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Ïðîöåññû äåôîðìàöèîííûõ èçìåíåíèé çåìíîé êîðû â ïðåäåëàõ ñåéñìîàêòèâíûõ çîí
ñâÿçàíû ñ ïîäãîòîâêîé çåìëåòðÿñåíèé. Âûÿâëåíèå ðàçìåðîâ îáëàñòåé âëèÿíèÿ ãîòîâÿùèõ-
ñÿ çåìëåòðÿñåíèé èññëåäîâàëîñü â ðàáîòå [3]. Â íàñòîÿùåé ðàáîòå ñ ïîìîùüþ ìàòåìàòè÷å-
ñêîãî ìîäåëèðîâàíèÿ ïîñòðîåíà çîíà äåôîðìàöèîííîãî âëèÿíèÿ ÿïîíñêîãî çåìëåòðÿñåíèÿ
11.03.2011 ã. Â îñíîâå ïîëîæåíà ñòàòè÷åñêàÿ ìîäåëü äåôîðìàöèîííîãî ïîëÿ â ðàìêàõ òåî-
ðèè óïðóãîñòè [2].

Ðàññìîòðèì ìîäåëü çåìíîé êîðû â ïðèáëèæåíèè óïðóãîãî îäíîðîäíîãî èçîòðîïíîãî
ïîëóïðîñòðàíñòâà. Âî ââåäåííîé äåêàðòîâîé ñèñòåìå êîîðäèíàò ïîëóïðîñòðàíñòâî ñîâïà-
äàåò ñ ïîëîæèòåëüíûì íàïðàâëåíèåì îñè OZ. Òåíçîðû íàïðÿæåíèé σij è äåôîðìàöèé εij
è âåêòîð ñìåùåíèÿ ui óäîâëåòâîðÿþò ñèñòåìå óðàâíåíèé:
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ãäå Xi � ìàññîâûå ñèëû âíóòðè ïîëóïðîñòðàíñòâà, λ, µ � êîýôôèöèåíòû Ëàìý, δij �
ñèìâîë Êðîíåêåðà. Ãðàíè÷íûì óñëîâèåì äëÿ ñèñòåìû (1) - (3) ÿâëÿåòñÿ ñâîáîäíàÿ ãðàíèöà
z = 0: σzx|z=0 = σzy|z=0 = σzz|z=0 = 0.

Èñòî÷íèê â âèäå êîìáèíàöèè äåâÿòè äâîéíûõ ñèë ïîìåùåí â òî÷êó c íà îñè OZ [1].
Äëÿ íàõîæäåíèÿ ïîëÿ íàïðÿæåíèé ìîæíî âîñïîëüçîâàòüñÿ ïðåäñòàâëåíèåì Ãàëåðêèíà.

Êîìïîíåíòû òåíçîðà íàïðÿæåíèé â óïðóãîì èçîòðîïíîì ïîëóïðîñòðàíñòâå ìîãóò áûòü
âûðàæåíû ÷åðåç ÷àñòíûå ïðîèçâîäíûå âåêòîðà Ãàëåðêèíà [?]:
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ãäå X, Y, Z � êîîðäèíàòû âåêòîðà Ãàëåðêèíà H; σxx, σyy, σxx, σzz, σyz, σzx, σxy � êîìïîíåíòû
òåíçîðà íàïðÿæåíèé; ∆ � îïåðàòîð Ëàïëàñà, ν � êîýôôèöèåíò Ïóàññîíà.
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Ïðîâåäåì ìîäåëèðîâàíèå ìàêñèìàëüíûõ êàñàòåëüíûõ íàïðÿæåíèé. Äëÿ âûäåëåíèÿ íå
òîëüêî êðèòè÷åñêèõ, íî è âñåõ äðóãèõ âîçìîæíûõ óðîâíåé íàïðÿæåíèé, âîñïîëüçóåìñÿ âå-
ëè÷èíîé σmax = max(|σ1−σ2|, |σ2−σ3|, |σ3−σ1|)/2 � êðèòåðèåì ìàêñèìàëüíûõ êàñàòåëüíûõ
íàïðÿæåíèé, ãäå σ1, σ2, σ3 � ãëàâíûå çíà÷åíèÿ òåíçîðà íàïðÿæåíèé. Ñ ïîìîùüþ çíà÷åíèÿ
ìàêñèìàëüíîãî êàñàòåëüíîãî íàïðÿæåíèÿ îïðåäåëèì îòíîñèòåëüíûå äåôîðìàöèè ñäâèãà:

εmax =
(1 + ν)

E
σmax (5)

Â óïðóãîì ïîëóïðîñòðàíñòâå îïðåäåëèì ñëåäóþùèå óðîâíè ñäâèãîâûõ äåôîðìàöèé εmax

10−8− 10−7; 10−7− 10−6; 10−6− 10−5;> 10−5. Çíà÷åíèå < 10−8 âåëè÷èíû εmax ñîîòâåòñòâóåò
óðîâíþ ïðèëèâíîé äåôîðìàöèè çåìíîé êîðû, à çíà÷åíèå áîëüøå ÷åì 10−5 � îáðàçîâàíèþ
îáëàñòè ðàçóïëîòíåíèÿ è äîñòèæåíèþ ïðåäåëà ïðî÷íîñòè ïîðîä. Ïðè ÷èñëåííîì ìîäåëè-
ðîâàíèè äëÿ äàëüíåéøåãî àíàëèçà óñòàíîâèì óðîâåíü ñäâèãîâûõ äåôîðìàöèé � 10−5.

Ïðîãðàììíàÿ ðåàëèçàöèÿ ìàòåìàòè÷åñêîé ìîäåëè âûïîëíåíà â ñèñòåìå Maxima [9].
Èñïîëüçóÿ (4) è ñóììû âåêòîðîâ Ãàëåðêèíà äëÿ äâîéíûõ ñèë áåç ìîìåíòà [6] ïîëó÷å-

íû ÿâíûå ðåøåíèÿ äëÿ òåíçîðà íàïðÿæåíèé è ñäâèãîâûõ äåôîðìàöèé ñ ïîìîùüþ ïàêåòà
àíàëèòè÷åñêèõ âû÷èñëåíèé Maxima [9]:

1) Çàäàåì êîýôôèöèåíòû Ëàìý: lambda, mu, ãëóáèíó ãèïîöåíòðà, êîìïîíåíòû òåíçîðà
ñåéñìè÷åñêîãî ìîìåíòà.

2) Âû÷èñëÿåì êîìïîíåíòû òåíçîðà íàïðÿæåíèÿ σxx, σyy, σxx, σzz, σyz, σzx, σxy ñ ïîìîùüþ
ïðåäñòàâëåíèÿ Ãàëåðêèíà. Ïðåäñòàâèì èñòî÷íèê êàê êîìáèíàöèþ äåâÿòè äâîéíûõ ñèë
(äâîéíàÿ ñèëà â íàïðàâëåíèè îñè x, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè y, äâîéíàÿ ñèëà
â íàïðàâëåíèè îñè z, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè x ñ ìîìåíòîì îòíîñèòåëüíî îñè
y, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè x ñ ìîìåíòîì îòíîñèòåëüíî îñè z, äâîéíàÿ ñèëà â
íàïðàâëåíèè îñè y ñ ìîìåíòîì îòíîñèòåëüíî îñè x, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè y ñ
ìîìåíòîì îòíîñèòåëüíî îñè z, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè z ñ ìîìåíòîì îòíîñèòåëüíî
îñè x, äâîéíàÿ ñèëà â íàïðàâëåíèè îñè z ñ ìîìåíòîì îòíîñèòåëüíî îñè y) [6].

3) Âû÷èñëÿåì ñóïåðïîçèöèþ ðåøåíèé äëÿ åäèíè÷íûõ âåêòîðîâ.
4) Âû÷èñëèì êîìïîíåíòû òåíçîðà íàïðÿæåíèÿ σxx, σyy, σxx, σzz, σyz, σzx, σxy â êàæäîé

òî÷êå ïðîñòðàíñòâà, óìíîæèâ íà âåëè÷èíó ñåéñìè÷åñêîãî ìîìåíòà äëÿ ñîîòâåòñòâóþùåé
ñèëû.

5) Ïðèâåäåì ìàòðèöó ê äèàãîíàëüíîìó âèäó è âû÷èñëèì ìàêñèìàëüíóþ ïîëóðàçíîñòü
ãëàâíûõ êîìïîíåíò òåíçîðà. Ñäâèãîâûå êîìïîíåíòû îïðåäåëÿþòñÿ ïî ôîðìóëå (5).

6) Âû÷èñëÿåì ðàäèóñ âëèÿíèÿ çåìëåòðÿñåíèÿ - ìàêñèìàëüíûé ðàäèóñ îò ýïèöåíòðà äî
ãðàíèöû îáëàñòè ñî çíà÷åíèåì äåôîðìàöèè ïîðÿäêà 10−8.

Äëÿ ìîäåëèðîâàíèÿ îáëàñòè äåôîðìàöèè èñïîëüçîâàëèñü ñëåäóþùèå ïàðàìåòðû çåì-
íîé êîðû: ν=0.25, λ= 3.5 · 1010 Ïà, µ=3.48 · 1010 Ïà, ρ=2900 êã/ì3, g=9.8 ì/c2, S=3 · 106

Ïà, α=0.5. Çàäàíà ãëóáèíà èñòî÷íèêà c = 20 êì è òåíçîð ñåéñìè÷åñêîãî ìîìåíòà äëÿ
ÿïîíñêîãî çåìëåòðÿñåíèÿ 11.02.2011 ã. Äàííûå ïîëó÷åíû èç Ãàðâàðäñêîãî êàòàëîãà çåìëå-
òðÿñåíèé [10].

M =

 Mpp Mpt Mpr

Mtp Mtt Mtr

Mrp Mrt Mrr

 =

 −1.450 −0.657 4.550
−0.657 −0.281 2.120
4.550 2.120 1.730

 · 1022Í ì

Òåíçîð ñåéñìè÷åñêîãî ìîìåíòà çàäàí â Í ì. Êîîðäèíàòà r íàïðàâëåíà ïî ðàäèóñó ê
öåíòðó Çåìëè, t - íà þã è p - íà âîñòîê. Îðèåíòàöèÿ ñòîðîí ñâåòà âûáðàíà ñëåäóþùèì
îáðàçîì: êîîðäèíàòà r ñîîòâåòñòâóåò z, êîîðäèíàòà t ñîîòâåòñòâóåò y è êîîðäèíàòà p ñîîò-
âåòñòâóåò x â äåêàðòîâîé ñèñòåìå êîîðäèíàò.

Âèçóàëèçàöèÿ ðåçóëüòàòîâ ìîäåëèðîâàíèÿ âûïîëíåíà ñ ïîìîùüþ ïàêåòà ïîñòðîåíèÿ
ãðàôèêîâ gnuplot [8]. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå îáëàñòè äåôîðìàöèîííîãî âëèÿíèÿ
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Ðèñ. 1. Çîíà îòíîñèòåëüíûõ äåôîðìàöèè 10−5 íà ïîâåðõíîñòè ïîëóïðîñòðàíñòâà (a), äàí-
íûå ñïóòíèêà Envisat [7] (б )

ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ õîðîøî ñîãëàñóåòñÿ ñ ðåçóëüòàòàìè ðàäàðíûõ íàáëþäåíèé
çà ñìåùåíèåì çåìíîé êîðû. Ìåõàíèçì î÷àãà ñåéñìè÷åñêîãî ñîáûòèÿ, êîòîðûé çàëîæåí â
ìàòåìàòè÷åñêóþ ìîäåëü, óêàçûâàåò íà êà÷åñòâåííîå ñîâïàäåíèå ñ ðåàëüíî íàáëþäàåìîé
êàðòèíîé äåôîðìàöèîííûõ âîçìóùåíèé çåìíîé ïîâåðõíîñòè.

Ðåçóëüòàòû ïðèìåíåíèÿ ñòàòè÷åñêîé ìîäåëè òåîðèè óïðóãîñòè äëÿ ìîäåëèðîâàíèÿ îá-
ëàñòåé äåôîðìàöèîííîãî âëèÿíèÿ çåìëåòðÿñåíèé êà÷åñòâåííî ñîãëàñóåò ñ ýêñïåðèìåíòàëü-
íûìè äàííûìè î ñìåùåíèÿõ çåìíîé ïîâåðõíîñòè. Â ñâÿçè ñ ýòèì ïîÿâëÿåòñÿ âîçìîæíîñòü
îöåíîê ðàçìåðîâ îáëàñòåé ïîäãîòîâêè çåìëåòðÿñåíèé â ïðåäåëàõ ñåéñìîàêòèâíûõ ðåãèî-
íîâ.
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Deformation changes of the Earth’s crust in the area of high
tectonic stress

Bobrova M.E., Perezhogin A.S.

Institute of Cosmophysical Researches and Radio Wave Propagation FEB RAS, Russia

At present, radio interferometry methods are actively used to determine Earth’s surface
deformations. The strongest displacements are caused by earthquakes, volcanic eruptions and
great landslides. Such tasks require an adequate mathematical model for the stress-strain state
of the Earth crust rocks.

The paper presents one of the possible approaches to describe deformation changes in
the result of big seismic events. As the Earth crust model the approximation in the form of
homogeneous isotropic elastic half-space with a combination of double forces, which correspond
to earthquake mechanism, is chosen.

The model calculates the area of surface deformations, using maximum shear stress and
dilatancy. Numerical modeling of surface deformations of the Earth’s crust is carried out for
the Japanese earthquake on March 11, 2011. The simulation results are compared with the dis-
placement of the Earth’s crust, obtained by radar measurement of ALOS and Envisat satellites.

389


