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Onucannble B Hayase XX Beka TpeumuHsl Ipuddurca Gpopmupyrorcs kak
pe3yNbTaT DIAAKOro HEeNPephIBHOrO e OPMUPOBAHUS CKUMACMBIX ¢ OOKOB 110
NPEBPALICHUS B IIOJIOCTh OTBEPCTHH B BUJIC DJUIHIICA HIM OKPY>KHOCTH, HaXOMIS-
muxcsi B IutacTHHe. [lomyduBIIMECs TONOCTH UMEIOT IIAJKYIO TPAHHUILY, a YTONl B
BEpIIMHAX TPEIIMHBI paBeH pa3BepHyToMy. MccienoBanus tpemuHsl [ puddurca
HAIlUTI MHOTOYHCIICHHBIC NIPUMCHEHHSI B MH)KCHEPHOM MPaKTUKe, MaTepuajoBe-
JICHUH, TEOTCXHONIOTUsIX. [1031Hee MOSBHIICS MHTEpEC K TPEIIMHAM HOBOI'O THIIA,
MOJY4YaIOIIMMCSI KaK Pe3ysbTaT CxKaThs ¢ OOKOB He AJUTHIICa, Kak y TpemuH [ pud-
¢wurca, a npsiMoyronpHUKA. VX rpaHMna sSBISETCS KyCOYHO-IIAIKOW C JBYMS IIps-
MBIMHA yDJIaMu. Pe3ynberatsl MCCIieOBaHMS TPEIIMH HOBOTO THIIA CTaJH YCHEIIHO
NPUMEHSTECS B CEHCMOJIOTHH, AU ONUCAHUs COMMDKCHHS TPaHUTHBIX JIUTOChEp-
HBIX IUTHT, CKOJB3SIIMX 10 0a3aJbTOBOMY CJIOFO Bjoib rpaHuipl Konpazna. C mo-
MOIIBI0 TAKUX TPEIIMH yTOOHO MOISIHPOBATH MOA3EMHBIC HOIOCTH Pa3HBIX
Pa3MepoB M Pa3IMYHOr0 Ha3HAYEHHs, KOTOPbIC JOCTATOYHO TOYHO OTOOPaXKaroT
peayibHBIC [IAXTHI U IITONBHHM, YCIICIIHO OMUCHIBAIOT YIIBI U CTeHbl. OfHAKO He-
00XOOUMO YYHUTBHIBATh, YTO IOJ3EMHBIC COOPYKCHHS SIBISIOTCS PE3YIbTaTOM
JIOCTATOYHO IMPOAODKUTENEHOW paboThl MO MPeoOPa3oBaHMIO MPEABAPUTEIIBHBIX
HPOCTHIX MOJIOCTEN K COOPYKEHMSIM Moio0Horo Tuna. Ha sTamne nepBoHadasibHON
BBIEMKHU TOPHBIX IIOPOJ 3TH COOPYKCHHUs CKOPEE CXOKH C OOBEKTaMH, OIHCHIBa-
eMbIMH TpemnHamu [ puddurca, IMEIOIUMU rpaHUIBl 0e3 BBIPAKEHHBIX IIIOC-
KHX CTEH U NIPSIMBIX YIVIOB, a TAK)KE CO CONMMKEHHBIMU OeperamMu. JTo HabIofaeTcst
Ha HayaJbHOM 3Talle CTPOUTENLCTBA coopyxeHus. Hapsiny ¢ panee paccMOTpeH-
HBIM MOJICTIMPOBAHMEM IOI3EMHBIX COOPYXCHHUH C MPUMEHEHHEM TPCLIUH HO-
BOI'0 THIIA B HACTOSIICH CTaThe PacCMaTPUBACTCS MOA3EMHOE COOpPYXKEHUE,
MozenupyemMoe TpermuHol Ipuddurca, kak mepssiil aTan ero cosganus. C yde-
TOM OCOOCHHOCTEH IIyOMHHBIX MOPOJ BIIEPBBIC CTPOHMTCS TEOPHS, TO3BOJISIONIAS
U3Y4HUTh ITOT OOBEKT B aHM3OTPOIHOI cpejie, CBOWCTBEHHON MaTepHaiaM KOpbI
3eMiu.

Knrwouesvie cnosa: tpemuna ['puddurca, aHU30TPOIIHAS Cpena, WHTErpalib-
HOC YpaBHECHHUE, MOA3EMHAS IITOIBHSL.

" BeinonHeHo npu $uHaHCOBOW mopiepikke Poccuiickoro Hayunoro donna n KybaHckoro
Hay4yHOro (hoHJIa, pernoHanbHbIM mpoekT Kpacnomapckoro kpas 24-11-20006.
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BBeneHune

B ny6muxanusix [ 1-10] nccnemyroTcst aHU30TPOITHBIE MaTECPUAIIbl K METO/BI PEILICHUS
TPaHUYHBIX 3a7a4 JUIl MPUPOAHBIX M HUH)KCHEPHBIX OOBEKTOB M3 TaKUX MAaTEpPHAJIOB.
IToTpeOHOCTH B pacdeTax COOTBETCTBYIOLIMX CIOXKHBIX OTBETCTBEHHBIX MH)KEHEPHBIX
00BEKTOB BBI3BAHBI IPUMEHEHHEM HOBBIX KOMIIO3UIIMOHHBIX MAaTEPHUAJIOB C 3aJaHHBIMU
9KCIIIyaTaIl[HOHHBIMH CBOMcTBaMU. HeKoTophle M3 TakMX MaTepHaloB, CMEUIAHHBIC U
KOHTaKTHBIE 3aJla4id C UX HCIONb30BaHUEM HM3yUYeHBI NOCTaToyHO riryboko [11-18].
OTMeTuM enie KpUCTaJUIbl U IOMYNPOBOJHUKOBBIC MaTepuaibsl Ui NEKTPOHUKH. B
MIPOBOJMMBIX HCCIIEIOBAHUSAX WHXKCHEPHBIX M NPHPOJHBIX OOBEKTOB C yKa3aHHBIMU
MaTepHaIaMH ONUPAIOTCsI, KaK MPAaBUIIO, HA TIPUOIIKEHHBIE AaHATTUTHUECKUE U YUCTICHHBIE
pemienust. Takue 3aaun He cofep kaT KOHLIEHTPaLMi KOHTAKTHBIX HAIIPSDKEHUM, a pelleHui
JUTS CO3/1aBaeMBIX TTO3EMHBIX COOpY)KeHUH npakTiuecku HeT. B cratee [11] A. I'pudpurc
U3JI0KIIT pa3paboTaHHYIO UM TEOPHUIO TPEIIH, UMEIOIINX BUJI, IPEACTaBICHHBIH Ha puc. 1,
a B [18] mpuBOasATCA ypaBHEHHsI TPEIIUH HOBOTO THIA (pHC. 2).

)V 4 Y &
/-—— —ﬁ,\ . .
\__ 0 __‘/ X 0 X
Puc. 1. Tpeumuna I'puddurca. Dran Hayana Puc. 2. TpemuHa HOBOTO THIIA.
CTPOUTENBCTBA IOJ3EMHOIO COOPYKCHUS Bo3BenieHHOE MOA3EMHOE COOpPYXKEHHE

CornocraBiieHue U TUCTaHIIMPOBaHUE KKIIOTO TUIIA TPEIMH JIETAITbHO U3JI0KEHO B [19].
B craree [20] c npuMeHeHHEeM TPEIuH HOBOT'O THIIA TPEATIOKEH MOAXO0, TO3BOJISIONIU T
WCCIIeZI0BATh HAPSHKEHHO-Ae(hOpMUPOBAaHHOE COCTOSIHUE MPOU3BOIILHON COBOKYITHOCTH
napajuleJIbHBIX MITONEH. MccnenoBannss MEXaHUYEeCKOTO COCTOSTHUS TIOA3EMHBIX COOpY-
JKCHHUH THIIA napajijiCJIbHbIX IITOJICH FOpHOJIO6I>IBaI'OH_[I/IX axT yI1a€TCs BBIIIOJIHUTD C UC-
MoJIb30BaHUEM (pakTopu3armoHHOro Meroaa [21]. OaHako ocTaeTcsi HEM3yYEHHBIM JTall
COOpPYKEHHMSI TapalJIeTIbHbIX IITONIEH, BKIIOYAIOUil B cebsl 00pa3oBaHME MOIOCTEH Kak
pe3yibTaT NEPBOHAYAIBHBIX BLIpa6OTOK ,Z[O6I)IB3.€MOFO CbIPbL. HauanpHple 1OJIOCTH
J0CTATOYHO OJIM3KO reoMeTpHYeCcKU o00HBI TpetHaM I puddurca [11], oqaako Bompoc
MOBEZCHUS TAKUX IOJIOCTEH B aHU30TPOITHOM Cpeie He N3yJalcsl.

Cratps MOCBAIICHA METOLY aHAJIM3a U PEIICHUAM 3aja4 st TpeiuH [ puddurca B
AHU3O0TPOIIHBIX IMMOCTAHOBKaX. Pe3yJ'ILTaTLI pa6OTLI HaITpaBJICHbI HAa BBISIBJICHHUE 30H
KOHIICHTpallunu HaHp?DKeHI/Iﬁ 1 N3YUYCHUE TOBEACHU A I'PAHUTIBI HOHSCMHOﬁ ITOJIOCTH.

WHTerpanbHoe ypaBHeHue

J1J1s aHM30TPOITHOM CIIOMCTON CPeJIbl pACCMOTPUM UHTETpajbHOE ypaBHeHHE [21]

[ [hn=8&,%,-8,)9 (&1.8)dEdE, = (x,%,), —a<x<a, |x,<ol,

—0—a o (1)
1
hxis %)= [ [ H ) exp (=i )iy, q(0,8,)=4(-,8,)=0.

3necs g(x,, X,) — HOpMaJbHbIE IEPEMELICHUS OEPEroB TPEIMHBI; £ (X, X, ) — HAIPSHKCHHUS,
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IelCTBYIOIINE Ha Oepera, peAroaraeMble CHMMETPUYHBIMIE; /(X |, X, ) — SLIPO HHTETpalb-
HOro ypaBHeHus;; GyHkuus /H(u,, u,) — npeodpasoBanue Dypse sapa HHTETPAILHOTO
YpaBHEHHUSL.

Iycrs H(u,, u,) — ananutudeckas GYHKIHS OT KOMIUICKCHBIX IIepeMeHHBIX. [Ipume-
HuM K (1) npeobpa3zoBanus dypse Mo KoopAuHare x,. Torna (1) cBeneM Kk ypaBHEHHIO C
BEILECTBEHHBIM N1aPaMETPOM U,:

Jh(x] —E)q(E)dE, = f(x), q(&)=qE,uy), h(x)=nh(x,u,),

oo (2)
h(x]):iJH(u])exp(_iu]xl)dulﬂ H(u))=Hu,uy), [f(x)=[f(x,u,).

JI71s KpaTKOCTH apaMeTp U, BpeMeHHO omyctuM. Ilycts H(u,) — HenpepbIBHAS aHa-
nuTHYecKas GyHKIUS U, KpOMeE TOTO, €€ MOBeIcHNE Ha OECKOHEUHOCTH 3a]]aeT ypaBHEHHE

H() =clu|[1+0(u")], Imu =0. 3)

CoorHomeHusM (3) yIOBICTBOPSIOT SApa MHTETPANbHBIX YpaBHEHUH IS CTATHYECKOTO
ciydasi TpeuH [ puddurca B MHOrOCI0MHOM aHH30TPOITHOM cpezie ¢ beperamu, napaienb-
HBIMHU TPaHHUIIAM CIIOEB.

[Tpumenum u3 [21] MeTox pemieHUs UHTETPANbHOrO ypaBHeH!sI Bunepa — Xomnda Ha
KOoHe4YHOM oTpe3ske. [TocTpouM 0600IIeCHHOE pellieHHE.

MocTpoeHue pelleHus

SanuireM

(<0 +7°) [k (x, —£))g (€))dE, = £ (%)),

B = (@} + ) Hiaexp (o xday, - K(o)=(a? +2) Hia,).

Pemenne mud pepennnaabHOro ypaBHEHHS IOTYIUM B hopMe

Jk(x] —&)q(E)DdE, = fi(x)) + ¢ exp (Tx;) + ¢, exp (-1 X)),
- ) @
SiGxe) = L JF(a] )(OLI2 + Tz)_] exp (—ia,x)da,, [x[<a.

2m <,

OueBuHO, 171 acuMnToTHYECKOH GopMyisl GyHKuuH K(u,) nMeeT MecTo
K(u)=+clu,['[1+0(u;")], Imu, =0.
[MocrosHubIE C,,, m = 1, 2, B (4) Hy)KIAIOTCS B OIPEICICHHH.

Ha ocHoBe nmozmxona u3 [21] mpuxoanM K peIieHn o AByX (PyHKIIMOHAIBHBIX YpaBHEHUH
BUJA

X(C, ) =+M(C,a) X (u, 1) + a(C, 1),
K (u,)exp (—2aiu,)
K, (u)(u, +0)

MG X )= | X, ),
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a(,t :+LJ Fa) o F@) |,
T K ) -0 Ko +)

1°

FL(u) = [ £(e)exp Gy + @), F ()= | £0)exp Gy (x— ),

X(C1) =[O, (-0 D_(OIK'(C),

—a 00
© ()= [@_(x)exp (i, (x +a)dx, D, (u)= [0, (x)exp (i, (x—a))dx, (5)
—0 a
K. (u,) — pesynbrar daxropusanuu ¢yHkuun K(u,) OTHOCHTENBHO BEIIECTBEHHON OcH
[21]. 3mecs @ (x,), @,(x;) — GyHKUNH, ONMUCHIBAIOIINE NPOJOKEHHE HHTETPAIbHOTO
ypaBHeHHUs (4) B 061acTu X, < —a U X, = a COOTBETCTBEHHO. HenpeprIBHEIN KOHTYp G
Takoi, yto 0 > —c > max Im u, u; € o, ¢ > 0. KonTyp pacnonoxeH B HUXKHeil koM-
TUIEKCHOH HOTYTUIOCKOCTH M ACUMITTOTUYECKH YXOUT Ha OECKOHEYHOCTb TaK, YTO CONICPIKHUT
94acTh OTPULIATEIBHON MHUMOM MOIyOCH, TIepecekas ee B OfHOi Touke. KoHTyp orubaer
CBEpXy B HIDKHEIl KOMILIEKCHOH MONYIJIOCKOCTH KOMIUIEKCHBIE OCOOCHHOCTH BCEX
ananuTHaeckux GyHxiuit K(u,). CantaeM, 4To KOHTYpP PacHoN0KeH CTPOro HUKE Bellle-
CTBEHHOM OCH.
Ha ocHoBe ¢opmyn u3 [21] MmoxxeM 3anucarth

? {F(u]) _ Xg () exp (<iau;) X3 (uy)exp (iau,)

1
q(x)zz_n_'[o K(u,) K, (u)) K _(u))

2)(2+ (—uy) = X (=) + X (uy,4), 22X, () = X (uy,—) + X (uy,+).

B [21] nokazano, uro onepatopsl M(L,a) B mpaBoii yacTu (5) IpH paCCMOTPEHUH UX Ha
KOHTYpE G SIBISOTCS BIONHE HenpephIBHBIMHE B ripoctpancTBe C(A), 0 < A < 1, BBomuMoM
nopwoit ||/ || = max [u}f(u)], u, € o.

Ocy1iecTBuM (pakTOpU3aLHUIO B BUE IPOM3BeAeHIs Kax a0 pyHkunu K (). Yurem
npezcrasienue K, (u,) B Buae

}exp (—ixu, )du,,
(6)

K, (1)) = exp [izim_[o%dg} u, e I,. (7)

3neck [1,, I1 — BepxHssA U HUKHSISI KOMIUIEKCHBIE TIOMYTIIIOCKOCTH. 3 acMMIITOTHYECKOM
dopmynsr dynkimu K(u,) s hakropu30BaHHBIX QYHKIMH CIIeLyeT CBOHCTBO

K (u)—o(u™), K, (u)—o(u ™). ®)

Jlemma [21]. Oneparop M(C, a) sinseTcs aHaTUTHYSCKON QYHKIIMEH mapaMeTpa a,
perynsipHoii B oonactu Re a > 0. CymecTsyer Takoe a, > 0, 4T0 UMEET MECTO HEPABEHCTBO
M), <1 Rea>a,.

Pe3yn bTaTbl UCCnegoBaHusA

CaoiicTBa perieHus (6) O3BOISIOT BBIBISITE KOHLICHTPALIMIO KOHTAKTHBIX HAIPSDKSHUH
B aHU30TPOITHOM ciydae. [IpuHuMast Bo BHUMaHUE MOBEACHUE QYHKIIUN

X, () :0(14]‘])’ X;(_u])zo(ul_])
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u cBoifcta Gynkunii K (u,), K,(u,) u3 (8), mocne HeclnoXHON OLlEHKH MHTerpana (6)
OJIy4YUM

q(x) =[m(x,) + c;my (x,) + ¢;ymy (x)][(a — x)_]/2 +(a+ x)"]/z] +
+o[(a—x)"?]+o[(a+x)7"?],
m,(—a) + ¢;my(—a) + c,my(—a) =0,
my(a)+cmy(a) + c,my(a) = 0.

U3 nocnennero ypaBHEHUsT HAXOMATCS MOCTOSIHHBIC C,,, M = 1, 2. OHU BHOCATCS B
IpeJcTaBIeHUE ¢(X) U AAI0T €0 OrpaHHYEHHOE PeLICHKE, OIIMCHIBAIOIIEE IIOBEICHUE Oe-
PEroB TPCUIUHBI. )IJ'ISI OLICHKMA BO3HHKAIOMIUX B BCPIIMHAX TPEUIWHBI HaHpH)KeHI/Iﬁ
JOCTATOYHO BHECTH HailIeHHOE pellieHne B MHTerpajipHoe ypaBHeHue (1) u uccnenoats
UHTETpa B 001acTiIX X; < —a U X, = a.

3akntoyeHue

Nmeercst BO3MOXHOCTh TPOTHO3UPOBATH COCTOSIHHE MOI3EMHOTO COOPYXKEHUS,
MPEACTAaBUMOTO MONOCThI0 — TpemuHoi [puddurca. B mporecce mocienyromero
crpoutenbcTBa TpenmHa [ pud purca nmpeobpasyercs B TpelinHy HOBOTO THIIA, AETATBLHO
uccienoBaHHyo B [19].

OtnenbHbIe (hparMeHTHI PaOOTHI BHITONHEHBI B paMKax peanu3anuu loc3ananus Ha
2025 r. MunoOpnayku, npoekt (FZEN-2023-0006), FOHILL PAH, rema 01201354241-0.
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Griffiths cracks, described in the early 20th century, are formed as a result of smooth continuous
deformation of elliptical or circular holes in a plate that are compressed from the sides and
eventually turn into cavities. These cavities have smooth boundaries, and the angle at the
crack's vertices is equal to the angle. Griffiths cracks have since found numerous applications
in engineering, materials science, and geotechnology. In addition to these, a new type of crack
appeared, resulting from the compression of a rectangle rather than an ellipse, as in Griffiths.
Their boundary is piecewise smooth, with two right angles. New type cracks proved to be
successful when applied in seismology, to describe the convergence of granite lithospheric
plates sliding on the basalt layer along the Conrad boundary. With their help, it is convenient
to model underground cavities of different sizes and different purposes, modeling real mines
and galleries quite accurately, successfully describing corners and walls. However, it should
be noted that such structures are the result of a long process of converting simple cavities into
similar types of rooms. During the initial excavation of the rock, these structures are more
similar to objects described by Griffiths fractures, which have boundaries without distinct flat
walls or right angles, and with close-set edges. This is due to the initial stages of construction.
Along with the previously considered underground structures using a new type of crack, this
article discusses an underground structure modeled by a Griffiths crack as the first stage of its
creation. Taking into account the characteristics of deep rocks, a theory is developed for the
first time that allows us to study this object in an anisotropic medium, which is typical for the
materials of the Earth's crust.

Keywords: Griffiths crack, anisotropic medium, integral equation, underground tunnel.

* This research was supported by financial support of the Russian Science Foundation
and the Kuban Science Foundation, a regional project of the Krasnodar Territory 24-11-2006.

388



