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Àíàëèç ìàòåìàòè÷åñêèõ ìîäåëåé äëÿ ðàñ÷åòà

ãåîìåõàíè÷åñêèõ ïàðàìåòðîâ áóðåíèÿ

c⃝ Î. Þ. Çàáåéâîðîòà1, È. Ì. Ãóáàéäóëëèí2

Àííîòàöèÿ. Ïðè ðàçðàáîòêå íåôòÿíûõ ìåñòîðîæäåíèé íàèáîëåå òî÷íîå çíàíèå ïðî÷íîñòè
ïîðîäû íåîáõîäèìî äëÿ ãðàìîòíîãî îïðåäåëåíèÿ íàïðÿæåíèÿ íà ìåñòå çàëåãàíèÿ, àíàëèçà
ñòàáèëüíîñòè ñòâîëà ñêâàæèíû è äðóãèõ ïàðàìåòðîâ, íåîáõîäèìûõ ïðè áóðåíèè. Äîáû÷à,
áóðåíèå èçìåíÿþò íàïðÿæåíèå â ïëàñòàõ. Åñëè íå ó÷èòûâàòü ýòè èçìåíåíèÿ, òî âîçíèêàåò
ðÿä ïðîáëåì ïðè ýêñïëóàòàöèè ìåñòîðîæäåíèÿ. Ãåîìåõàíè÷åñêèå õàðàêòåðèñòèêè íàïðÿæå-
íèÿ ïîçâîëÿþò ïðåäñêàçûâàòü îñëîæíåíèÿ, êîòîðûå ìîãóò âîçíèêíóòü âî âðåìÿ ðàçðàáîòêè
ìåñòîðîæäåíèÿ.
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ðàñòâîð

1. Ââåäåíèå

Îñíîâíàÿ öåëü ïðîâåäåíèÿ ïðî÷íîñòíûõ ðàñ÷åòîâ ñòåíîê ñêâàæèíû ïðè áóðåíèè íåô-
òÿíûõ ñêâàæèí � îïðåäåëåíèå äîïóñòèìûõ äàâëåíèé ïðè ïðîãíîçèðîâàíèè è ðàçðàáîòêå
ìåð ïðåäóïðåæäåíèÿ ðÿäà îñëîæíåíèé [1]. Ýòè ïðîáëåìû ìîãóò ñíèçèòü ñêîðîñòü ïðîõîä-
êè ñêâàæèí, ÷òî ïðèâåäåò ê áîëüøèì çàòðàòàì ïî âðåìåíè è ñðåäñòâàì ïðè óñòðàíåíèè
íåïîëàäîê. Çàäà÷àì ïðåäóïðåæäåíèÿ ïîäîáíûõ îñëîæíåíèé óäåëÿåòñÿ îñîáîå âíèìàíèå.
Äàííàÿ ïðîáëåìà àêòóàëüíà íå òîëüêî â íàøåé ñòðàíå, íî è çà ðóáåæîì.

Ïðè ðàçðàáîòêå íåôòÿíûõ ìåñòîðîæäåíèé çíàíèå ïðî÷íîñòè ïîðîäû íåîáõîäèìî äëÿ
ãðàìîòíîãî îïðåäåëåíèÿ íàïðÿæåíèÿ íà ìåñòå çàëåãàíèÿ, àíàëèçà ñòàáèëüíîñòè ñòâîëà
ñêâàæèíû è äðóãèõ ïàðàìåòðîâ, íåîáõîäèìûõ ïðè ôîðìèðîâàíèè ñêâàæèíû è äàëüíåéøåé
åå ýêñïëóàòàöèè. Âñêðûòèå ïëàñòà, äîáû÷à, áóðåíèå èçìåíÿþò íàïðÿæåíèå.

Îñíîâíûå âèäû îñëîæíåíèé:

• îáâàëû, îñûïè, ïëàñòè÷åñêîå äåôîðìèðîâàíèå íåçàêðåïëåííûõ ñòåíîê ñêâàæèíû;

• ðàñêðûòèå ïîãëîùåíèÿ áóðîâîãî ðàñòâîðà;

• ïðèòîê ïëàñòîâûõ ôëþèäîâ.

Íàðóøåíèå óñòîé÷èâîñòè ñòâîëà ñêâàæèí, îáóñëîâëåííîå íàëè÷èåì â ðàçðåçå âûñî-
êîêîëëîèäàëüíûõ ãëèí, ÿâëÿåòñÿ îñíîâîïîëàãàþùåé ïðè÷èíîé îñëîæíåíèé è àâàðèé êàê
ýêñïëóàòàöèîííîãî, òàê è ðàçâåäî÷íîãî áóðåíèÿ [2]. Äàííàÿ ïðîáëåìà ÷àñòî óñóãóáëÿåòñÿ
âñêðûòèåì çîí òåêòîíè÷åñêîé ïåðåìÿòîñòè è áîëüøèì óãëîì çàëåãàíèÿ ãîðíûõ ïîðîä.

Êðîìå òîãî, ïðîáëåìà íå ÿâëÿåòñÿ ðåøåííîé â ïîëíîé ìåðå, òàê êàê è ïî ñåé äåíü âîçíè-
êàþò îáâàëû è îñûïè. Íåîáõîäèìà ðàçðàáîòêà ìåòîäèê ïî ïðîãíîçèðîâàíèþ âîçìîæíîãî
âîçíèêíîâåíèÿ îñëîæíåíèé.

1 Ìàãèñòðàíò ïåðâîãî ãîäà îáó÷åíèÿ, Áàøêèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, ã. Óôà;
zabeivorota.olga@gmail.com.

2 Ñòàðøèé íàó÷íûé ñîòðóäíèê ëàáîðàòîðèè ìàòåìàòè÷åñêîé õèìèè, Èíñòèòóò íåôòåõèìèè è êàòàëèçà,
ã. Óôà; IrekMars@mail.ru.
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2. Àíàëèç íåêîòîðûõ ñóùåñòâóþùèõ ìåòîäèê

Íà íà÷àëüíîì ýòàïå ðàáîòû áûë ïðîâåäåí îáçîð ñóùåñòâóþùèõ ìåòîäîâ ìîäåëèðîâà-
íèÿ, ðàñ÷åòà îñíîâíûõ ãåîìåõàíè÷åñêèõ ïàðàìåòðîâ.

Â îñíîâå ñóùåñòâóþùèõ ìåòîäèê ëåæèò ó÷åò ñâîéñòâ ãîðíîé ïîðîäû (íåêîíòðîëèðóå-
ìûå ïàðàìåòðû) íàïðÿæåíèå, ãîðíîå è ïîðîâîå äàâëåíèå, ïðî÷íîñòü ïîðîäû. Òàêæå ó÷è-
òûâàþòñÿ ñâîéñòâà áóðîâîãî ðàñòâîðà (êîíòðîëèðóåìûå ïàðàìåòðû): äàâëåíèå æèäêîñòè,
ñîñòàâ è ñâîéñòâà ðàñòâîðà, ãèäðîäèíàìè÷åñêèé ïåðåïàä äàâëåíèÿ. Êðîìå òîãî, íåîáõîäè-
ìî ó÷èòûâàòü èçìåíåíèå ôèçèêî-ìåõàíè÷åñêèõ è ôèçèêî-õèìè÷åñêèõ ñâîéñòâ ãëèíèñòîé
ïîðîäû ïðè âçàèìîäåéñòâèè ñ áóðîâûì ðàñòâîðîì.

Ìåòîäèêà, îïèñàííàÿ â îáçîðå Â.Ñ. Íîâèêîâà [3], îñíîâûâàåòñÿ íà òåîðèè òðåùèí. Ìè-
íèìàëüíî äîïóñòèìîå äàâëåíèå â ñêâàæèíå, ïðè êîòîðîì îáåñïå÷èâàåòñÿ óñòîé÷èâîñòü
ãîðíûõ ïîðîä, ñîîòâåòñòâóåò ïîðîâîìó (Pc = Pn) , òî åñòü îáîñíîâàíà íèæíÿÿ ãðàíèöà
óñòîé÷èâîñòè. Îäíàêî, â ýòîì ñëó÷àå êîìïåíñèðóåòñÿ òîëüêî ïîðîâîå äàâëåíèå è íå ó÷è-
òûâàåòñÿ, â êàêîì ñîñòîÿíèè è ñîîòíîøåíèè ñ ãîðíûì äàâëåíèåì íàõîäèòñÿ ãëèíèñòàÿ
ïîðîäà. Â ñëó÷àå ðàâåíñòâà ãèäðîñòàòè÷åñêîãî è ïîðîâîãî äàâëåíèé ìîæåò áûòü ïðåâû-
øåíà ìåõàíè÷åñêàÿ ïðî÷íîñòü, ÷òî ïðèâåäåò ê îáðóøåíèþ ãîðíîé ïîðîäû.

Îáëàñòü äîïóñòèìûõ çíà÷åíèé ïëîòíîñòè áóðîâîãî ðàñòâîðà ïðè áóðåíèè â óïðóãî âÿç-
êèõ ãîðíûõ ïîðîäàõ, ñêëîííûõ ê õðóïêîìó ðàçðóøåíèþ, îïðåäåëÿþòñÿ íåðàâåíñòâàìè:

0, 5 · ρg · ϕ(t) ≤ ρp ≤
10(6)·σp
qL

+ ρg[ϕ1(t)−K(1− µ0)]

1 + µ0 ·K
(2.1)

ρg[ϕ1(t) + µ0 − 1]

1 + µ0

≤ ρp ≤ 0, 5 · ρgϕ(t) (2.2)

K · ρg(1− µ0)−
10(6) · σ0

qL
≤ ρp (2.3)

K · ρgϕ(t)− 10(6)·σ0
qL

1 +K
≤ ρp ≤ [ϕ1(t) + (µ− 1)] · ρg (2.4)

ãäå ρg , ρp - ïëîòíîñòü ãîðíîé ïîðîäû è ðàñòâîðà (ã/cì3); σp - ïðåäåë ïðî÷íîñòè íà ðàñ-
òÿæåíèå (ÌÏà); σ0 - íàïðÿæåíèå ñæàòèÿ, ïðè êîòîðîì ïîðîäà ïåðåõîäèò â ïëàñòè÷åñêîå
ñîñòîÿíèå (ÌÏà); τnr - ïðåäåë ïðî÷íîñòè ãîðíîé ïîðîäû íà ñäâèã â ïëàñòè÷åñêîì ñîñòî-
ÿíèè (ÌÏà); µ0 - êîýôôèöèåíò, ó÷èòûâàþùèé ñíèæåíèå îñåâûõ íàïðÿæåíèé íà ñòåíêàõ
ñêâàæèíû, âûðàæàåòñÿ ÷åðåç êîýôôèöèåíò Ïóàññîíà:

µ0 =
0, 4 · √µ3

1− µ
(2.5)

µ3 - êîýôôèöèåíò Ïóàññîíà ïðè ìèíèìàëüíîì çíà÷åíèè ãëàâíûõ íàïðÿæåíèé; ϕ1(t) -
âðåìåííàÿ ôóíêöèÿ, çàâèñÿùàÿ îò ïàðàìåòðîâ ïîëçó÷åñòè α è β , ìîäóëÿ óïðóãîñòè E ,
êîýôôèöèåíòà Ïóàññîíà µ .

K =
σp + σ0 − τnr
σ0 + τnr

(2.6)

Äàííûé ìåòîä ïîçâîëÿåò ðàññ÷èòûâàòü êðàòêîâðåìåííóþ, äëèòåëüíóþ óñòîé÷èâîñòü
ãîðíûõ ïîðîä. Îäíàêî, ïðåäëîæåííàÿ ìåòîäèêà ðàñ÷åòà íå ïîçâîëÿåò äîñòàòî÷íî äîñòîâåð-
íî âûáðàòü îïòèìàëüíóþ ïëîòíîñòü ðàñòâîðà. Â äàííîé ìîäåëè íå ó÷èòûâàþòñÿ ôèçèêî-
õèìè÷åñêèå ôàêòîðû âçàèìîäåéñòâèÿ ãëèíèñòîé ïîðîäû ñ áóðîâûì ðàñòâîðîì.
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Ìåòîäèêà, ïðåäëîæåííàÿ À.Í. Ïîïîâûì [4], îñíîâûâàåòñÿ íà òåîðèè ïðî÷íîñòè Ìîðà-
Êóëîíà. Äëÿ ïðèíÿòèÿ ðåøåíèÿ î äàâëåíèè áóðîâîãî ðàñòâîðà è âûáîðå åãî ïëîòíîñòè
èñïîëüçóåòñÿ ÷åòûðå çíà÷åíèÿ ïðåäåëüíûõ äàâëåíèé áóðîâîãî ðàñòâîðà, â äèàïàçîíå êî-
òîðûõ ñòåíêè ñêâàæèíû áóäóò íàõîäèòüñÿ â óïðóãîì ñîñòîÿíèè:

psn < pc < psb (2.7)

pcc < pc < pgr (2.8)

ãäå psn - îãðàíè÷åíèå äàâëåíèÿ áóðîâîãî ðàñòâîðà ñíèçó (íèæíÿÿ ãðàíèöà óñòîé÷èâî-
ñòè)(ÌÏà); ps � îãðàíè÷åíèå äàâëåíèÿ áóðîâîãî ðàñòâîðà ñâåðõó (âåðõíÿÿ ãðàíèöà óñòîé-
÷èâîñòè)(ÌÏà); pgr � äàâëåíèå ãèäðîðàçðûâà (ÌÏà); pc � äàâëåíèå áóðîâîãî ðàñòâîðà
â ñêâàæèíå(ÌÏà); pcc � ñòàòè÷åñêîå äàâëåíèå â ñêâàæèíå (âûáèðàåòñÿ â çàâèñèìîñòè îò
ðàñ÷åòíîé ãëóáèíû ñêâàæèíû).

Â äàííîì ðàñ÷åòå âñå çíà÷åíèÿ äàâëåíèÿ ïðèâîäÿòñÿ ê ñòàòè÷åñêîìó áåçðàçìåðíîìó
âèäó ïóòåì äåëåíèÿ âñåõ äàâëåíèé íà äàâëåíèå ñòîëáà âîäû íà ðàññìàòðèâàåìîé ãëóáèíå.

Ïðè ïðèâèäåíèè äàâëåíèé ê áåçðàçìåðíîìó âèäó íåîáõîäèìî ââåñòè ïîïðàâêó ±∆p íà
ìàêñèìàëüíûå êîëåáàíèÿ ãèäðîäèíàìè÷åñêîãî äàâëåíèÿ â ñêâàæèíå îòíîñèòåëüíî ñòàòè-
÷åñêîãî ïðè ðàçëè÷íûõ òåõíîëîãè÷åñêèõ îïåðàöèÿõ.

Ïðåäåëüíûå âåëè÷èíû äëÿ ïëîòíîñòè áóðîâîãî ðàñòâîðà:

ρ0v =
(psb −∆p)

pcyrv
(2.9)

ρ0n =
(psn +∆p)

pcyrv
(2.10)

ρ0gr =
(pgr −∆p)

pcyrv
(2.11)

ρ0c =
pcc
pcyrv

(2.12)

ρ0n < ρ0 < ρ0v (2.13)

ρ0c < p0 < p0gr (2.14)

ρ = ρ0 · ρv (2.15)

ãäå ρ - èñêîìîå çíà÷åíèå ïëîòíîñòè (ã/ì3).
Äàííàÿ ìåòîäèêà õîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, åñëè âñå êîìïî-

íåíòû ãëàâíûõ íîðìàëüíûõ íàïðÿæåíèé ñæèìàþùèå. Îäíàêî, åå íå ðåêîìåíäóåòñÿ ïðè-
ìåíÿòü ïðè íàëè÷èè ðàñòÿãèâàþùèõ íàïðÿæåíèé.

Ïðè âûâîäå ðàñ÷åòíûõ ôîðìóë ðàññìîòðåíû ñëó÷àè ïîëíîé êîëüìàòàöèè è îòñóòñòâèÿ
êîëüìàòàöèè ñòåíîê ñêâàæèíû. Íàèáîëåå àäåêâàòíûìè ÿâëÿþòñÿ äàííûå äëÿ ïîðèñòûõ
ãîðíûõ ïîðîä.

Ðàññìîòðåííûé ìåòîä íå îõâàòûâàåò âñåãî ìíîãîîáðàçèÿ ñëó÷àåâ, âîçìîæíûõ ïðè áó-
ðåíèè ñêâàæèíû. Êðîìå òîãî, ìåòîäèêà À.Í. Ïîïîâà èìååò ðÿä ïîãðåøíîñòåé ïðè ðàñ÷åòå
â ñëó÷àå ãîðèçîíòàëüíîé ñòåíêè ñêâàæèíû.
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3. Çàêëþ÷åíèå

Äëÿ íà÷àëüíîãî ýòàïà ðàçðàáîòêè ïðîãðàììû áûëà âûáðàíà ìåòîäèêà À.Í.Ïîïîâà. Èñ-
ïîëüçîâàíû ñëåäóþùèå ïðîãðàììíûå ñðåäñòâà: Visual Studio, îáúåêòíî-îðèåíòèðîâàííûé
ÿçûê Ñ# . Â äàëüíåéøåì ïëàíèðóåòñÿ ïðèìåíèòü êîìáèíèðîâàííûå ìåòîäèêè ðàñ÷åòà,
ó÷èòûâàÿ ðåçóëüòàòû èññëåäîâàíèé Â.Ñ. Íîâèêîâà è äðóãèõ îáçîðîâ äàííîé îáëàñòè.
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Analysis of mathematical models for the calculation of

geomechanical drilling parameters

c⃝ O. Y. Zabeivorota3, I. M. Gubaidullin4

Abstract. In the oil �elds developing it is necessary to know the strength of the rock for competent
voltage detection in situ, the analysis of wellbore stability and other parameters. Knowing these
parameters is required for the formation of the well and further operations such as mining and
drilling voltage change in formations. There are several types of complications: landslides, debris,
disclosure of drilling mud, �uid in�ow. The main reason for such manifestations is the excess
pressure in the reservoir relative to the borehole. When opening, a hole space is replaced with a
washing liquid, which changes the thermal stress.

Key Words: stress, pressure, strength calculations, drilling, drilling mud
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