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NccreaoBaHME pEOAOTMYECKMX CBOMCTB KAMEHHOM COAU

Banepun Anekcangposuy AFEEHKO®
HauuoHanbHbIN nccnegoBaTenbCkuii TexHonorudecknin yHnsepceutet «MUCUCy», Poccus, Mockea

AKTyaAbHOCTB. MeTOALI ONPEAEAEHMS] YCTOMUMBOCTU MPU AAMTEALHOWM SKCIAyaTaLIMM MOA3EMHLIX Pe3ePBYapOB, CO3AAHHLIX MyTEM BbillEAQUMBAHMS, MOKa
HE OTPAXKAIOT BCETO MHOrOOOPasusi BAMSIIOWIMX HA HUX (DAKTOPOB, MO3TOMY HE TOALKO F€OMETPUYECKME MAPAMETPLI BLIPAGOTOK, HO Y MUHUMAALHOE AOMY-
CKaeMOe AABAE€HME XPAHUMOTO MPOAYKTa MPUHUMAIOTCSI CO 3HAUYUTEABLHLIM 3arnacoM. Co3AaHNe HAAEXKHBIX METOAOB OMPEAEAEHUST OCHOBHDLIX NMapamMeTpoB
MOA3EMHLIX PEe3ePBYapOB CBSI3AHO C M3yYeHMEeM (PU3MKO-MEXaHMYECKMX CBOVICTB COASIHLIX MOPOA. B CBsI3M € TéM, YTO rarOreHHble MOpPOALl AdKe MPU
MUHMMAALHOM MEXAHNYECKOM BO3AECTBMU MPOSIBASIIOT MAACTUYECKUE CBOMCTBA, MPMMEHMMOCTb K HUM CYLIECTBYIOWMX CTAaHAAPTU3MPOBAHHLIX METOAOB
OMpEeAEAEHUI PABAUYHDBIX MEXAHUYECKMX CBOVICTB, MO HAWIEMY MHEHMIO, HOCUT AUICKYCCMOHHDIV XapakTep. DTO MOATBEPIKAAETCS M TEM OBCTOSITEALCTBOM,
41O B POCCMM AO CMX MOP HET METOAMKM (hEAEPAALHOTO YPOBHSI MO OMPEAGAEHMIO PEOAOTMHYECKMX U MAACTUHECKMX CBOWICTB COASIHLIX TOPHLIX MOPOA. B
CBsI3M C 3TUM BbIGOP METOAVIKM MPOBEAEHMS SKCMIEPYMEHTOB MO OMPEAGAEHMIO PEOAOTMHYECKMX CBOMCTB SIBASIETCSI TPOBAEMATUYHDBIM.

LleAnro MCCAEAOBAHMS SIBASIIOTCS IPOBEAEHME SKCMEPUMEHTOB M MPOBEPKA HOBOrO METOAA MPOrHO3a KPUBLIX MOA3Y4eCTU.

Mertoasbl n pesyastaTsl. B paborte BHMMAHME YAEAEHO YHMKAALHOCTM 3KCMEPUMEHTAALHBIX OMPEAEGAEHMUII PEOAOTMYECKMX CBOMCTB COASIHBIX TOPHBIX
nopoa. OrnmcaHbl METOAMKM MPOBEAEHUsI SKCMIEPUMEHTOB. DOABLIOE BHMMAHME YAEAEHO M3Y4YEHUIO HEOOXOAMMOW MPOAOAKMTEALHOCTY SKCMEPUMEHTA
MO OMNMPEAGAEHUIO PEOAOTMHYECKMX XapPaKTEePUCTUK. BLiSIBAEHLI 3aKOHOMEPHOCTM MPU KPUBLIX MOA3YyHYeCTU B 3aBUCMMOCTM OT BPEMEHM SKCNepuMeHTa U
MPEAOYKEHO HEOOXOAMMOE BPEMSsI MPOBEAEHMST SKCTepUMeHTA. OMMcaH METOA MPOTrHO3MPOBAaHMS KPMBOM MoA3ydecty Ha 300 4 no nepBbiM 60 MUH MOA-
3y4yecTu. AaHHasi METOAMKA OMUCAHMS SIBASIETCS] HOBOW B CPABHEHMM C APYTVMMM, POACTBEHHLIMU UCCAEAOBAHMSI MO AAHHOM TemaTuke. HakonA€HHbI onbiT
SKCMEPUMEHTAALHBIX AAHHLIX AAE€T OCHOBAHME AAs PA3PabOoTKM CTAHAAPTA OPraHM3aLyy MO OMPEAEAEHMIO KOMIAEKCA (PU3MKO-MEXAHNYECKMX CBOMCTB
raAOre€HHBIX MOPOA. ONMUCAHHDLIE SKCIEPUMEHTBI MO UCTLITaHMIO BbiAM orpo6oBaHbl OO0 «[a3MpPoM reoTEXHOAOTMMY .

BLIBOAOM AQHHOM PABOTLI SIBASIETCSI HOBLIV MPEAAOYKEHHDIV METOA MPOTrHO3MPOBAHMSI SKCMEPUMEHTA MO MEPBLIM 40 MUH MOA3Y4ECTU.

KatodeBble crOBa: VUCTbITAHME KAMEHHOW COAM, KPUBbLIE MOA3YHYECTU, PEXKMM HArpys>KEHMs!, SKCMEPUMEHTAAbHAST KPUBAsSI TOA3YHECTU, BPEMSI MPOBEAEHMsI
SKCMEePUMEHTA, reoMexXaHmKa.

BEAEHME
KameHHast conb Ioji HarpysKoii ¢ TedeHueM BpeMeH! UMeeT 0COOEHHOCTb M3MEHATDb CBOY IIPOYHOCTHbIE XapaK-
TepUCTHKI. BO MHOTOM 9TO CBsI3aHO ¢ M3MeHeHVeM HaIpshkeHUiT B MaccuBe [1]. HanpsokenHo-gedopMupoBaHHOE
COCTOAHME C TeUYEHMEM BPEMEHM U3MEHAETCS, TaK KaK Y COMIM XOPOLIO POCIEXMBAIOTCA PeOIornyecKye CBoicTBa. OCHOBHBIMU
PEOIOTMYeCKIMIL XapaKTepUCTUKAMU ABJIAIOTCA Ipefiell AIMTeIbHON IPOYHOCTIL M PEeOIorndecKiie Kpusble [2].
DKCMEePUMEHTAALHBIE AAHHDLIE
Tl uccnenoBaHys OGHOOCHOI MOI3YYeCTH U OIpefie/leHns MpefieNa [UINTeNbHOI mpoyHocTu mo Metoauke E. M. Illada-
PEHKO IIPOU3BOAMINCDH SKCIIEPYMEHTHI C MIOCTOSAHHBIM HalpsDKeHMeM Ha npotsbkeHuy 300 u [3]. HanpspokeHus BbIOMpanuch
paBHbIMK 9, 12, 15 1 18 MIIa. PesynbraTsl on3y4ecTy MpeACcTaBIeHbl Ha puc. 1.
I ommcaHusA JIVHMI TIO/I3Y4eCTU IPYMEHAIOCh YpaBHEHUe JTorapudMIdecKoil KpUBOil, 3TO IO3BOAIO U30eraTh I0-
IpelrHOCTY [4] maTYMKa Ipy pacdeTe CKOPOCTY MIO/I3Y4YeCT Ha YCTAHOBUBILIEMCA YYaCTKe ITOI3YIeCTH, HOJM efl.:
e, =a+blg(t),

e a, b — mapaMeTpsl ypaBHeHNs; | — BpeMs, 4.
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PucyHok 1. KpuBbie non3sy4yecTn KaMeHHOW Conu.
Figure 1. Creep curves of salt rock.
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PucyHok 2. YvyacTku ot6opa BpeMeHM Non3y4ecTu.
Figure 2. Sites for time selection of creeping.
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PucyHok 3. padmkn pacyéTHbIX KPUBBIX MOM3Yy4eCTU U IKCNEePUMEHTaNnbLHasa KpMBas.
Figure 3. Graphs of calculated creep curves and an experimental curve.

[Mpeararaemast METOAMKA MPOrHO3MPOBAaHMsI SKCNIEPUMEHTa

B cBsA3M ¢ IpOU3BOACTBEHHON HEOOXOAMMOCTDIO [5] OblIa ITOCTaB/IeHa 3ajiadya U3yYUTh MUHIMAIbHOE BpeMs HO/I3y4ecTn
IUIS TOCTPOEHN A IPOrHO3HOM KPMUBOIAL. IJIs 9TOTO CTPOMIINCDH IIPOTHO3HbIE KPUBBIE OJI3Yy4eCTH 10 JIOrapUpMUIecKOMY ypaB-
Henmio [6]. Koagduiment xoppessiuyu npu omvcanun 6su1 He Hipke 0,98.

Ha Havya/bHOM y9acTKe IO/I3y4eCcTy BhIOMPaIoch BpeMst oT 5 10 100 MUH 11 CTpOM/Iach IIPOTHO3HAs KPMBAs OI3YIECTI Ha
300 4 A71s1 CpaBHEHMsI C 9KCIIepUMeHTaIbHOI KprBoit. Ha puc. 2 mokasaHsl y4acTKy 0T60pa BpeMeHM s IIPOTHO3a.

Bpems t, 10 KOTOPOMY CTPOM/IUCH MPOTHO3HbIE KPUBbIE TONI3YYECTH, BRIOMPANOCh cefytoniee: 5 MuH, 20 MuH, 14, 3 4, 5
v, 10 4, 20 4, 30 4, 40 9y n 60 4.

CornocraBA€HME 3KCMEPVMMEHTAALHLIX M MPOTrHO3HLIX KPUBLIX MOA3Y4YeCTU

Ha ocHOBaHuUY BRIOPAaHHOTO BpEMEHM 110 YPaBHEHNIO, O €f.,

e =a+blg(t)
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PucyHok 4. padmkn pacyéTHbIX KPUBbLIX MOMN3Yy4eCTU U IKCNEPUMEHTaNbLHasa KpMBas.
Figure 4. Graphs of calculated creep curves and an experimental curve.
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PucyHok 5. paduk 3aBucumocTenn npoaonbHbIX AecopManmii OT BpeMeHU B norapucdmmyecknx KoopanHarax.
Figure 5. Graph of dependences of longitudinal deformations on time in logarithmic coordinates.

CTPOMINICDh IIPOTHO3HDbIE KPUBBIE ITONI3YIECTN VI CPABHMBAINCH C SKCHIEPVMMEHTAIDHBIMI TAHHBIMU IIOJI3YIECTIU. PeByHI)TaTI)I
IIpe/ICTaB/IEHbI Ha PUC. 3.

U3 rpa(bMKa BIHO, 9TO IIpU YBEANYEHNN BpEMEHN [I/IA IIPOrHO3a pacde€THasA KpuBasd HpI/I6}II/I)KaeTCH K 9KCII€EpMMEHTAIb-
HbIM JaHHBbIM. bosee feTasbHO 3TO OTpa’keHO Ha pucC. 4.

Bmsyanbno BUIHO, YTO HACTyNaeT TaKOM MOMEHT, IIpY1 KOTOPOM pac4deTHaA KpuBasl II0/I3Yy4E€CTN IIPAKTUIECKN COBIAIAET C
9KCIIepUMeHTaIbHOI Kp1Boit. [To pesynbraTam 06paboTki [7] rpaduKoB BUAHO, YTO JAHHOE BPeMsI COCTAB/LAeT MUHUMYM 40
4. [Tpu yBenndeHnu BpeMeHM KapTUHA CYI[eCTBEHHO He MeHsieTcsA. [l TOro 4ToObl OlleHUTDb, KaK TOYHO SKCIIePYMEHTa/IbHAs
KpUBas COBIIAJIAET C PaCYETHOI KPUBOIT, CPABHIBAINCDH KO3 UIIMEHTDI 3aBYCUMOCTY IIPOJIONBHBIX AeOpManuii OT BpeMeH!
[8]. Ins sToro cTpomics rpapyK 3aBUCUMOCTH MPOJOIbHBIX JleOpMannii OT BpeMeH! B JIOTaprMUIECKUX KOOPAMHATAX U
OIIMICBIBAJICA YPABHEHNEM:

lg (&) = klg (1) - b,

rzie b - mapameTp ypaBHeHNsI.

[Mony4ennsle rpaduKu MpeACTaBIeHbI Ha PIC. 5.

KoadduumeHTs! 3aBUCHMOCTH IPOJOIBHBIX HeOpMALNiT OT BpeMeH) CPAaBHUBA/INCH B IMIPOLIEHTHOM COOTHOIIeHUM [9].
JlaHHbIe mpeACTaB/IeHbI B Tab/IIe.

Pe3ybraThl MOATBEP)KAAIOT, YTO IIPYU ZOCTIDKeHNM BpeMeHN 40 4 K09 DUIMEHT MSMEHAETCsI He3HAYNTEIBHO 1 KOIMYeCT-
BEHHO OT/INYAETCS OT 9KCIEPUMEHTAIbHOTO He 6otee 4eM Ha 5 %.
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KoadhdpmumeHTbI 3aBUCMMOCTU NPOAOIbHBLIX AeopMaLMi pacyeTHbIX KPUBbLIX U 3KCNEePUMeHTanbHOW KPUBOW OT BPEMEHM.
The coefficients of dependence on time of longitudinal deformations of the calculated curves and the experimental curve.

Bpemsi nonsy4yecTtu, BblgeneHHoe A NporHosa YpaBHeHMS NpAMbIX OTknoHeHve, %
dakTnyeckoe y =0,0340 x — 2,4002 -

100 y y =0,0339 x — 2,5323 0,18

60 4 y =0,0329 x — 2,5888 3,2
40y y =0,0325 x — 2,6982 43
30y y =0,0303 x — 2,8211 15,1
20y y =0,0289 x — 2,9611 14,7
10y y =0,0271 x — 3,1236 20,1

5y y =0,0256 x — 3,3162 30,1

3y y =0,0237 x — 3,5531 29,4

1y y =0,0228 x — 4,2122 32,8

20 MyH y =0,0175 x — 4,2989 48,4

5 MuH y =0,0090 x — 5,0659 73,5
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PucyHok 6. CnpaBa rpaduk onpeaeneHusi CKopoctu aecpopMUpOBaHUA HA IKCNMEPUMEHTaNbLHOW KPUBOW NMON3y4ecTu, crieBa rpacdukm
ckopocTel AedopMMpPOBaHUs B 3aBUCMMOCTM OT BPEMEHM Ha KOHEYHOM y4acTKe Mon3yyvyecTu.

Figure 6. On the right hand, there is a graph of determining the strain rate on the experimental creep curve; on the left hand — graphs of
the strain rate depending on time on the final creeping zone.
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PucyHok 7. PacyeT ckopocTy Non3y4ecTy Ha 3KCNepuMeHTanbHOW KPMBON U PaCUHETHbIX KPUBbIX.
Figure 7. Calculation of creeping rate on the experimental curve and calculated curves.
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JanbHeitiNe MCCIeTOBAHNSA MON3YIeCT ObIIM HAIIPaBIeHbI HA M3yYeHMe CKOPOCTEN! IT0I3yYeCT! Ha YCTaHOBMBILIEIICS CTa-
muy nonsydectn [10]. [l 3TOro paccUMTBIBaIach CKOPOCTh Ha KOHEYHOM JTalle IOI3YYeCT! Ha BETBSX, KOTOPbIE He Tepelm
B CTaJjUI0 IIporpeccupylomteli nondydectu [11]. Pacyer ckopocTu mpousBopmics mo Gopmyse, omu ex./d:

v =e[t,
1 1 1

rjie t, — BpeMs1 IO/I3y4eCTH Ha KOHEYHO CTa/{UM TI0/I3y4€eCTH, KOTOpOe 6bLI0 BEIOPAHO MI/IsT OTIpefenenst ckopoctu [12]; e,— Be-
NMYMHA IPOROIbHBIX fAedopmanmit [13], e=e_ —e;l ~ BPeEMA II0 KOTOPOMY MIPOUSBOJUIICS PACUeT CKOPOCTH.

PesynbraThl onpepenenusa CKopocTeli IpeficTaB/leHbl Ha puC. 6.

W3 rpacmka BUFHO, 4TO O OIpele/IeHHOTO BpeMeH!, KOTOPOe COCTaBIIAeT OKOJIO 20 4, CKOPOCTb MEHsAETCA He3HAUUTEIbHO.
151 6o7ee TOUHBIX pacueToB ObIIO BBIOPAHO BpeMsi pacieTa CKOPOCT Ha KOHEYHOM YYaCTKe II0/13y4ecTy, paBHoe 10 4. Pesyib-
TaThl UCCIEIOBAHNII IIPE/ICTAB/IEHDI HA PUC. 7.

BLIBOALI

VlccnemoBaHus MOKa3bIBaIOT, YTO IIPU BpeMeHM ITPOTHO3a /I MON3y4ecTH cBbIle 40 4 CKOPOCTb MeHAETCS He3HAUUTeIbHO
¥ KOMIMYeCTBEHHO He IpeBbiltaeT 6 % [14]. Bce pacueTHbIe KpUBBIE, Y KOTOPBIX BpeMs COCTaBIsieT MeHee 40 4, CKOPOCTH CUTTBHO
OT/INYAIOTCS OT 9KCIIEPMMEHTAIbHBIX JJaHHBIX [15].

MOo>XHO yTBEp>KJaTh, YTO [ IPOTHO3a KPMBOI MONI3y4eCTH LOCTAaTOYHO 40 4 MOI3y4YecTH.
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Study of the rheological properties of salt rock

Valerii Aleksandrovich AGEENKO"
National University of Science and Technology «MISIS», Moscow, Russia

Relevance. Methods for determining durability during long-term operation of underground reservoirs created by chemical degradation do not cover
the diversity of factors affecting them, therefore not only the geometrical parameters of workings, but the minimum allowable pressure of the stored
product as well are considered with a significant margin. Creating reliable methods for determining the basic parameters of underground reservoirs is
associated with the study of the physical and mechanical properties of salt rocks. Due to the fact that halogen rocks (even with a minimal mechanical
effect) exhibit plastic properties, the applicability of the existing standardized methods for determining various mechanical properties to them, in our
opinion, is debated. This is confirmed by the fact that there is still no methodology in Russia for determining the rheological and plastic properties of
salt rocks. In this regard, the choice of methods of conducting tests to determine rheological properties is problematic.

The purpose of the study is the performance of an experiment and test a new method for predicting creep curves.

Methods and results. This paper focuses on the uniqueness of the experimental determinations of rheological properties of salt rocks. Experimental
techniques are described. Much attention is paid to the study of the required duration of the experiment to determine the rheological characteristics.
Regularities were found with creep curves depending on the experiment time and the required time for this was proposed. The method for predicting
the creep curve for 300 h over the first 60 min of creeping is described. This method of description is a new method in comparison with other related
studies on this topic. The accumulated experience of experimental data provides the basis for the development of a standard for determining the
complex of physical and mechanical properties of halogen rocks. The described surveys were tested by OOO Gazprom Geotechnology.

The conclusion is the presence of a new proposed method for predicting the experiment for the first 40 minutes of creeping.

Keywords: salt rock test, creep curves, loading conditions, experimental creep curve, experiment timing, geomechanics.
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