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This paper deals with obtaining a closed system of first order dynamic integro-differential equations
for the velocity components of the displacement vector of an elastic porous body, a saturating fluid, and
a stress tensor in a dissipative hydrodynamic approximation. The generalization of the poroelasticity
theory consists as a rule, of taking into account dispersion and absorption. The main effect of the
dissipation in a homogeneous medium of the theory of poroelasticity is caused by the friction at the
boundaries between the saturating fluid and the matrix in the pores (the viscous dissipation mechanism )
and leads to the introduction of additional terms into the equations of motion of the poroelasticity
theory. In the published works of some authors, it is proposed to introduce additional terms with
relaxation cores into the mathematical model of the poroelasticity of dissipation, as well as to take
into account the non-ideality of both phases (for example, visco-poroelastic models of the medium). In
different types of acoustic waves, the effect of dissipation manifests itself in various ways. An important
result of the research into the propagation of acoustic waves in a saturated porous medium was the
prediction of the existence of three types of oscillations: longitudinal waves of the first and second
types (sometimes called fast and slow longitudinal waves) and a transverse wave (shear wave). If fast
longitudinal and shear waves are inherently close to the waves in an infinite elastic medium, then a
slow longitudinal wave with its considerable dispersion and attenuation caused by the movement of
fluid particles relative to the skeleton is a new characteristic of a saturated porous medium. It is a
slow longitudinal wave which is generated as a result of the viscous dissipation that is the strongest
frequency-dependent attenuation, thus making this wave difficult to observe in fluid-saturated rocks.
In the region of seismic (low) frequencies in a saturated porous fluid, described by the equations of the
poroelasticity theory in the dissipative approximation, only fast longitudinal and transverse waves with
low dispersion and attenuation propagate; the second longitudinal mode is diffusional and becomes a
propagating wave only at sufficiently high frequencies. In particular, the theoretical and applied tasks
of scientific instrumentation often have to deal with both ordinary problems of mechanics of porous
fluid-saturated media (for example, the case of zone electrophoresis, when a porous medium (gel) is
fluid-saturated), and problems of acoustics of porous media. This system of equations was obtained
from a system of thermodynamically consistent system of quasilinear equations under the following
assumptions: the porosity coefficient is a small parameter, the shear coefficients, and the inter-phase
friction is a function of strain rate and relative phases velocities, respectively. The dependence of the
dispersion relation of the resulting system on the physical and kinetic parameters was investigated.
This mathematical model allows a correct passage to the limit with the disappearance of porosity
to a nonlinear one-dimensional model of the elasticity theory in the case when the shear coefficient
is a function of the strain rate. It is shown that the propagation velocity of shear waves in the high-
frequency approximation tends to the velocity of the transverse wave for a homogeneous porous medium
saturated with fluid.
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B nuccunaTtuBHOM IHIPOIMHAMUYECKOM TPUOJIMAKEHUU [OJIYyUE€HA 3aMKHYTasi CUCTEMA JIMHAMUAYEC-
Kux wHTErpoaudpepeHIna IbabX YPABHEHUI TEPBOr0 MOPIIKAa OTHOCHUTEIHBHO KOMIIOHEHT CKOPO-
cTeil BeKTOpa CMellleHuit yIpyroro IIopucToro Teja, Hachlatomneil XKUJKOCTU U TeH30pa HallpdaxKe-
uwuit. VccnenoBana 3aBUCUMOCTD JIUCIIEPCUOHHOIO COOTHOIIEHUS IOy Y€HHOM cucTemMbl 0T hu3ndec-
KWX W KHHETHIECKUX MTapaMeTpPORB.

KoroueBbie ciioBa: nopucras cpejia, CUia TPEHWe, TPOHUIAEMOCTh, TUTIePOOINIecKas CUCTeMA,
CKOPOCTbH CMellleHuii, OTHOCUTEeJIbHAS CKOPOCTh, MHTErPaJl CBEPTKU.

Beenenne. [IpucyrcrBue Bojabl U Ta3a B HOJA3EMHBIX pe3epByapax IMPUBOIUT K (Pa30BbIM
CABUTAM M 3aBHCHMOCTH OT YACTOTHI H3MEHEHHs] aMILIHTY/IBl CefiCMIUIeCKUX BOJH (HAIpPUMEp,
[1, 2]).

B paforax |3, 4] BBesu 1ByxXasHYIO MOJIENb CPebl JIJIsl OMACAHUS B3AUMOCBSA3AHHOTO PAC-
IPOCTPaHEHUs BOJIH B MOPUCTOH (DJIIOUTOHACHITIIEHHON cpefie. BoJibllioe BHUMaHUE YeIseTcs
TaKKe MOJIE/ISAM JIMCCUIIAIMK [TOPUCTON CPeJibl U CIoco0aM ee y4eTa B YPABHEHHSX COCTOSHUS.

Teopus @penkenga-Buo apasiercs suneiinoit reopueii adbdexTnBHBIX AByXhasHbIX cpes (Mo-
JleJIb CPeJIbl COCTOUT U3 YKeCTKOTO MOPUCTOTO KapKaca W HACHITIAIONEN YKUIKOCTH, 3AIIOTHIIO-
miedi mopsl), ypaBHeHUsi KOTOPOH BBIBOJASATCS IPH HEKOTOPHIX JIOMYIIEHUSIX HA OCHOBE TOCTYJIH-
poBaHus omnpejeeHuii (PYHKIUU NJIOTHOCTH SHEPTHH yUpyTroit medopMaruu U KHHETHIECKO
sueprun. C UCIOIB30BAHUEM METO/I0B OCPE/IHEHUs] PA3HBIMU aBTOPAMHU OBLIM TOJIYIE€HBI MaK-
POCKOITIYECKIe yDaBHEeHUsI JUHAMUIECKO Topoynpyroctu (cM., Hanpumep, [5-11]), kotopbie B
1eJioM corsiacyiorcs ¢ Teopueit @penkesisi-bro B caydae c1aboBA3KOro HACKIIAIOINIETO (hrona.

OyHIaAMeHTAIBHOE CBOUCTBO YIIPYTO-IOPUCTON HACHIEHHON CpeJibl, CIeyIoNIee U3 TeOPUH
Bwo, cocrout B TOM, UTO B TaKUX CpeJax MOTYT PACIPOCTPAHATHCS JBe MPOJOIbHBIE BOJIHHI,
ObICTpas U MeJIJIEHHAs, & TaKKe 1OlePeYHas BOJIHA.

DTa cucTeMa OMUCHIBAET PACIPOCTPAHEHUS CEHCMUYECKUX BOJH B MOPHUCTOM Cpeje u B M30-
TPOITHOM CJTy4dae COMEPKUT YeThIPe HE3aBUCHMBIX YIIPYruX mapamverpa |3, 4|. JTuneapusopannas
Teopus KOHTWHYAJIbHOU Teopuu (GUIbTpanuu dBIsgeTcd 3aMKHYTO# cucteMoit muddepentim-
AJIBHBIX YPaBHEHUN BTOPOTO MOPSIKA OTHOCUTETHHO BEKTOPOB CKOPOCTU CMEIeHWl yIIPyToro
MOPUCTOrO TeJia U CKOpOCTH Kujkoctu [12, 13], Takxke kak Teopust Openkensa-bBuo onucbisaer

Pabora Beimosnena mpu noagepxke Poccuiickoro doumga dbyHIaMEHTATBHBIX UCCIEA0BaHU (KOI TPOEKTa,
16-01-00729, ko mpoekTa 16-07-01052)
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pacrnpocTpaHeHus CeiCMUYECKUX BOJIH B TOPHUCTO# cpeje. PyHaaMmenTaabHoe CBORCTBO yIIPYTO-
HOPUCTOIM HACBIEHHON CpeJibl COCTOUT B TOM, YTO B TaKHX CpejlaX MOIYT PAaCIPOCTPAaHATHCA
JIBe TPOJIOJIbHBIE BOJIHBI, ObICTpas W MeJJIeHHAs, a TaKyKe TolepevdHad BOJHA. B ormsimdme or
HEro, B U30TPOIHOM CJIy4ae ONHUCHIBAETCSI TpeMs HEe3aBUCHUMBIMHU YIPYTUMHU HapaMeTPaMu.

B 1987 rony xoucon—Kommuk—/Jdamen (JKD) [14] nosyunsin obinee BoIpazKeHue JJIsi JHC-
CHUIIAINY B CJIydae CaydailHbix nop. Ba3kue cujibl 3aBUCAT B 3TOI MOJIE/IM B 9aCTOTHON 06/1acTH
OT KBaJIPATHOTO KOPHS OT dacToThl. CJie10BaTEILHO, 3TO MPUBOINT BO BPEMEHHON 00/1aCTH K
uHTerponddepeHITnaIbHOMY YPAaBHEHUIO C CHUHTYISPHBIM S/IPOM.

B nannoit pabore mosydeHa OJHOMEpHAs CHCTeMa JIWHAMUYECKUX YPAaBHEHWIl TMepBOTO TO-
pslJIKa OTHOCUTEJILHO KOMIIOHEHT BEKTOPA CMeEIleHU yIpyroro HoprucToro Tesa, Hachlaloei
JKUJIKOCTH U TEH30pa HANPAKEHUH B JUCCUNTATUBHOM TTPUOJINKEHUN.

1. OgHOoMepHad cucTeMa AWHAMUYECKWX yPaBHEHUI MOPOYyNpPYrocTu AJs IMOIe-
PEYHBIX BOJIH B AUCCHUNATUBHOM npubamkeHun. PaccMoTpum pacnpocTpaHeHue HeJw-
HeHHBIX MOMEPEYHBIX CeCMUYEeCKUX BOJIH B CJydae, KOr/la NapluaJIbHble IIOTHOCTH MaTPUIIBI
HHIOPUCTOI'0 TeJld Pg, HACHIILIAIOUIEH KUJIKOCTU P, & TAKzKe MOJYJ/b CIABUIA [ SABJAITCH 110CTO-
SHHBIMH, & CUJIA TPEHUS, ONPEIE/ISIONas JUCCUNIAINIO SHEPIUH, ABIdeTcd (pyHKIued pa3zHocTu
ckopocteit ¢ = @(u — v). [Ipu TakKUX TPEANOTIOKEHUAX CHCTEMA HeJHHEHHBIX OJHOMEDHBIX
YPABHEHUH MOPOYIPYTOCTH MOKeT ObITh 3allicana B ciaeayomieM suje |15, 16]:

5-25 = C? Ug, <1>

re U U U — CKOPOCTH MOPUCTON MATPHUIILI M HACBIIIAOIIEH KU ITKOCTH, COOTBETCTBEHHO; U; = %—?,
ou

Uy = 5% — omeparopbl JudQepeHnupoBanug; p, = pl(1—9), p = pf ¢, ¢ — nopucTocThb, pl
u plf — JusnyecKkue IIOTHOCTH IMOPUCTOTO TEIa W HACBHIIAIOIIEH KUIKOCTH, COOTBETCTBEHHO;
Ps0 — TEH30D HALPsIZKeHUi, ¢; = \/ 11/ ps, € = pi/ ps-

Jluneapusyem cucremy (1), mOJyIUM CHCTEMY YpaBHEHHH MEPBOrO HOPSIKA

Up = Op — 5XPZ(U - U)v
Gy = CF Uy, (2)

Vg = Xpl(u - U)v

rje Y — Koapdunuent mexxkda3zHoro TpeHusi.
B cayuae, Koria mopucTas cpesia siBIsieTcsi ¢ MaMAThio, B cucTeMe (2) BBOASITCS HHTErPaIb-
Hble omepaTophl cBepTku (14, 17]:

w =5, — expu* (u—v),
0y = ct2 Uy, (3)

v = xpx (u—v),

rJie % — SBJIAETCS OEePATOPOM CBEPTKH BO BPEMEHH.
B caydae, Korja MOTOK KHJIKOCTH B OPAaX OTHOCUTCS K Tuiy Ilyaseitns, auccunaTuBHbie
@ieHbl B (3) JAI0TCs BhIPaXKeHHEM
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X(t) = x0d(t) == x(t) * w(x,t) = xow(w,t),

rae 6(t) — dbyukmus Tupaka.
2. qucuepcuonusiii ananus. VlccieyeM ycioBue CyIieCTBOBAHUS pelieHus CucTeMbl (3)
B BHJE IIOCKUX MOHOXPOMATHYECKHUX BOJIH

<u7 v, 5-) = (Uo, Yo, 5-0) ei(lm—w t)' (4)

[Toacrapisist pemenust (4) B cucreme (3), IPUXOAUM K OTHOPOJHBIM JIMHEHHBIM aIre0panIecKuM
YPaBHEHHAM Ha aMILTHTYIBL g, Vg, 00:

(w+ 1€ prx(w))uo —ie p X(w) vo + koo = 0,
kcug+wdo =0, (5)
ipr X (w) ug + (w~+ip x(w))ve = 0.
B (5) x(w) — npeobpazosanue Pypbe or byHKuu x(¢) M0 BpeMeHH.

YeaoBre cymniecTBOBaHHs penteHuil Buga (4) CBOJAUTCS K PABEHCTBY HYJIO OIPEIeTATeNs
cucrembl (5), U JUCHEPCHOHHOE COOTHOIICHUE IIPUHAMAET BH/

2 A~ A~
PR ()N BT SRR (O
k2 W P Ps w
OTo BRIpayKEHHE TO3BOJIACT ONPECTHTH CKOPOCTD ¢y (w) = .
[IpeacraBum ¢ (w) B BUJIE
¢(w) = A(w) — i B(w),

riae A(w) = Rec(w), B(w) = —Imc(w). B atom cayaae Boipazkenue (4) MOKHO Hpeobpa3oBaTh
[13]

(u,v,5) = (ug, vy, G¢) e~ Wlt=a/uw)) g=a/Ao(w) (7)
CKOpOCTD MOTepevHoit BOMHB u(w) U JINHA HOTJIOMIEHUST Ay(w) OMPeJeITiOTCs TOCPeICTBOM

A(w) 1 B(w) dopmynavu A (w) + B*(w)

u(w) = ,

(w) Aw)

A%2(W) + B%(w
M) = 2@ T B) ®)
w B(w)
BBICOKOLIaCTOTHbIM Hpe,ZLeJIaM (1)a30]30171 CKOpOCTI/I BOJIH COBHUI'AQ y,ZLOBﬂeTBOpHeT COOTHOIIIeHue
g =L
Ps

Ha puc. 1 u 2 nokasaHbl JUCIHEPCHOHHBIE KPUBBIE, COOTBETCTBYIOIIME CKOPOCTU M JJIMHE
IIOTJIOIIEHUsI TIOTIEePeYHOi BOIHBL. PU3NYecKre HapaMeTphl, HCIOJb3yeMble B YHCICHHBIX IKC-
nepuMeHTax, B3saThl u3 13, 14]:

A 0 2A2
— W) = &/ VTFTE, Q=

4a2 K2 p
— pl =1040 (kr/m3), I = 2650 (kr/nm?),
—n=15-1073(ITa-c), p=2.93-10° (Tla), ¢ = 0.335,
—a=2, k=107 (m?), A=219-107"(m).
Cucremy (3) MOXKHO HPEJCTABUTH B CJIydae ¢ HepeMeHHBIMH KodbdUImenTaMu B BUje
uHTerpo-auddpepeHnHaIbLHOTO YPaBHEHUsT OTHOCUTE/IHLHO CKOPOCTH CMEIEHUH YIIPYToTo MOPHUC-
TOrO Tesa. B ciydae jis MaJbiX 3HAYEHHH HOPUCTOCTH JaHHOe ypaBHeHue uveer Bug [18]
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Puc. 2. IucnepcronHas KpuBas IJIWHBI TTOTJIOMIEHNS TTOMEPEYHON BOJTHBI

utt(trr) - C?(tax) Ugy + al(tax)ut(tax) + a2(t7x)um(tax)+

+as(t,x)u(t,x) —i—/o ag(x)u(rz)dr = f(tx),

riae koaddunuentsr oy (t,z)u(t,x) (k=1,2,3,4) — 3amanuble, He OOpaIIaONUecs B HYIb HH B
onHolt Touke dyuknuu, f(t,r) — ONUCHBAECT UCTOIHUK.

Bakarouenne. I[locTpoeHa TepMOIMHAMUYECKH COLJIACOBAHHAS MATEMATHYICCKAS MOIE/D
AJid OIMUCaHUA PaCHPOCTPpAHCHHUA CABUI'OBBIX aKYCTHY€CKHX BOJIH B HaCBIIIEHHBIX 2KHJIKO-
CTHIO MOPUCTBIX CpEJIaX C YYETOM JUCIEPCHH, OOYCJOBJIEHHONW MEKKOMIIOHEHTHBIM TPEHUEM.
[TpoBeseH JUCIIEPCHOHHBIA aHAJU3 IIOCTPOCHHOH MaTeMaTHIecKoi mompenu. llpemcrapienst
Pe3yIbTATEL YHCACHHOTO MOACTHPOBAHUA PACIPOCTPAHEHUS CEHCMUYCCKAX BOJH /I CKOPOCTH
¥ JJIMHGBI MOLVIOIIEHUA IPOOHO MOJEIN Cpeibl.
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qupoBanud. B 1987 romy oH cTan cCOTpyIHUKOM
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