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BEPUO®UKAIINS MOJIEJIE
HEHACBIIIIEHHO ®NJILTPAIINN 1 IEPEHOCA B 30HE ADPAIINN
HA MIPUMEPE PACYETHOTO KOJIA GeRa

U. B. Kansipun, B. B. Cyckun, A. B. Pacropryes, K. JI. Hukurun
(UBPAD PAH, BM PAH, r. Mocksa)

JlaeTca ommcaHme MAaTEMATHYECKOH W YUCIEHHON MOeseill HeHACHIMEHHOH duibTpannu
U [epeHoca B 30He adpallii, peajn30BaHHBIX B pacueTHoM Kozme GeRa. Ilpencrasien na-
00p u3 ueThIipex BepuUKAIMUOHHBIX TECTOB U PE3Y/IbTATHI Bepudukanum 3rux Mozaenei. B
CUJIy OTCYTCTBHS AHAJUTUIECKUX DPEIIeHUNl BepudUKanus MPOBOJAUTCA IMyTEM CPABHEHUS
pe3ysibraToB pacueroB no koay GeRa ¢ pesysbraraMu, IOTyY€HHBIME C IIOMOUIBIO IIHPOKO
uszBectubix kogoB FEFLOW, HYDRUS-1D, VS2DT, TOUGH2, a rakxke c 3KCiepumes-
TaJbHBIMU JAHHBIME. [IpogeMoHCTpUpOBaHA BO3MOXKHOCTH ncnosb3oBanud B GeRa cxemsr
IIPOTHBONOTOKOBOM aNNPOKCUMAIIAYA HACBIIIEHHOCTH MOBBINIEHHON TOYHOCTH, IO3BOJIAIOIIEH
CYIIECTBEHHO CHU3UTH TPEOOBAHUS K MIATY CETKH IIPU MOJIEIUPOBAHUY IIPOXOXKIeHUS (HDPOH-
TOB HACBIIIEHUS.

Kaouesovie caosa: HeHACHINIEHHAS (PUIbTPANN, IEPEHOC B 30HE a’palluu, BepuduKanus,
KpOCC-BepuUKAIHSI.

Beenenune

HeobxomuMocTh MOmETMPOBAaHUS MPOMECCOB HEHACBHIEHHON (DUIBTPAIMY U IEPEHOCA B 30HE adPalliu
9aCTO BO3HUKAET [PU PEIIEHWH I€OYKOJOTHIECKUX 3aJa9, B YACTHOCTH IIPU ODOCHOBAHUU OE30MaCHOCTH
MPUIOBEPXHOCTHBIX 3aXOPOHEHW PAJNOAKTUBHBIX OTXOAOB WJIM OIEHKE BINAHUS PA3JUIHBIX O0BHEKTOB
AZIEPHOTO HACTEANA Ha KAIECTBO MOA3EMHBIX BOZ. MaTemarudeckas (pOpMyJIHPOBKA 3aJaYl OCHOBBIBAETCS
Ha ypasHeHuu Pudapsca [1], koTropoe ZOmosHsSeTCs 3aBUCUMOCTSIMA BJIATOCOAEPKAHUS U OTHOCHTEJHHOM
MPOHUITAEMOCTH OT BBICOTHI BCachiBaHUd. (COOTBETCTBYIOIINE IUCIEHHBIE MOMETN JOCTATOTHO CJIOXKHBI C
BBIYMCJIUTEHHOW TOYKU 3peHusi: TPedyeTcs pelleHne HeJnHERHOW 3a1a9u (PUIbTPAINH, OCOOEHHO CJIOXK-
HOE B CJIy4Jae OPOIIEHHUs CyXOil MOpOabl AubO B yCJIOBUAX C CUJIBHO HEOJHOPOIHBIMU mapamerpamu. s
obecneuenns 3hGhEKTUBHOCTA PACIETOB pa3pabOTaHbl METOIbI 3aMEHbI OCHOBHOM II€pEeMeHHOi (gaBiieHnst
Ha HACBHIIEHHOCTH WJIU BJIArOCOepkKaHue, cM. [2, 3]), a TakKe pa3indHble METOLbI PEIIEHUsST COOTBETCTBY-
IOLUX HeJIMHEHHBbIX 3a/a4, 0030p KOTOPBIX AaH B pabore [4].

[Ipu paspaboTke W BHEIPEHWM PACIETHOTO KOMA ITAIOM, IPEIBAPIIONINM €ro IpUMEHEHWe Ha Mpak-
TUKe, SBJIsSeTCd BepudUKaIUa IUCIeHHON momenu. Bepudwuranms 3akiiodaeTcd B pacdere 3a7ad C W3-
BECTHBIMN pe(bepeHTHI)IMI/I permeHnaMn (a,Ha,JII/ITI/I‘-IeCKI/IMI/I, TIUCJICHHBIMU WUJIN IOJIYIE€HHBIMU 3KCIEPUMEH-
TAJBHBIM IIyTeM) U HOCJIEAYOMIeil OIleHKe COOTBETCTBHUS PE3YJIbTATOB, MOy I€HHBIX [0 BepU(MUIUPYEMOMY
kopy, pedpepertubiMm. B macrodieit pabore onncana BepuduKanua IUCIEHHBIX MOJeJIel PACIeTHOIO KOIa
GeRa [5, 6], paspabareiBaemoro 8 UBPAD PAH u VIBM PAH B pamkax mpoekTHoro aamnpasienus "IIpo-
puiB" I'K "PocaTom", Ha 9eThIpex TeCTOBBIX 3aJadaX HEHACBHIIIEHHOH (DUIbTpalud M IEpPEeHOCa B 30HE
asparmu. Kog GeRa ([eomurpanus PaauoHYKINIOB) NO3BOISET MOAEIMPOBATH MPOIECCH reoduIbTpa-
IIIU ¥ TEOMUTPAIAU B TpeXMepHO# moctaHoBke. OH OCHOBAH HA AUCKPETH3AIMUN 33729 METOAAMHU KOHET-
HBIX 00bEMOB HA TPEXMEPHBIX HECTPYKTYPHUPOBAHHBIX MHOTOTPAHHBIX CeTKAaX. Ha mepBbIX Tpex 3a/adax
B CHJIy OTCYTCTBUS QHAJUTHIECKUX PEIIeHUl TPOBOAUTCA KPOCC-BepudUKANUA C KOJAMU, Oy IUBIIHMA
mupokoe npusnanue rugporeosoros: FEFLOW [7], VS2DT [8|. Buepssie (HACKOIBKO H3BECTHO aBTOPaM
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CT&TBI/I) IIpeAJioKeHa U MPOTeCTUPOBAHA YHCJIEHHAd MOJE]b BJIATOIEPEHOCA C MCIOJIb30BaHUEM KYCOUHO-
JIMHEHHOTO BOCITOJIHEHUsI BBICOTHI BCACHIBAHWS B SUelKaxX pacyeTHO ceTku. YUeTBepTHI# TECT OCHOBAH
Ha peajbHOM dKCHEPUMeHTe O (PUITPANNYN W MEPEHOCY MPUMECH B JIOTKE, MPOBOAUTCI CPABHEHUE pPe-
3yJbTATOB YUCJIEHHOTO SKCIEPUMEHTa C peaJbHbIMU JAHHBIMU. B paMKax pellleHus 3TUX TeCTOB, TOMUMO
TOYHOCTH, IPOBEPIETCA POOACMHOCMY KO — TPUMEHUMOCTD JJIs PEIIEHNs 3aa9 C HEOMHOPOIHBIMU ITa-
pamMerpaMmu, ¢ 00pa30BaHUEM HACBHIIEHHON 30HBI BHYTPHU PACUETHON 00JACTH U OPOIIEHHEM CYXHX ITOPOIL.

CraTbd MOCTpOEHA CAEAYIOmAM 0Opa30M: B IEPBOM pa3iese JTaHAa MaTeMaTHIeCKad [MOCTAHOBKA pellla-
eMBIX 3aJ1a4; BO BTOPOM KPaTKO ONUCAHBI YHMCJIEHHBIE METOIbI, MCIOJb30BaHHble B GeRa mia pemenus
3329 HEHACHIIIEHHON (PUIBTPAINN U IEPEHOCA; PA3IEIBI C TPETHEro IO IIEeCTON MOCBAIIEHBI PE3YIbTaTaM
pacuera YeThIpeX TECTOBBIX 3aJia9; B 3aKJIIOUEHUN 00CYKIAIOTCS Oy YEHHBIE PE3YJIbTATHI.

1. MaremarudyeckKkasa MOJEJb

ITponecc menacoimeHHO# bubTpanun 00bI9HO onuckiBaercs ypasaenuem Pudaapuca [1]. Chopmymupy-
eM ero 3jech C y4eroM yupyrocru cpenst [9, 7|, mpossisiomeiics B HACHIIEHHOM pekuMme (B T€pMHUHAX
8.4020C00EPAHCAHUE — BBICOMA BCACHIBAHU):

06 0
P) S0 suor 22— VE (0)V (14 2) = Q. (1)
ot ot
Jnsa 3asucumoctn 6 (1)) ucnonb3osana mozens Bau Ienyxrena [10]:
0s — 0,
Or + ———~% mpu P <0;
0 (v) = (1+ |ag|?) (2)
05 mpu ¢ >0,
a s kodddunuenra dunbrpanun — mozgens Myasnema [11]:
m2
K (4) = KK, () = K,82° [1 - (1= st/m)"]. (3)

*
B ypasrenusx (1)—(3) upunars: ciaexyiomue obo3nadenus: § — obbemHOe Biarocopepxkanue; ¢ [L] —
BBICOTQ BCAChIBaHUA, CBA3aHHAdA C IPUBEACHHBIM HAIIOPOM h COOTHOIII€CHHUEM

h =1+ z; (4)

Sstor [L_l] — KoaddunuenT yupyroeMroctn; K [LT_l] — ko3 durnment Biaromnepenoca; 6., 6, — ocra-
TO4YHOE (T. €. HE U3BJIEKAEMOE I'DABUTAIMOHHBIM IIyTEM) BJIATOCOAEPIKAHNE U BIIArOCOAEPIXKAHUE IIPHU MOJ-
HOM Hachimennn; S, Se — HACBIIEHHOCTh U 3(PPEKTUBHAA HACBHIIEHHOCTH COOTBETCTBEHHO, O PEIeIsieMble
o opmynam
§=7;  Se=go 9
s $§ r

N — SMIUPUYIECKUI TapaMeTp MOJENH, OTPAaKAMIIUN XapaKTEPUCTUKHU TIOP; 177 BBIPAYKAETCA 4epe3 N 110
dbopmyne m = 1—-1/n; « [L_l] — mapaMeTp Mozenn, pyHKIuA pa3mMepa mop; K [LT_l] — K03 dunmenT
dunbrpanuu B ycnoBuax Hacweimenusd; K, (1)) — oTHOCHTeIbHAS MPOHUIAEMOCTD; () [T‘l] — yIenbHbIE
0o0beMHBIE MCTOYHWKM W CTOKH. J3J€Ch W JAJIee IPEANOJIAraeTCs, 9TO BJArOCOAEPKAHUE IPHU MOJHOM
HACBHIIIEHNN 6y PABHO MOPUCTOCTU ¥ ILJIOTHOCTD JKUJKOCTH MOCTOSHHA.

YpaBHeHHUE EPEHOCA B 30HE adPAIUHU C YIETOM COpPONNY U PAAMOAKTUBHOTO PACIA/IA YINTHIBAET U3Me-
HEHWe BJIArOCOAEPIKAHU, aIBEKINI0, 1uddy3uio-uCIepcuio, COpOnnio u paIunOaKTUBHBIN PaCIar:

9((0+ ppKq)C)
ot

— VDVC +V (iC) + A (0 + ppK4) C = §, (6)

"
IIpu obo3HaUeHNN BeMYNH, 33 UCKJIIOYeHIEM Oe3pa3MepHBIX, B KBAAPATHBIX CKOOKAaX yKa3aHbBI €IMHUILI X N3MEPEHU I,
roe L, T, M — enuHuIe! [IMHBL, BpEMEHHN M MAaCChl COOTBETCTBEHHO.
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roe C [M L_3] — KOHIIEHTpAIus PAaCTBOPEHHOIO BemecTsa; U = (uj, Uz, U3) [LTfl] — ckropocth Jlap-
cu, koropas omnpenensierca kak 4 = —K () V (Y + 2); A [Tﬁl] — KOHCTaHTa PaJHOaKTUBHOTO Paclaja;
f [M L73T_1] — MAacCCOBBIe UCTOYHUKY U CTOKH; Pp [M L73] — ITOTHOCTH MOPOXBI; kg [M _1L3] — K03-

dumuent pacupegenenus; D — rer3zop auddys3un-aucnepcnn, onpeneraeMerii mo popmyire

Uit
D = 0dnI + ||@|| |E (@) + o (I—E(ﬁ))], Eij (u) = IIillé’ i,je{1,2,3}, (7)
U
re dp, [LZT_l] — kodddunmerT MomekynagapHoi auddy3un B MOPHUCTON cpeme B Kuakoil dase; o,

ot [L] — npogosnbHas u nomepedHas AUCIEPCUBHOCTH COOTBETCTBEHHO; ] — eMHUYHAS MATPHUIA.

2. YwucaeHnHad MOOeJIb

Hna muckpernsanuu 3agaau duabrpanuu (1), a Takxke nudOy3MOHHBIX 33249 10 TPOCTPAHCTBY B KOJIE
GeRa mozkeT OBITH HCIOIB30BAH OIWH U3 TPEX METONOB KOHeUHBIX 00beMoB (MKO):
— JIMHeHHad KJjlacCHYecKad CXxeMa C JBYXTOYEeYHOH alllPpOKCHUMAaIldell IOTOKA;
— O-cxemMa ¢ MHOTOTOYEYHO} ammpokcuMarueil moroka [12];
— HeJIHefiHAasd MOHOTOHHAS CXeMa KOHEYHBIX OO'bEMOB C ABYXTOYEYHOl ammporcuMarueii moroka [13].

KiroueBsim BOIpOCOM ABIIFETCHA AUCKPETH3AIU YPABHEHUA (1) IO BPpEMEHHU U pellleHrne HeJUHEWHOU Cu-
crembl. B GeRa pemienne 3aaun npou3BOgUTCA B TEPMUHAX HAIIOPOB, & IMEHHO pelnaercd ypasHenue (1),
[IepenucanHoOe OTHOCUTEIBHO OTHON IepeMeHHOI h:

00 (h — z) oh

——— + SSstor— — VK (h— 2) Vh = Q. 8
ot stor ot ( ) Q ( )

Henuneiinas 3agaga (8) pemraerca momudunupoaHubiM MeTogoM npoctoii urepamun (MMIIN), mopwm-

duKaImg 3aKII0YACTCA B JIHHEAPUIAINN BJIANOCOAEPKAHU IO HAIOPY HA KaKaoil mreparuu. Jlag sToro

BBOAUTCA AudbdepeHnuatbaas BIaroeMKoCTh (mmm ruapodu3maeckas eMKOCTh) Cg, OmpeenseMas Kak

co () = 50, Q

Jlng obecriedenns BBIMOTHEHUS 3aKOHA COXPAHEHUS MACCHl HA KAaKJIOU UTEpAINH AUCKPETH3AINT IPOU3-
BOJZIHO}I BJIATOCO/EPIKAHNSA 110 BPEMEHHU BBINOJIHSETC Cieayromum obpasom [14]:

o0 hn+1,k+1 _ hn+1,k 0 (,¢n+1,k) —_ "

ot ¢ (‘bnﬂ’k) At * At

(10)

Nunexc k o3magaer mHomep mrepamum, n — Bpemenno# muzgekc; " LF prramciserca mo dopuyme (4).
I[lepserit wien B npasoit wactu (10) mpu cxommMocTH WTepanuii CTpeMHUTCI K HYJII0. BTOpoii wieH u3se-
cTeH ¢ mpegpiaymero mara urepanuit. [logmrocrsio MMIIU npu HesBHOl auckpernsanum ypasHenus (8)
oIpeeaaeTcsd Kak

hn—l—l,k-i—l _ hn-}-l,k 2] (¢n+1,k) —_gn hn—l—l,k-i—l — hn
n+1,k n+1,k _
Co (1/) ) At + At + S (";b ) Sstor At
_ VK (¢n+1,k) th+17k+1 — Qn+1' (11)

OrmernM, 9TO IPU BBHIYUCIECHUU IMOTOKOB depe3 ODIILYI0 IPaHb ABYX A4UeeK CeTKH HEOOXOMMMO OIIpejie-
JINTh, KaK BBIYUC/IATH OTHOCUTEJNBHYIO MPOHUIAEMOCTh K, i 3Toi rpanu. Bo uzbexanme "mapasur-
weix" ocrmnanuii pemenus [15, 2] B GeRa ucmosb3dyerca nporuBomorokoBoe 3uadeHue K., T. €. 3TOT
k03 dunuenT Geperca w3 TOR dUeHKM, KOTOpas JIEKWUT BBINIE MO NOTOKY (B KOTOPOil BhIIE Hamop). B
nenasdx ymenblinerus 3¢ dekra pasmbiBanus (pponTa HackimeHHocTH B GeRa peajm3oBaHa BO3MOXKHOCTH
HOCTPOEHHs KYCOYHO-JTMHEHHOrO BOCIIOJHEHWsS BBICOTHI BCACHIBAHWSA B g4eiikax ceTku (IO aHAJIOTHH C
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JIMMUATEPaMH, UCIOIb3yeMbIMH [IPH DELIeHuH 3a7ad neperoca [16, 17]) musd mocseayomero BoIYHCICHES
OTHOCUTEILHON MPOHUIAEMOCTH HA IPAHAX, KOTOPOE MOXKET OBITH BKJIIOYEHO 110 KEJAHUIO IMOJIH30BATES.
[Ipu >ToM B KaK[I0i ddeiike CeTKH TOYHO JuOO MPUOJIMIKEHHO PEIIaeTCd ONTUMHU3ANUOHHAA 3a/1a9a I0-
HCKa TPAJUEHTa HAMOpa, 00eCIednBaIONEr0 MUHAMAIHHOE CPETHEKBAIPATHIHOE OTKJOHEHWE JUHEHNHON
¢yHKIMHU, annpOKCUMUPYIOIIEH HANOp, OT 3HAYEHU HAmopa B coceaHux sdeiikax. OrpaHudeHueMm s
CPAIMenHTa [MPU STOM ABJIAETCA HeIOIyIeHne 00pa30BaHNdA JTOKAJbHBIX MAKCUMyMOB (DYHKIUN HA TPAHAX
CeTKH.

Jlas nuckperuszanuu 3aJa9d [MEPEHOCA MOTYT HTPUMEHSTHCS KakK IOJHOCThIO HesBHBbIe cxembl MKO,
TaK U 9BHO-HEIBHAA CXE€Ma C IBHOW AIIPOKCHMAINEl aIBEeKINU U HeABHON ammpokcumanueii quddysun,
KOTOpasd U UCHOJIB3YyETCA AaJIE€ B TECTAX. B ABHO-HEABHOI CXeMme AJId TUCKPETU3alnun OIeparopa aaBEeKIINN
HCIIOJIB3YETCS CXeMa BBICOKOI'O HOPA/KA, KyCOYHO-JIHHEHHOe BOCIIOJIHEHHE B KOTOPO# cTponuTCyd myreM jinbo
TOYHOIO PeIleHns ONTHMHU3ANNOHHOM 3ama4n (18], mubo ee npubnuzxkennoro pemenns [16].

IIpu momenwpoBaHWE BO3MOXKHBI [IBA OPAHWYEHHUs HA IIar o BpemeHu. llepBoe CBA3aHO CO CXOU-
MOCTBIO pellleHus HeluHeilHo# 3agaun ¢ momolinbio MMIIV, BTopoe — ¢ yCTONYIMBOCTHIO TUCKPETUIAITAYN
3a/1a4¥ [EepPEeHOCa MPH HCIOJIb30BAHUM SBHBIX cxeM (cerownoe umciao Kypanra me mpesbimaer 1). Ilpu
pemeHnnn HeJIMHEeNHOM’ 3aa494 OIar 1mo BpEMEHU BI)I6I/Ipa,eTCH AUHAMUYIECKNU: IIPU OTCYTCTBUU CXOAUMOCTHU
MMIIN miar mo BpeMeHW YMEHbBIIIAeTCd; MPU MHOTOKPATHOM VCIEITHOM pPEIIeHn HeTWHEHHON 3a1adu 3a
ZOCTATOYHO MAJIOE YHCJIO UTepanuii (OmpesesseTcs MOIb30BaTeeM) Al YBeININBACTCS.

3. OpHOMepHas HeHACHINMIEHHAd (PUIBTPANUA B CyXOil 'PYHT

Jaunsiit rect 6b11 npepnoxkes M. Cenma u ap. [14]. BrnocaencrBuu ol cras cTaHJapTHBIM JJIsd TECTH-
poBaHud 3334 HeHACHIEHHOM dunbrpanuu [2, 19]. Vccmenyerca dunbrpanus B BEPTHKAIBHON KOJIOHKE
rrybunoit 100 cm. Pacuernoe Bpema — 1 cyrku. HaganpHasg BeICOTA BCACHIBAHUSA B HCCIIEAYEMOM CTOJIOIE
—1000 cm. I'parugnble ycaoBusd: B HUKHEN TOUKe BHICOTA BcackiBaHusd paBHa —1 000 cM, B BepxHE TOUKe
—75cm. llapamerps! 3a7a4du npuBegeHsl B Tabm. 1.

Hagaspable yciioBug 3a/1a91 COOTBETCTBYIOT IPAKTUIECKU CyXxoMy rpyHTY. [Ipu mpuaareix mapamerpax
BOAHO-(DU3UIECKOH MOMESU PACIPOCTPAHEHNE BJATH 110 BEPTUKAJIU MPOUCXOAUT C OYeHb KPYTHIM (PpOH-
TOM, IS BOCIPOM3BEIEHHs KOTOPOro, Kak MOoKaszasa pabora [7], HyKHA moppobHas HpOCTPaHCTBEHHAS
IUCKPeTn3aIus.

B mpomecce pacueToB olleHUBAEeTCA 3aBUCHMOCTD MOIYUYEHHBIX PE3YIbTATOB OT IPOCTPAHCTBEHHON JTHC-
KPETU3alUu: CPABHUBAIOTCH 3aBUCUMOCTHU BBICOTHI BCACHIBAHUS OT BEPTUKAIBHOM KOODIMHATHI (TIIyOUHbI)
B MOMEHT BpemeHH ¢t = 1 CyT.

JlamubIil TecT OBLT paccYuTaH ¢ ucnoib3oBaHmeM Koma GeRa Ha mByx ceTkax: C MIAroM IO BEPTHKAJb-
HoOit koopmuaare Az = 0,5cm u Az = 2,5 cm. 3Hauenue mara no spemenu usmenssiock ot 0,0009375 mo
0,01 cyrok. Ha puc. 1 nokasanbl mpoduin BEICOTH BCACHIBAHUA B MOMEHT BpemeHu t = 1CyT, mOJIydeH-
HBIe Ha 9TUX CETKaX II0 CXeMaM IPOTHBOIOTOKOBOH ANIIPOKCUMAINN HACHIIIEHHOCTH C KYCOTHO-JIMHEHHBIM
BocnosiHeHneM 1 Oe3 Hero. Cxema, B KOTOPOH OTHOCHUTEIbHAA HTPOHUIAEMOCTD OIIPEIEIAETCS 3HATCHIEM
HACBHIIIEHHOCTH B g4eliKe BBINIE [0 MOTOKY 0e3 MCIOJIb30BAHUA KYCOYHO-JTHHEHHOIO BOCIOTHEHUS BBICO-
TBI BCACBIBAHUA, JEMOHCTPHUPYET OOJIbIllee PACCTOSHUE ITPOXOXKJIeHHd (DPOHTA HACHIIIEHHOCTH, HEXKeJIn
cxeMa C KyCOYHO-JIUHEHHbIM BOCmoHeHueM. |lpwm m3mespieHun mara cerku (OPOHT CMENMAeTCd BJIEBO, K
PellIeHnto Mo cXeMe € KyCOTHO-JTNHEHHBIM BOCIOJIHEHUEM.

Ha puc. 2 npusezsieHO comocTaBjeHne Pe3yiibTa-
TOB, moxy4deHHBIX 00 KomaMm GeRa uw FEFLOW ma
opuHakoBOii cerke (Az = 0,5cM), OTKyza BHIHO

Tabauua 1

ITapameTpsl 3aga49u OHOMEPHOM HEHACHIIIIEHHOMN

dbunpTpanumn

ux Omm3Koe copmajgenme. JloOWTHCA pe3ysnbTATOB,
agasorngueix monydenHbiM 1o FEFLOW, ymaer- TTapamerp T TE—.
€A TOJIBKO IIPU HCIOIB30BAHUU CXEMBI C KYCOIHO-
JTUHEHHBIM BocmosHeHmeM. (OTCIoma MOXKHO Cle- Kospdunuenr durbrparuu 0,00922 cm/c
JIATH BBIBOJ[, YTO BBICOKOE KAa4eCTBO IIEPEHOCA Hopucrocrs, 0,368

a p MuHEMaJIbHAS BIIAXKHOCTD 0, 0,102
GpOHTOB HACBHIIIEHHOCTH JOCTUTAETCH IIyTEM WC- Tlapamerp ypaBHeHHS COCTOSHUS N 2
IOJIb30BaHUS CHENHAJbHBIX TEXHHUK AIIIPOKCHMA- [Tapamerp ypasuenns cocrogaus o 0,0335 cm—!
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BricoTa BCAChIBAHHA, M
1
=)
|

1
Qo
|

-9

-10+

T T
0,0 0.1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
Tay6una, m

Puc. 1. Bricora BcacbiBaHud B KOJIOHKe 1pu ¢ = 1 cyT, nosyuenHas mo koay GeRa: —x— — ¢ KyCO4HO-THHEAHBIM
BocmnoHeHneM, Az = 2,5 cM; --m-- — ¢ KyCOYHO-JTUHEHHBIM BocToaHeHueM, Az = 0,5 CM; --o-- — 63 KyCOUHO-

JuHeHHoro BocuonHenus, Az = 2,5 cM; —e— — 6e3 KycouHo-mHelHOro BocnosHennsd, Az = 0,5 cm

J TN

]
oS

|
th

1
=5

Bricora BCAChIBAHHA, M
1
~
T

1
[= <]

00 01 02 03 04 05 06 07 08 09 1,0
Layouua, m

Puc. 2. CpaBHeHue BBICOTHI BCACBIBAHWUSA B KOJIOHKe npu ¢ = 1cyr, nonxydenunoi no kogy FEFLOW (----) u mo
kony GeRa (—a—) ¢ mcnonp3oBanueM HPOTHBOIOTOKOBOMN ANNPOKCHMAIMH HACBIIEHHOCTH C KyCOYHO-JIMHEHHBIM

BocrosHerueM (Az = 0,5 cm)
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MW HACHIIEHHOCTH NIPU BBIYUCJIEHAN OTHOCHTEIBHON IIPOHUIAEMOCTH. TaKme MEeTO/bl IPUMEHAIOTCT KAk
B FEFLOW (cwm. pa3z. 7 pabors [2]), rak u B GeRa.

4. 3agava 0 KanWJIJIAPHOM Dapbepe

Jaunas 3anaga Obuta Buepsble pemrena Oubaenbyprom u Ilpyccom B pabore [20] musa recrupoBanus
koma TOUGH2, ogaako ux pe3yiabTaThl 3HAYATEIHHO PACXOAUIUCEH ¢ aHaguTudeckumu. llo3nnee Beb6om
ObLIa MCIIOJIL30BAHA MIPOTUBOIOTOKOBasd ammpokcuManus Hacbimeraoctu B kKoge TOUGH2, a dopwmyna
Pocca [21] momudunuposana mua ydera ypaBHeHus cocroguus Bam [emyxrena. B wmrore uncienubie
pe3ysbraThl MOoKa3aau GIM3KOe COBHAJeHWe ¢ aHajuTudeckuM perrenueM [22]. [lo3mmee namnas 3amada
6bura ncnosnp3oBana npu Bepudukamun koga FEFLOW [7].

[Ipu TecTupoBanny CpaBHUBAETCA PACIETHOE PACCTOAHUE OTKJIOHEHNA MIOTOKA KAMWLIAPHBIM OapbepoM
C QHAJIUTUYIECKUM PEIleHreM U npoBoguTca Kpocc-sepudukanng ¢ Kogamu FEFLOW u TOUGH2. Takxe
TECT IIO3BOJIAET IIPDOBEPUTH BO3MOXKHOCTU PEMICHUA 3a4a9 OPOUIECHUA CUJIBHO OCYIIEHHBIX I'DYHTOB, 9TO
OOBITHO BBI3BIBAET OOJIBINNE TPYAHOCTU C BBIYUCIATENHHON TOUKY 3PEHU, 33724 C CUIBHO HEOTHOPOIHBI-
MU THAPABJINIECKUME IapaMeTpamu, ¢ 00pa30BaHUEM HACBIIIEHHON 30HBI BHYTPHU PaCIeTHOH 00J/acTH.

B smreparype m3sectna dopmyna Pocca [21], maromas aHagnTHYECKOEe BBIPAKEHUE PACCMOAHUA OM-
KAOHEHUA nomokxa bapvepom. Puzmdecku 3To o3Hadaer ciexymoiree. C pocToM abCIUCCHI B HEKOTOPBIi
MOMEHT HaIMHAETCI IPOCAYUBAHUE XKUIKOCTH depe3 bapbep, u B HEKOTOPOU TOYKE OHO CPABHUBAELTCH C WH-
GuIbTPaAnUOHHBIM TOTOKOM. B 3T0i TOUKe JoCTUraeTcd MaKCHMAJIbHO BO3MOXKHBIN MOTOK Yepe3 BepxXHUil
IJIaCT B HAIIPABJIEHUU €TI0 IPOCTUPAHUI, KOTOpI)II';I HE MOXKET 6I)ITI) YBEJILYIEH B ﬂaﬂbHeﬁHIeM, 1 B€ECh BHOBb
MOCTY AN CBEPXY IIOTOK KOMIEHCHPYETCA OTTOKOM BHH3. AOcCunmcca JaHHON TOYKN HA3BIBAETCHA Pac-
CTOSIHWEM OTKJIOHEHHs MOTOKa GapbepoM, IJisd JAaHHOI 3aJadu OHA paccuuTaHa B 7] u cocrasiger 32,6 m.

Kamunnapusie 6apbepbl 00pa3yoTCa B HEHACHIULELHHOIE YCAOBUALAX, KOTIA CJIOH MEIKO3€PHUCTHIX ITOPOZ,
JIEXKUT Ha CJI0e KPYIHO3EPHUCTHIX OTJIOXKeHu. Bapbep BO3HUKAET W3-3a PA3HON MPOHUIAEMOCTH MEJIKO-
7 KPYIHO3EPHUCTHIX IMOPOJ, B HEHACHIIIEHHBIX ycaoBuax. Ha puc. 3 npeacrasBiensr rpaduKu 3aBUCAMOCTH
K03 bumenToB GUIBTPAINA MEIKO3EPHUCTOTO MECKa W I'PaBUs OT BBICOTHI BCachbiBaHus. /3 nmpuBemeH-
HOTO TpaduKa Ciaeayer, 9TO MPUA OJHON W TOU JKe BBICOTE BCACHIBAHWSA, OJU3KON K 3HAYEHUIO B YCIOBUAX

[OJTHOTO HACHIIIEHUs (Hampumep, ¢ = —5 cM), KoappuuueHTsl GUIBTPAIUN IIECKA U TPABUSI PA3IHIAIOTCI
Ha YeThIpe Mopgika. llpm 3ToM B rpaBum Ko-
s dunrerT GUABTPAINN MPU HEHACHIIEHHBIX log(K), em/c

YCJIOBUSIX MEHbIIIE. DTO JAET OCHOBAHUE UCIIOJIb-
30BaTh KANWLIAPHBIE Oapbephbl A W30JIAIIAN
OTXOZOB. 0
B pacuernoii obiacTu 3a1a9u 0 KaIXJLIAPHOM
6apbepe MPUCYTCTBYIOT IBA HAKJIOHHBIX ILIACTA i

momuaocThio 0,5 M Kaxaeiit (puc. 4). Bepxamit \
IUIACT CJIOZKEH MEJKO3EPHUCTBIM [EeCKOM, HUZXK- 4 \\
HUNl — rpaBueM. YTroJl HaKJIOHA KAIUJUISPHOTO \

bapbepa cocrasiuger 5 %. I'mapasimueckue mIa-
paMeTphl IIACTOB IPUBEJEHBI B TabJI. 2.

Ha BepxHeit rpanwume 3amaH0 WHQOUIBTPAIIN- 8 \ \
ounoe muranue 0,0048 m/cyT. Ha neBoii rpanume i ! ]
3a/IaHO HYJIEBOE YCJIOBHE BTOPOro poza (Hempo- -
TeKaHWe), Ha HUKHEH W npaBoil rpaHuIax — Hy- -~
JIeBO€ YCJIOBHE TEPBOro poza i Hanopa h (h = -~
=1 + z = 0). Ilpu sTOoM mpaseIil HUKHUI YTOT -12
COOTBETCTBYET YPOBHIO MOA3E€MHBIX BOg, ¢ 1) = 0.
Haganpuble ycmoBud B mpejenax MOJETd — HY-
nesoit Hanop (h = 0). Torma B coorBeTcTBUM C
kou(urypamueii 06/1aCTH BBICOTA BCACHIBAHUA

/

—

-h, cm
0 20 40 60 80

Puc. 3. 3aBucumocTts K03 punmenta GuIbTPAIUH OT BCa-

CBIBAIOIIEr0 JABJIEHUd: —— — II€COK; ——— — I'DaBUH
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Tabruya 2
T'uapaBianydeckue mapamMeTphl IJIACTOB B 3a/iade 0 KAaMWLIISPHOM Gapbepe
[Tapamerp Bepxwuuit cioit Huxanit cioit
(MesiKO3epHUCTHII 11EeCOK) (rpaBuit)
Buiarocopepzkanue npu mosHOM HachIeHuu O 0,39 0,42
Ocrarounoe Biarocoaep:xkanue 0, 0,154 0,012
Kosddurnment dunbrpanun npu nonHoMm Hacsimernn K, cm/c 0,021 10,1
[TapaMeTp ypaBHEHUS COCTOSIHUL N 5,74 2,19
[TapaMeTp ypaBHEHHS COCTOSHHS (i, CM 0,039 49
z B JeBOM BepxueM yriry Y = —600 cm, 9TO cooTBeT-

6004 1 1 ! 1 ] 1 1 1 Il

CTBYET CIJILHO OCYIIEHHOMY IPpYHTY. PactueTr mposo-
murcsa 1o t = 100 cyT (war mo BpeMeHu H3MeHseTCs
or 0,00530674 mo 0,0240529 cyr); amamormaHO pa-
Gore [7| cauTaercs, 9TO 3TOrO BpEMEHH JOCTATOTHO
[T YCTAHOBJICHUS PEIIeHUd.

B kome FEFLOW [7] pacdersr npoBopuiuck Ha
KOHETHO-3JIeEMeHTHO# Mozenn. MwmHUMAaIBHOE pac-
CTOAHUE MEXKAY y3JaMU B BEPTUKAJIBHOM HAIIpAaB-
jleHuu BOJW3W TpaHUIBl cyioeB cocrasiasano 0,5 cum.
&t llpu momenmpoBanuu ¢ momornpio koma GeRa wmc-
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000  IIOJIB30BAJIACH EKCAdPAIbHASA CETKA, COePIKAIAd

1600 gueek. Ilpu mocrpoenunu cerku B Kome GeRa
Puc. 4. IlocraroBka 3a7a4u 0 KaIuLIApHOM Oapbepe pacderHad o0gacTh Oblia pasjie/leHa Ha 4YeThipe
wracra (puc. 5): BepxHHH W HUXKHUI MOIIHO-
creio 0,45 M m 1Ba cpemHEX MOUTHOCTHIO MO 0,05 M.
Jlig quckperu3amuu KayKI0ro W3 HUX HUCIOJIb3YeT-
CH OJIMHAKOBOE KOJINIECTBO CETOTHBIX CJIOEB IO BEP-
tukaan — 8. C y4eToM pe3yabTaTOB IIPealecTBY0-
J110%D.9 pa60T HCIIOJIB30BAaHBI CETKHU C aJAlITUBHBIM U3-
MeJbIeHNeM K IIOBEPXHOCTH pa3fesa ILIacTOB. Xa-
PAKTEPUCTUKH CEeTKHU CJIEAYIOIIHe: mar mo ocu X —
2 wm; mar mo ocu Z BO 2-M u 3-M caoax — 0,00625 m,
B 1-m u 4-m caoax — 0,05625 m.

3amada perrajgach ¢ MOMOIIBIO BCEX TPeEX PeaJin-
30BAHHBIX CXEM JUCKpeTu3anuu (pUILTPAMUOHHON
3amaun: aByxTodedHo#, O-cxeMbl W HeJTWHEHHOI
cxeMbl. Pe3ysibTaThl, MOy I€HHBIE IO HUM, IIPAKTHU-
YeCKW COBIAQMAIOT — OTJINYUA HAXOAATCA B IIpejie-
JIaX HECKOIbKUX mporeHToB. Ha puc. 6 (cMm. Takxke
Puc. 5. ®parment cerku B mwiockoctu X OZ co cryme- IBETHYIO BKJAJKY ) MPEJCTABIEHBI PE3YJIbTATHI PAC-
HEEM K [MOBEPXHOCTH Pa3/ejia [IacTOB gera Haceimenaoctu no koxy GeRa. Ux cpaBrnenue
¢ pesynbraramu, noxydenasiva no FEFLOW B [7],

l q4=10,0048 m/cyT

JIeMOHCTpUPYeT OJIU3KOe COBIAJEeHUe CTPYKTYP HACBHINIEHHOCTH B pacdeTHO# obmactu. Jlisa noHmManms
CTPYKTYpPBI IIOTOKA Ha puC. 7 (CM. TakKe IBETHYIO BKJAJKY) MOKA3aHO DACIpEETIeHNe HAIOpa B pac-
geTHON obnacTm, paccumranuoe ¢ momornpio GeRa. Ha puc. 8§ mokazano paccauTaHHOE OTHOIIEHUE -y
noroka gepe3 Gappep (MOBEPXHOCTH pPa3zena MeJIKO3ePHUCTON M KPYIHO3ePHHUCTON 1OpoA) K WHQUIIb-
rpamuu. MOXKHO KOHCTATHPOBATH KAYECTBEHHOE COOTBETCTBUE PE3YJIbTATOB PACUETOB AHAIUTHIECKOMY
SHQYEHUIO PACCTOdHUYA OTKJIOHEHUA IIOTOKaA 6a,pbep0M " KOJIMIECTBEHHOE — Dpe3yJjibTaTaM, IIOJyY€HHBIM
¢ momoupio FEFLOW B [7] » TOUGH?2 B [22]. 3Bamernum, 9to B TO Bpems kak B pemenunn FEFLOW
Habmromarorca ocuuiuisgnuu (cM. puc. 10.34 B [7]), pemenne GeRa meMOoHCTpEpYeT MOHOTOHHOCTb.
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L] 1

-

3 4 S 6

LLU,ii%{%\H |\ HUIL;“

0.0 0.1 0,2 0,?[0,4 0,506 0.7 0,3 0.9 1,0
% gl 1 :

A Wﬁganu i ’“M

Puc. 6. Hacsimennocrs, paccunrannasa mo koxy GeRa  Puc. 7. Pacupezenenue ruapaBingeckoro Hamopa B pac-
(mByxTOUEUHAsS CXeMa) 9eTHON 0bJsracTu

0,8

P T TR ARSY— |

0,6

0,4

0,2

. o x M
0,0 10 20 30 40 50 60 70 80

Puc. 8. OrHomenne npocaunBanus uepe3 6apbep K nHbuiprpanuu: --- — mo ¢popmyne Pocca; —— — mo xkoxy
GeRa, nByxroueunas cxema

5. JIBymMepHas HACHIIIEHHO-HEHACHIIIEeHHAsA (PUIbTPAIUSA
¥ aABEKTUBHO-ANCIEPCUOHHBIN MEPEHOC B HEOAHOPOJHOM 30HE a’panuu
C y4eTOM paJuO0aKTHBHOI'O pacnaja

Janras 3azada ucnosnb3yercsd B KadecrBe obywaromeil gusg nporpammbl VS2DT [8]. OcoberrocTsio
TecTa SABJISETCS HEOJHOPOIHOCTH IIapaMeTpPOB Cpeiabl. PacdeTHbIil pa3pe3 TeCTOBOI 3aja4u U JIUCKPETH-
3anuga Momenu, peasu3zoBanuoi B VS2DT, mokazamsl Ha puc. 9, Ha KOTOPOM IIPEICTABIEHA pacIeTHAL
obacTh, mMmeromas pa3mepsl 6,47 M x 4,06 M. Bousbnras gacTs pacueTHON 00JIACTH 3aIOJHEHA XOPOIIO
MPOHUIAEMBIM IIECKOM, OHAKO B Hell MPUCYTCTBYET JIUH3A U3 MeHee MPOHUIAEMOrO IbLIEBATOr0 IPYHTA.
Heobxomumbre mapamMeTpsl IpUBEAEHBl B TaOJI. 3.

Ha 6oxoBbIx rpanumax Huzke orMeTKd —4,5 M 3a/[1aHO 'PAHAIHOE YCJIOBHE MEPBOTO poja ¢ HamopoMm H =
= —4,5 M, BbIIIE STON OTMETKH — YCJIOBHE MpocadnBaHud (seep), bOpMyIupyeMoe CIeLyomuM 00pa3oM:
B HEHACHIIEHHBIX YCJIOBUAX (DUIBTPAIMOHHBIN HOTOK ¢ Uepe3 MaHHBIA yIaCTOK I'DAHUIBI PABEH HYJIIO;
B HACBHIIMIEHHBIX YCJIOBAYIX BBICOTA BCACBIBAHWA PABHA HYII0. JTO YCJIOBHE DPeAJU3yeTCd HA IPAKTHKE
nyrem nepeksrodenus ua urepamuax MMIIN ¢ ycrosus memporekanms (¢ = 0) Ha ycaoBHE 3aJaHHOTO
nHanopa (H = z) mpum JOCTMIKEHWH MOJIHOTO HACBHINIEHWS W OOPATHO B CJy9Yae OTPHUIATEIHHOTO 3HAMECHUS
GUIBTPAMOHHOIO MOTOKA I€PE3 TPAHMUILY.
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11

B Gr=001,ci=0
“gn=10.01, Ci=0

ghEOOT o=

4=0,d=0 0450

‘SEEep L Seep

7 ﬁ.IH:-tsKC‘r:n IH:-A 5,Ci=0
N i g=0,J=0 i

Puc. 9. Tuckpern3anus K 3aja9e AByMepHOH buiIbTpanum, pealn3oBaHHas ¢ noMomso koxa VS2DT [8]

Tabauya 3
ITapameTrpsbl K AByMepHOU 3amade PUIBTPAIUN U MaccollepeHoca
[TapameTp [Tecok [IerneBaTHIl FPYHT
Kosdbdunpenr dbunprpanuu npu noIHOM HACBHILEHAU, M/CYT 12,4 0,7
Brarocozsep:kaHue npu mOJHOM HaChIIeHun 6 0,39 0,4
OcrarouHoe Biarocojgep:kanue 0, 0,06 0,14
[TapaMeTp ypaBHEHUS COCTOSIHUL N 5,8 7,0
[TapaMeTp ypaBHEHHS COCTOSHUS O, M ' 2,3 0,25
[IpomonbHas TUCTIEPCUBHOCTD (if,, M 0,1 0,1
[Tonepuyennas guCIE€pCUBHOCTD i, M 0,01 0,01
Koncranra pacmaga \, cyr * 0,03 0,03

Ormerka —4,5M COOTBETCTBYET HYJIEBOW BBICOTE BCACHIBAHWS, W BBIIIE 3TOW OTMETKM HAYAJbHASA BbI-
coTa BCachlBaHUA 33JaHA U3 yCJOoBUd rugpocraruku. Ha Bepxmell rpaHure 3aJaH0 WHOUIBTPAIUOHHOE
nurasue g, = 0,01 m/cyr. B yriaybaernu, KoTopoe MOXKHO MHTEPIPETHPOBATH KaK XPAHUJIAIIE OTXOZOB,
koHuenTpanus uHbuiasrpara C; cocrasuser 1000 mr/m, B ocTanbHOll obiacTu Ha BepxHeil rpaHUIE OHA
paBHa HyI0. Pacuernoe Bpema — 110 cyTox.

Pedepenrrbie pacuersr 6bmm BomosHenbl mo komy VS2DT Ha cerke m3 44 x 32 aueek (cm. puc. 9) ¢
pasmepom gueiiku 0,13 M x 0,15m. g MomennpoBaHus JaHHOTO TECTa C HCIOJb3oBaHmeM koma GeRa
Opasach TpeyroJbHO-IpU3MAaTHIeCKad pacdeTHad ceTka co cpexuuMm maroMm 0,1 M B mrockoctu XOZ,
conepxamas 4 522 aueiikn (puc. 10, cm. Takke nBeTHyIO BKIaaKy). Momemmposaame nmorpebosaio 1809
maroB mo Bpemenu, mar yseaunauBaics or 0,000125 cyT B Hagase pacdera 10 1 cyT B KOHIE pacdera (mar
6bLT OrpaHUYeH CBepXy 1 cyTKamm).

Ormernm, aTo mapamerpsl (B 9aCTHOCTH, () MBLIEBATOrO IPYHTA TAKOBBI, 9TO C CAMOTO HAYIAJA MO-
IenupoBaHud 00JACTh, 3aHATad UM, OJUM3Ka K HACBHINEHUIO. B mpormecce MoOeIupoBaHUS HMEHHO 3Ta
30HA CTAHOBUTCHA HambOJIee MPOBOAAIIeH Osraroaps BHICOKOMY HACHINIEHUIO IOP BOIOM, HECMOTPd HA 60-
Jie€ BBICOKHE (bHHpraHHOHHbIe CBOMCTBa IIECKA B HaCBIIIEHHOM COCTOAHHUU. BOHa, IIBIJIEBATHIX T'DYHTOB
CTAHOBUTCH TPOBOJLAIINM KOJIEKTOPOM, HAIIPAaBJIdgd OCHOBHYIO 9aCTh IIOTOKA B MPABYIO 9acTh OOJIACTH.
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[Ipm sToM Ha HEWKHel TpaHUIle NBLIEBATOIO IPYHTA U IECKa 00pa3yercd KamuIIdpHBIH 6apbep, mpendr-
CTByIOIILI/Iﬁ IIPOXOKACHUIO KUAKOCTU HEIIOCPEACTBEHHO IO 30HY, 3aHATYIO IIBLJIEBATBIM I'DYHTOM.

Ha puc. 10 (cM. Tak»Ke IBETHYIO BKJIAJKY) MOKA3aHO BIATOCOAEPIKAHUE B PACIETHO 00JIACTH, Oy IeH-
uoe o koxy GeRa, Koropoe cooTBeTcTByeT HaChIEHHOCTH, paccunTanuoil B VS2DT u npejcrapienHoit
Ha puc. 11 (cM. TakKe IBETHYIO BKJIAJKY). MOXKHO CpaBHHUTH pe3ynbrarbl MopenupoBanud B GeRa u
VS2DT na moment Bpemenn t = 110 cyt:

— JaBjeHue HA puc. 12, a, 6 (CM. TaK¥Ke [[BETHYIO BKJIAJKY );

— KOHIEHTPAIWIO 3arpsa3HuTens 0e3 yduera pacnaga Ha puc. 13,a, 6 (CM. TakKe IBETHYIO BKJIAJKY );
— KOHIEHTPAIWIO 3arPA3HUTENs C yIeTOM pacuajga Ha puc. 14, a, 6 (CM. TakKe MBETHYIO BKJIAJIKY ).

[To pe3ynbpraTam cpaBHEHUS MOXKHO CIEJIATh BBIBOJ, UTO pelleHusd (DUIABTPAIMOHHON U MUTPAIMOHHON
3aJ1a4 C MOMOIIBIO JIBYX KOJOB Oiim3ku Mexay coboit. Omrako B pacuerax mo koay GeRa paccrosinue, Ha
KOTOpPO€ MUTPUPOBAJT 3arPA3HUTEND, HECKOJIBKO MEHbIIIe, 9YeM PACCTOAHNE, paccanTanHoe mo koxy VS2DT.
B kome VS2DT, mo-Bumumomy, n3-3a HEBEPHOH TPAKTOBKHU IUCIEPCHOHHOTO MPOIECCA OHO 3aBBIIIAETCI
(3Tor adbdekT HAGIIONAIC U IPU PEIIEHnr OJHOMEPHBIX 3a/a4, B KOTOpbix pedynbrarhl GeRa coBmagamm
¢ pesynbraramu HYDRUS-1D, a xox VS2DT memorcTpupoBas u3aumiaion aucnepcuio). Kpome toro, B
GeRa ucnosp3oBana OoJiee MejiKasi CETKA B COBOKYITHOCTH C HU3KOJAUCCUIIATUBHON CXEMON JUCKPETH3AINN
omepaTopa MEePEeHOCA, ITO TAKYKe CHUKAET IUCIeHHYIO auddy3uro.

0,40
Eo,ss
0,32
0,28
=0,24
0,20
0,16
0,12
0,08
0,04
0,00

Puc. 10. PacuerHas ceTka m pacmpejiejieHHne BJaroco-
nepxkaunug upu t = 110 cyr, kox GeRa

Puc. 11. PacuerHoe pacupeaeienre HACHIIIIEHHOCTH IPU
t = 110 cyr, kox VS2DT

a

o

Puc. 12. Pacupenenenune nasnenus npu t = 110 cyr: a — pacuer no GeRa; 6 — pacuer mo VS2DT
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Puc. 13. Pacupeznenenne KoHIEeHTpanuu 3arpa3HuTesis B pacdeTHo obsactu mpu t = 110 cyT 6e3 yguera pacmasa:
a — pacuer mo GeRa; 6 — pacuer mo VS2DT

1000
900
800
700
600
500
400
<300
200
100

a 0

Puc. 14. Pacupenesenune KOHIEHTpauu 3arpsa3HATeNls B pacdeTHoil obnactu npu ¢t = 110 cyT ¢ yuerom pacmasa:
a — pacuer mo GeRa; 6 — pacuer mo VS2DT

6. PuabTpanus 1 MacCOMEPEHOC B JAPEHWPOBAHHO HACBHIIIIEHHO-HEHACHIIIEHHONH 06JiacTu

ITpu noaroroske auccepranumoHHOH padors [23] Bo @pannuu OblIa CO31aHA YCTAHOBKA JJIs HCCIIEZO-
BaHUd MPOIECCOB HACHIIIEHHO-HEHACHIIIIEHHON (DUIbTPANNy U IEepPeHoca B 30He a’paruu. B gacTHOCTH,
Ha 9TOH yCTaHOBKE IIDOBOAUJICA OIIBIT IIO OIEHKE d)HJII)Tpa,ILI/IOHHOI‘O IIOTOKa K JIPE€HAXKY B HACBIIIECHHO-
HEHACBIIIEHHBIX YCIOBUAAX. YCTAHOBKA MPEICTABIAET CODOM JIOTOK € meckoMm paszmepom 2Mm X 0,5m X 1m.
B ycraHOBKe 6bLIN CMOHTHPOBAHBI YCTPONCTBA i H3MEPEHHs JaBJIeHus (TeH30MeTPhI) KAK B HACHIIIEH-
HOHM, TaK W HEHACHINIEHHON 00JIACTHU; C IMOMOIIBIO HUX OIPEHessjiCad U yPOBEHb CBOOOIHON MTOBEPXHOCTHU
(rme maBieHWe KUIKOCTH PABHO HYIIIO).

Pacuernas obsacTs gBigerca npaMoyroabHuKoM aunHoi 2,0 M u BeicoToit 1,0 M (puc. 15). [Tapamerpsr
Mozeau npuseneHsl B Tabir. 4. ['panudnsie ycjaoBud 3aIaHbI CIeAYIONUM 00pa30M:

— Ha OKPYKHOCTH AWMAMETPOM b CM B IIPABOM HUKHEM YIUIy, COOTBETCTBYIOIIEil NIpeHe, — YCIIOBHE
[IPOCAYNBAHUL,;
— Ha BepxHell rpaHmIle, PacIOJOkKeHHOH Ha BbicoTe 1,0M, — HHOUIBTPAIMOHHOE NHUTaHWE (IPUTOK

JKHUAKOCTH) C HHTeHCUBHOCTHIO w = 0,18 cMm/4;
— BCe OCTaJIbHbIE TPAHUIIBI — HENPOHUIAEMEIE.

Mopnens ocuoBana Ha ypaBHeHuu Pudapzaca. Pacuersl mpoBOAWINCH O MOJIydYeHUs CTAIMOHAPHOTO
pelieHud.

- 70 -



Bepuguranus monereii HeHACHIIIEHHOH (DUIBTPAIIMA H MIEPEHOCA B 30HE AI9PAIHH HA IIPUMEPE. . .

LAV AA A S EEE

q=0
. o e e
Z=1M q = 0 -..._.__.-
/:i --.-.___"-‘
VYpogenn g,
MO/ 3eMHBIX BOJI S
v 1
=0 Be
q |7

x=2m /

—

g Jlpena

Ax=5cmr

d=5cm
I Ah =75cm

Puc. 15. Cxema HaCHIEHHO-HEHACHIEHHON (DUIBTPAIAA K 33]aUe C IpeHakKoM [23]

Tabaruya 4
ITapameTpbl Mozesn

[Tapametp 3nageHne
Koadpdunuent dbunprparum B HACHIIEHHBIX YCIOBUAX
B TOPM30HTAJILHOM Hampasjernun K, = K, 9,6 cm/a
Koadpdunuent dbunprparun B HACHIIEHHBIX YCJIOBUAX
B BEPTHKAJHHOM HampapjaeHuu K, , 6cm/a
[Mopucrocts 0 0,43
MunumanbHag BIAKHOCTD 0, 0,12
[TapameTp ypaBHEHUS COCTOSAHUL N 1,8
[TapameTp ypaBHEHUS COCTOSAHUSA 0,012cmt

JlaHHBII TECT TO3BOJIMI COIIOCTABUTD PE3YIHTATHI YUCIEHHOTO MOJIEINPOBAHNA HACHIIIIEHHO-HEHACHIIIEH-
HO¥ (punmbTpauu ¢ pe3yabTaTaMiu, MOJIYyIeHHBIME B PEAJbHOM 3KcrepuMmenTe. (ComOCTaBIeHWE IIPOBOIU-
JIOCH IO PACHPEIEEHUI0 HAOPOB U IOJIOXKEHUIO CBOOOIHON IMOBEPXHOCTH KUIKOCTH.

[Ipu mpoBenenun pacderos mo koxy GeRa ucrnomp3oBanucek aBa Tuma ceTok. llepBag cocTouT u3 npu3m
C TpeyroabHbIM ceuerneM B miockoctu X OZ, BTopas — u3 NPAMOYTOJBHBIX MAaPAJIIEenunesoB (o ocu
Y Bce cerku comepxkar omuH CjI0ii). B ciygae TpeyroapHO-npU3MaTHYECKONW CETKU KPYTJas APEHa MpH-
6amKaIach BOCbMAYTOIBHUKOM, B CJIydae KBAaJPaTHON CETKH — KBaJPaTOM CO CTOPOHOI 4 cM (mepumerp
KBaJpaTa B 9TOM CJIydae OIM30K K JJIMHE MCXOMHON OKPY?KHOCTH).

ConocrasiieHne W30JIMHWUIA HAIOPOB U CBODOMHON MOBEPXHOCTH, TOJYYEHHBIX HA PA3HBIX CETKAaX C IO-
Motbio pacueTrHoro koma GeRa m Ha KCHEepUMEHTAJbHON yCTaHOBKe, mpuBemeHo Ha puc. 16. Jlywrree
COOTBETCTBUE MOJIyIE€HO HA TPEYrOJbHO-IPU3MATHIECKON CeTKe.

B gacTm maccomeperoca MOIEIMPOBAINCH MPOIIECCH AJBEKIINN W TUAPOANHAMUIECKOH aucmepcun. Mo-
IeTUPOBAJINCH IBA HATYPHBIX YKCIEPUMEHTA.
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Puc. 16. ComocraBieHne n30/MHUI HAMTOPOB W CBOOOIHOW MOBEPXHOCTH, MOJIy4E€HHBIX B miaockoctu XOZ ¢
nomoupio koga GeRa u Ha sKcnepumenrtanbHOil ycraHoBKe [23]: @ — Ha TPEyroJbHO-IPU3MATHYECKOH CETKE;
6 — Ha reKCca’apajbHON ceTke; —— — m3oJuHuu HAnOpoB, GeRa; —— — u30/MHAE HAOPOB, YKCIEPUMEHT;
---- — cBobonmHas moBepxHOCTh, GeRa; --- — cBOOOMHAS TOBEPXHOCTH, IKCIEPUMEHT

B mepBoM 3KCmepuMeHTe M3HAYAIBHO JOTOK 3aIOJHEH PACTBOPOM C KOHI[EHTpAIueil mpuMecu (XI0puz
kasus KCl) 256 mr/n. Bepxuas rpanuna opomaercs quctoii Bogoit B redenne 100 9acoB, HHTEHCHBHOCTD
opomrerus 0,75 cM/4 (rpaHHYHOE yCJIOBUE HA BEPXHEH TDAHMUIE).

Bo BTOpOM 3KCIEpEMEHTE B pacTBOPE, M3HAYAIHHO 3AMOJHIIONEM JIOTOK, IPUCYTCTBYeT (DOHOBOE 3HA-
4yeHne KoHueHTpanuu mpumecu 27 wr/n. KoHmeHTpamus B mOJaBaeMOM Ha BepXHel TpaHHIE PacTBOPE
MEeHSeTCs: IepBble 9 9acoB HPOU3BOAUTCS OPOIIEHHE PACTBOPOM C KOHIEHTpanueit mpumecu 256 mr/u,
3aTeM — PacTBOPOM C (POHOBOM KOHIIeHTpamueit 27 mr / Ji. IHTEeHCUBHOCTH OPOIIEHUsS HA BEPXHEH IpaHuUIe
TakKe nogiepxusaerca Ha yposue 0,75 cm/4. Obuiee pacuerHoe Bpems — 140 gacos.
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PesyapraTel pacdueToB nByX IKCHEpUMEHTOB ¢ momomibio kojga GeRa mpusenens Ha puc. 17 u moryT
OBITH COIOCTABIIEHBI C IPHUBEAeHHBIME B pabore [23]. B mepBom skcnepuMeHTe CDAaBHHBAIOTCS BPEMEHA
HaJasa [aJeHns KOHIeHTpauuu B apeHe. [lo pesysmbraram MomenupoBanus B 23] 9T0 Bpems cocrasiisier
~ 19,8 gaca (0,44 o6bema mop Ha rpaduke V-6 u3 [23]; 1 o6bem mop coorBercTByeT 45 9acaM OpOIIEHNUs ),
B GeRa — 19,6 waca (cm. puc. 17,a). Yepes 90 9acoB KOHIEHTpANUs CTAHOBUTCA PABHOH ~ 32Mr/u u B
srcmepumente (cM. [23]), u npu mogenuposanuu mo koxy GeRa.

Bo BTrOpOM 3KCIIEpUMEHTE CPABHUBAETCH BPEMS IIPUXO/Ia MNKA KOHIEHTpanuu B apeny. 1lo pesympraram
MozenupoBanusd B [23] aTo Bpema pasao 39,2 gaca (mpumepro 0,7 obbema mop Ha rpaduke V-12 u3 [23];
1 obbem mop coorBercTBYeT 56wacaM opouleHus), a mpu pacderax mo koxy GeRa — mpubimsurenbrO
38,5aaca (cm. puc. 17,6).

240
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Puc. 17. KoHnenTpamnus npuMecu B ApeHe: @ — PaCYeT MePBOro SKCIEPUMEHTa; 6 — pacdeT BTOPOTO SKCIIEPH-
MEHTa
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3akJrouyeHue

B macrosmeit pabore momobpaHBI YETHIPE TECTa I BepU(PUKAIMUN U KPOCC-BEpUMUKAIMH MOAEIEH
HEHACHIEHHON (uibrpanuu. MogeaupoBanue sTux 3ajga4 ¢ momoinbio koma GeRa mokaszasio xoporiee
COBIIaJIeHNUE MOJYIEHHBIX PE3yJbTaTOB C pedepeHTHHIMH, B KAadeCTBe KOTOPBIX BBICTYIAIOT UHCJIEHHBIE
pelreHnsd MO APYyrUM KOJaM, IOJYYHWBIIUM MIAPOKOE NMPU3HAHWE, W aHAAWTHIecKue perneHud. [lokaza-
Ha 3HPEKTUBHOCTH NPUMEHEHNT HOBOI METOAMKY IPOTHBOIOTOKOBOM aNMpPOKCUMAIINN HACBHINEHHOCTH HA
6a3e KyCOIHO-JTMHEHHOrO BOCIOJIHEHNUS BBICOTHI BCACBIBAHUA HA gdelikax ceTku. OUIBITHBIM IyTEM MOKa-
3aHO, YTO MMEHHO IPUMEHEHUE CIENUAJbHBIX TEXHWK AIMPOKCAMAIAN HACBHIIEHHOCTH MPU BBITUCICHUN
OTHOCHUTETHHOW MPOHUI[AEMOCTH O3BOJIIET JOOUTHCA BHICOKOTO KAUeCTBA IMepeHoca (hPOHTOB HACHIIEHHO-
cTH, HE npuderad K Ype3MEPHOMY W3MeJIbIeHUI0 PACIETHON ceTku. Pe3ysbTarhl 9KCIEPUMEHTOB IOKA3a/Iu
pobacTHOCTH HCHoNb3yeMbix B GeRa 4ncjieHHBIX CXeM B yCJIOBUSX HEOJHOPOIHOCTHU MAPaMETPOB CPEJ U B
CIydae OPOIIeHNd CUJIBHO OCYIIEHHBIX MOPOJI,.

Pabora wacruano nognepxkana PenepabHOil meaeBoit mporpaMmoit " mepHbie sHEProTEXHOJIOTUU HO-
Boro mokoJierns Ha nepuox 2010—2015 romos u Ha mepcuekTuBy mo 2020 roga" u rparTom Poccuiickoro
douma pynmamMerTanbHBIX uccaemoBannit 15-35-20991.
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Crarba mocrynmia B pemakmuio 12.09.16.

VERIFICATION OF MODELS OF UNSATURATED FLOW AND TRANSPORT IN
UNSATURATED ZONE BY EXAMPLE OF CODE GeRa / I. V. Kapyrin, V. V. Suskin,
A. V. Rastorguev, K. D. Nikitin (IBRAE RAS, ICM RAS, Moscow)

The paper presents the analytical and numerical models implemented in the GeRa code
and describing the unsaturated flow and transport processes in unsaturated zone. A set of
four verification tests and verification results for the models are given. Since there are no
analytical solutions the verification is performed by comparing the GeRa simulation results
with the results obtained using the well-known codes FEFLOW, HYDRUS-1D, VS2DT,
TOUGH2, as well as data of experiments. There has been demonstrated a possibility of
using in the GeRa code the upwind saturation approximation scheme of a higher accuracy
that allows significantly reducing requirements to the grid during the simulation of the
saturation front motion.

Keywords: unsaturated flow, transport in unsaturated zone, verification, cross-
verification.




