ìîæíî ðàññìàòðèâàòü êàê 
ïðîöåññ èíôèëüòðàöèè æèäêîñòè â ãðóíò ïîä 
äåéñòâèåì ñèëû òÿæåñòè è äàâëåíèÿ âîäû, íà-
õîäÿùåéñÿ íà ïîâåðõíîñòè. Ïðîâåäåííûå ðàíåå 
èññëåäîâàíèÿ Êîñòÿêîâà À.Í. è Àâåðüÿíîâà 
C.Ô. îïèðàþòñÿ íà ìîäåëü ãðóíòà â âèäå 
ñïëîøíîé ñðåäû. Â ñîîòâåòñòâèè ñ ýòîé ìîäå-
ëüþ, â ðåçóëüòàòå ðàñ÷åòà ïîëó÷àþòñÿ ñðåäíèå 
ñêîðîñòè òå÷åíèé, òî åñòü ñêîðîñòè, îñðåäíåí-
íûå ïî íåêîòîðîé ïëîùàäêå. 

Äëÿ ïîëó÷åíèÿ «èñòèííûõ» ñêîðîñòåé äâè-
æåíèÿ æèäêîñòè â ïîðàõ ïðèìåì â êà÷åñòâå 
ìîäåëè – ìîäåëü èäåàëüíîãî ãðóíòà. Äèôôå-
ðåíöèàëüíîå óðàâíåíèå äâèæåíèÿ, äëÿ ðàñ-
ñìàòðèâàåìîé ìîäåëè ñ ó÷åòîì ïåðåìåííîé 
ìàññû äâèæóùåéñÿ âîäû èìååò âèä: 
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çäåñü y – ãëóáèíà ïðîíèêíîâåíèÿ æèäêîñòè â 
ïîðû ãðóíòà íà ìîìåíò âðåìåíè t, m – ýôôåê-
òèâíàÿ ïîðèñòîñòü ãðóíòà, g – óñêîðåíèå ñâî-
áîäíîãî ïàäåíèÿ, k – êîýôôèöèåíò ôèëüòðà-
öèè ãðóíòà ïîä òåëîì ñâàëêè, Δ – âûñîòà ñëîÿ 
âîäû íà ïîâåðõíîñòè ãðóíòà â íà÷àëüíûé ìî-
ìåíò âðåìåíè t=0. Äàííîå óðàâíåíèå ïðåä-
ñòàâëÿåòñÿ ýïþðîé ñ âîñõîäÿùåé è íèñõîäÿ-
ùåé âåòâüþ. Íèñõîäÿùóþ âåòâü ýïþðû ñêîðî-
ñòåé ìîæíî àïïðîêñèìèðîâàòü ãèïåðáîëîé 
 

btAv +⋅= − 5,0
  2) 

 

Àíàëèç óðàâíåíèÿ (2) ïîêàçûâàåò, ÷òî ïåð-
âûé ÷ëåí óðàâíåíèÿ (âòîðàÿ ïðîèçâîäíàÿ) çà-
ìåòíî âëèÿåò íà äâèæåíèå òîëüêî â íà÷àëü-
íûé, âåñüìà êîðîòêèé ïåðèîä âðåìåíè. Ïðå-
íåáðåæåì ïåðâûì ÷ëåíîì è ïîëó÷èì óïðî-
ùåííîå óðàâíåíèå äâèæåíèÿ æèäêîñòè, ïðè 
ïðîñà÷èâàíèè åe â ãðóíò. 
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Èëè, îáîçíà÷èâ äëÿ óäîáñòâà n=(1−m), ïîëó÷èì 
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Èíòåãðèðóÿ, ïðè íà÷àëüíûõ óñëîâèÿõ y(0)=0, 
íàéäåì: 
 

)1ln(2 yn
nk

my
nk

mt
Δ

+
⋅
Δ⋅

−
⋅

=
 (5) 

 

Ýòà ôîðìóëà ÿâëÿåòñÿ ïðèáëèæåííîé, ïîýòîìó 
äëÿ åå óòî÷íåíèÿ ââåäåì êîýôôèöèåíòû 
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Êîýôôèöèåíòû α è β íàõîäÿòñÿ ïðè îáðà-

áîòêå ýêñïåðèìåíòàëüíûõ äàííûõ. Ýêñïåðè-
ìåíòàëüíî ïîëó÷åííàÿ çàâèñèìîñòü âðåìåíè 
ïðîíèêíîâåíèÿ æèäêîñòè îò ãëóáèíû ïðîíèê-
íîâåíèÿ ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêîãî 
ïàêåòà Mathcad 13 àïïðîêñèìèðóåì ôóíêöèåé  
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Ðàñõîæäåíèå ìåæäó ýêñïåðèìåíòàëüíûìè 
äàííûìè è âû÷èñëåíèÿìè îöåíèâàëèñü ñ ïî-
ìîùüþ ïðîãðàììû ChiSquareGoodnessOfFit-
Test Maple 10. Ðåçóëüòàòû ðàñ÷åòîâ ïîäòâåð-
äèëè îòñóòñòâèå çíà÷èìûõ ðàñõîæäåíèé íà 
0.05 óðîâíå. Â ðåçóëüòàòå îáðàáîòêè ïîëó÷åíû 
çíà÷åíèÿ êîýôôèöèåíòîâ À è Â, êîòîðûå ÿâ-
ëÿþòñÿ ôóíêöèÿìè ïàðàìåòðîâ, îïðåäåëÿþùèõ 
äâèæåíèå æèäêîñòè, à èìåííî m, k, Δ. n ÿâëÿ-
åòñÿ ôóíêöèåé m. 
Ñðàâíèâàÿ óðàâíåíèÿ (6) è (7), ïîëó÷èì: 
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α è β òàêæå ÿâëÿþòñÿ ñëó÷àéíûìè âåëè÷èíà-
ìè. Èõ ìîæíî ïðåäñòàâèòü â âèäå ñèñòåìû òî-
÷åê â ÷åòûðåõìåðíîì ïðîñòðàíñòâå ñ êîîðäè-
íàòíûìè îñÿìè m, k, Δ, ðàñïîëîæåííûõ íà íå-
êîòîðîé ïîâåðõíîñòè. Ïðèáëèæåííî ýòó ïî-
âåðõíîñòü ìîæíî àïïðîêñèìèðîâàòü ãèïåðïëî-
ñêîñòüþ. Óðàâíåíèÿ ýòèõ ãèïåðïëîñêîñòåé 
ìîæíî çàïèñàòü òàê: 
 

;321 Δ⋅+⋅+⋅= rkrmrα
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Àíàëèç îòíîøåíèÿ β/α ïîêàçàë, ÷òî ýòè çíà÷å-
íèÿ ðàñïðåäåëåíû íîðìàëüíî ñ ñðåäíèì çíà÷å-
íèåì 1,07 è äèñïåðñèåé 0,1. Ïîýòîìó äîâåðè-
òåëüíûé èíòåðâàë äëÿ ñðåäíåãî çíà÷åíèÿ 
1,07±0,03. 

Äëÿ îïðåäåëåíèÿ ÷èñëåííîãî çíà÷åíèÿ α è 
β èñïîëüçîâàëàñü ôóíêöèÿ ëèíåéí, èìåþùàÿñÿ 
â ìàòåìàòè÷åñêîì ïàêåòå Excel. Â êà÷åñòâå íó-
ëåâîé ãèïîòåçû áûëî âûäâèíóòî ïðåäïîëî-
æåíèå, ÷òî âåëè÷èíà α íå çàâèñèò îò ïàðàìåò-
ðîâ m, k è Δ. Ðàñ÷åòíîå çíà÷åíèå ñòàòèñòèêè 
ïîëó÷åíî Fex=26,78. Êðèòè÷åñêîå çíà÷åíèå ñòà-
òèñòèêè – F=5,409. Ðàñ÷åòíîå çíà÷åíèå çíà÷è-
òåëüíî ïðåâûøàåò êðèòè÷åñêîå è íóëåâàÿ ãè-
ïîòåçà, ñ âåðîÿòíîñòüþ 95% îòâåðãàåòñÿ. Ýòî 
ïîçâîëÿåò ñäåëàòü âûâîä î òîì, ÷òî ñóùåñòâóåò 
äîñòàòî÷íî ñèëüíàÿ çàâèñèìîñòü ìåæäó êîýô-
ôèöèåíòîì α è ïàðàìåòðàìè m, k è Δ. 

Äàëåå áûëà îïðåäåëåíà ñòàòèñòè÷åñêàÿ 
çíà÷èìîñòü êîýôôèöèåíòîâ ðàçëîæåíèÿ, êîòî-
ðàÿ ïîêàçàëà, ÷òî α çàâèñèò, â îñíîâíîì, îò 
âûñîòû ñëîÿ âîäû íà ïîâåðõíîñòè ãðóíòà è 
êîýôôèöèåíòà ôèëüòðàöèè. Òàêèì îáðàçîì, â 
ðåçóëüòàòå ðàñ÷åòîâ ïðåäëîæåíà ôîðìóëó äëÿ 
îïðåäåëåíèÿ α: 

 

2.02504.0 −⋅+Δ⋅= kα   (9) 
 

Äëÿ ïîëó÷åíèÿ áîëåå ïðîñòîé çàâèñèìîñòè 
y(t) ðàçëîæèì ïðàâóþ ÷àñòü óðàâíåíèÿ 10: 
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â ñòåïåííîé ðÿä ïî ó è óäåðæèì äâà ÷ëåíà. 
Ïîëó÷èì: 
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Ïðàâàÿ ÷àñòü ïîëó÷åííîãî óðàâíåíèÿ ÿâëÿåòñÿ 
ïðèáëèæåííûì ðåøåíèåì. Äëÿ óòî÷íåíèÿ êî-
ýôôèöèåíòîâ ïðè ïåðåìåííîé ó àïïðîêñèìè-
ðóåì îïûòíûå äàííûå ïàðàáîëîé, òî åñòü: 
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Ïîñëå îáðàáîòêè ïîëó÷èì: 
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Èëè  
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ãäå r – óòî÷íÿþùèé êîýôôèöèåíò, ïîçâîëÿþ-
ùèé ó÷åñòü îñòàëüíûå ÷ëåíû ñòåïåííîãî ðÿäà. 

Ðåøàÿ îòíîñèòåëüíî ó, ïîëó÷èì çàâèñè-
ìîñòü ãëóáèíû ïðîíèêíîâåíèÿ ó îò âðåìåíè: 

 

nm
tknmrrm

nm
mry

⋅⋅
⋅Δ⋅⋅⋅⋅⋅⋅+−⋅⋅Δ⋅

+

+
⋅⋅
−⋅Δ⋅⋅

⋅=

β
βαβ

β
αβ

22222 4)(

)(
2
1

 
    (15) 

 

Äèôôåðåíöèðóÿ (15) ïî âðåìåíè, ïîëó÷èì 
ñêîðîñòü èíôèëüòðàöèè â ðàçëè÷íûå ìîìåíòû 
âðåìåíè: 
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Ïîñëå ñîïîñòàâëåíèÿ ïîëó÷åííîé ôîðìóëû 
ñ ðåçóëüòàòàìè ëàáîðàòîðíûõ ýêñïåðèìåíòîâ 
ïîëó÷èëè, ÷òî äëÿ ãðóíòîâ ñ îäíîðîäíîé 
êðóïíîñòüþ (ïåðâûé è âòîðîé òèï ãðóíòà) r 
ñîîòâåòñòâóåò 5. Ïðèâåäåííûå âûøå óðàâíåíèÿ 
ìîæíî ïðèìåíÿòü ïðè îáëàñòè èçìåíåíèÿ ïà-
ðàìåòðîâ: 
- êîýôôèöèåíòà ôèëüòðàöèè kô îò 0,05⋅10-2 
ñì/ñ äî 0,01⋅10-2 ñì/ñ, 
- èñõîäíîé âåëè÷èíå ñëîÿ æèäêîñòè íà ïî-
âåðõíîñòè îò 5 äî 15 ñì èëè ñëîå âûïàäåíèÿ 
îñàäêîâ îò 25 äî 75 ìì. 

Â êà÷åñòâå íà÷àëüíûõ óñëîâèé ïðèíÿòî, ÷òî 
ïåðâîíà÷àëüíî æèäêîñòü â ïîðàõ îòñóòñòâóåò, à 
æèäêîñòü, îêàçûâàþùàÿ âîçäåéñòâèå íà ïî÷âó 
è ãðóíò, íàõîäèòñÿ â ñîñòîÿíèè ïîêîÿ, òî åñòü 
îòñóòñòâóåò äâèæåíèå ïî ïîâåðõíîñòè. Ïðèâå-
äåííûå ôîðìóëû ìîæíî ïðèìåíÿòü òîëüêî ïðè 
Δ≥0, äàëåå äâèæåíèå æèäêîñòè ñòàíîâèòñÿ 
áåçíàïîðíûì è ïðèìåíåíèå âûøåîïèñàííûõ 
ôîðìóë íå âîçìîæíî. Äëÿ ïðàêòè÷åñêîãî ïðè-
ìåíåíèÿ ìîæíî ðåêîìåíäîâàòü ñëåäóþùóþ 
ïîñëåäîâàòåëüíîñòü âû÷èñëåíèé õàðàêòåðèñòèê 
äâèæåíèÿ çàãðÿçíåííîé æèäêîñòè â ãðóíò ïîä 
ñâàëêîé: 
1. Ïî ôîðìóëå 10 îïðåäåëÿåòñÿ âðåìÿ ïðî-

íèêíîâåíèÿ æèäêîñòè íà çàäàííóþ ãëóáèíó. 
2. Ïî ôîðìóëå 15 îïðåäåëÿåòñÿ ãëóáèíà ïðî-

íèêíîâåíèÿ æèäêîñòè çà çàäàííûé ïåðèîä 
âðåìåíè. 
3. Ïî ôîðìóëå 16 îïðåäåëÿåòñÿ ñêîðîñòü 

äâèæåíèÿ â çàäàííûé ìîìåíò âðåìåíè. 
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Ðèñ. 1 Ðåçóëüòàòû ðàñ÷åòà âðåìåíè  
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Ðèñ. 2. Ðàñïðåäåëåíèå ñêîðîñòåé  
ïðîíèêíîâåíèÿ æèäêîñòè â ãðóíò 

(êô = 1,1·10-2 ñì/ñ ) ïðè Δ=15 ñì 
 

Äëÿ ãðóíòà ñ êô=1,1·10-2 ñì/ñ ïðè Δ=5 ñì â 
ðåçóëüòàòå ðàñ÷åòîâ áûëè ïîëó÷åíû äàííûå 
ïðåäñòàâëåííûå â òàáë. 1. Òàêèì îáðàçîì, ïî-
ëó÷åííûå çàâèñèìîñòè ïîêàçàëè ïðèåìëåìóþ 
ñõîäèìîñòü ñ ýêñïåðèìåíòàëüíûìè äàííûìè. 
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Òàáëèöà 1. Ðåçóëüòàòû ðàñ÷åòîâ 
 

Ýêñïåðèìåíòàëüíûå  Ðàñ÷åòíûå 
âðåìÿ ïðî-
íèêíîâåíèÿ, 

ñ 

ãëóáèíà, 
ñì 

âðåìÿ ïðî-
íèêíîâå-
íèÿ, ñ 

ãëóáèíà, 
ñì 

ñêîðîñòü, 
ñì/ñ 

0 0 0 0 1,399 
3,45 8,82 6,17 3,4537 0,457 
6,73 22,64 18,85 6,72695 0,336 
10,00 43,09 38,18 10,0003 0,278 
13,55 68,64 66,62 13,5459 0,240 
17,27 108,27 104,92 17,2724 0,213 

 
Âûâîäû: 

1. Ïîëó÷åíà ìàòåìàòè÷åñêàÿ ìîäåëü ïðîíèê-
íîâåíèÿ çàãðÿçíÿþùèõ âåùåñòâ â ãðóíò. 
2. Ðàçðàáîòàííàÿ ìîäåëü ïîçâîëÿåò îïðåäå-

ëÿòü âðåìÿ ïðîíèêíîâåíèÿ æèäêîñòè íà çà-
äàííóþ ãëóáèíó â çàâèñèìîñòè îò íà÷àëüíîãî 
ñëîÿ æèäêîñòè è òàêèõ ïàðàìåòðîâ ãðóíòà êàê 
ïîðèñòîñòü è êîýôôèöèåíò ôèëüòðàöèè, à 
òàêæå ðåøèòü îáðàòíóþ çàäà÷ó – îïðåäåëèòü 

ãëóáèíó ïðîíèêíîâåíèÿ æèäêîñòè íà ëþáîé 
ìîìåíò âðåìåíè, â çàâèñèìîñòè îò íàçâàííûõ 
âûøå ïàðàìåòðîâ. Ìîäåëü ïîçâîëèò ðàññ÷èòàòü 
òàêæå ñêîðîñòü äâèæåíèÿ æèäêîñòè íà ëþáîé 
ãëóáèíå â çàäàííûé ìîìåíò âðåìåíè. 

3. Ìîäåëü ïðîíèêíîâåíèÿ çàãðÿçíÿþùåé 
æèäêîñòè â ãðóíò ïîçâîëèò ñïðîãíîçèðîâàòü 
ãëóáèíó çàãðÿçíåíèÿ ãðóíòà ïîä òåëîì íåîáó-
ñòðîåííîé ñâàëêè. 

 
MATHEMATICAL MODEL OF DISTRIBUTION  

THE POLLUTING SUBSTANCES IN GROUND  

 
© 2009   V.A. Shabanov, Yu.M. Galitskova 

 Samara State Architecturally-Building University 
 

Problems of environmental components from not equipped dumps in city territories are considered. Stages 
of development of not equipped dump are allocated. The mathematical model of penetration the polluting 
substances in a ground under not equipped dump is developed. Use of mathematical model means allows 
to define depth of pollution penetration, time of penetration the polluting substances in depth of a 
ground. Use of model will reasonly allow to define thickness of the polluted ground at liquidation of a 
dump. 

Key words: hard domestic waste, polluting substances, model of penetration 
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