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”‘mgbﬁ[nt{ (10) pmbwdhﬁ dhy, winwlhnd bbp

0.15(1—0.76) _ 4 ¢ s
0,0001
5 by figne qbu;‘pnuf. opfi~
9‘("".!“.!’! .lf.ﬁz ok puwhwlp npnj uw'nfmflfxy wifhy
Gt G gmeet VAG pbknd tokmek £ dhbbys sk habes, A
UngJd mlfpmp&h medbph wmwpphpnffyuilip, L ffl-h'!ll!fl“a srf Suwnfuruwpulyp
Finty Jomfemifuid £

U‘fq{:f: Sunnfplipnfnp gprilnbbpanol (Swubfilihp dnmunfnpumbiu 0,05 fig-

ipligle 1A wwSdwhihpnul) funwpfnul & gpp wpug hebgnol* wumbjﬁﬁ }5;
guikbpf dlimdf, mp Snund b Qwpefwd gpp SES dTwup® b gprilnnul l”:"; L4
.rf{ywﬁ: u{ﬁf;qnqw{tm}flﬁ pnp: H.” mrn'nunufp limmwptzlnuff Pm:{ml{mhﬁh 2o,
b Shnbupwp, goapdhwlwhnphls Sheple Swmpljunfnp gpodonbbpnol jhh wnu-
puwbinid dwqulnfugpl hwfuifud gphpe

Vs by dubipuwSunnply gpodunbbpnul spl wnSauhyp huwmwpfnod bogul-
qui. wnSnudwlh Shn grigwsbhn hwmwpdoul | spf gmpnppfougnolp guwdp Jh-
bpulibph dwhbphngPhy b gpo holigbhumgealp ghinbuephph Salphpliong @
bppwfmm[d’ gpaianbhprod dwgwbnfugpy-lwpofwd gomng spfi wgg by
Tuwb dhp winwhnod b ghpuguebyp bywhalpnfiodse Upgufap whygnolp whyfi
b mdibitinod dpyle Swumonnnu b Sunfmumpulp e guocflgnae Ugumfrunsf gbio-
bwghppp huwpng by wfbyuig dfhnpnpuu e wmbgnelibpl Swpd pi® prdibifim-
i Spgpunfiply oy Lhpflupwligfng spbiph Abin:

FHSVUANLIE ULR3UL U ZLUSUSARG 2NPBONVLLID
SNRUIFLENRE3 AN

?'bmhmypbpﬁ Swtuy Soplgnibbphy popdp mbgmngpifwd woofby fu-
hwlighyfy Grypnefipg (hnmps, funpnpwswn wifurg) hugdifmd  wwogh gk pool
anwpifur funbu) dudwhwly goymlinud L by fu gy qhunbousgplipfo dund b lpnaifop
inphyniiihp, npniy o po wwnkngdfnud | Twyuwbnfugfise bogpuphpu (hl: 1, w-
2hy): Supifu 2 duwnd wbrunly fosfo iy qlinirugphpf Snplhayntihpp wid wpmwbn ol
bli: Uwgquibinfugpl Qusfpurfind gphpl 4wuummmt Snplogutiihpp b g gl Gl
blt, hppkidi, wylt wnhguduwulpf Yhplify, npmhby wnwgmbnul L hurfuguy gl -
brurgphpfe e sl lpussfnp Snplgniihp:

Yot fu gy Suphgnith gpbph dulpwpguwlp quniofnul | s Slpplinol gl d
Sunmnunnnds Suppognkf spbpl dwhwpgulhy gawgf pupdpe Upn [rrmgpnefl jnip
Surdwrmpumwufuwloul F oyl qhupht, hpp df fugnul qulifnud by mwmpphp
sy thgreid bunpfly dutlympu ik p mbhgnyg hplne dwyguiden g fily ufruun ki ik

a®(cosh, — cosby (10):

R
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Vuwmdpy bpbnd L, np fwpeguwy ghmbmgphph Snphgnibpp
bl huwpnoa qu b by Swfwumpwlgnncfrwb dThy ppguwuu-
m o Jﬁzm{m;p[- Lbu b Apmyundbwmphl gudp mbgqugpfwd
,;,ﬁmbmzpﬁpfr fwummwmney Anphqnibhph 4 b, pubf np Jh-
Ufulfulipf hnpnef g 3fr Guusd we g puwened Swifuumpulynnfpul g -
Juibhppl, b il dpgurfusgpred whmp £ fuonupdf whqndbinpfly Jwljop-
qulyilipf Sufmumphgnud, npf Lbmbwhpn gnipp Snumud b qhuh Lhppl:

ruouLNAUSPL UbSNLART FUOUSPY Up2UAUSMD UP2NY,

Ppmiinnbchipfi J b funstefplymgnud 4w gl duwbpuwlwmply gpodunbbph d g
Fuquiin gl up§nimolp bphwgoghnol b duquinfuogfb o srbpl
ymuiunnchy g, bpp grepp qubfnud b pupdidul rhy: Uh. 2-p ofpw gnyg
} ot duafa fngdnud pilmd gpundpupls wipl fopdwdpp: Upunby 1= wpd-
s gl qupdiumlulinphl whypuPuulyy wyepbbpl b 2-gpud pusp
Sl b md Suwpupuipf ohpunps 3-pbpnp gduwaph fpu wurifhpu-
qdmd ke Ybhplnud wnhqugpfud § 4 sbhpnp dpgpls Jhpdwljuf, npp duwdljud §
duslip judfp B 2hpuni (Tep-Crenansu, 1953).

Gk bufunphip, np 3 phpnp Awhngpumbnud k Tnuglh dhopt dbpduslpufp,
prisyuglon b gy of bplemd whqugpmé & phpnp, Jwpng bonbgf ol dwg-
pulan [l g frla uﬁ$u1‘m1d" dwhpwlwmply gpnciunf dhonfs Ugu qbuypnul, Sl prantfnp
Ep g pupdpugnulp 3+4 ghpunfy S fgny dwgulinfu gl pupdpugdub be popd-
proefluls of s, o bpros fusasfrnesd gpudbpdp Gumwpl fpagnf L whgnulp  gpud -
puspfr qutf s [ s Suwlpunly quligh hrandp: Uyumnka, Jhpduljuid i 3+4 bpnp
wmnphphppu ufprbify nhpt £ hunnwpnod's

Vwnilyus gt gpudprphy Shwpuynp § ddwhgdwl b Jf mphy nbup: Oufu-
pblipy np qdwgph fpu punibpugdud 3 ghpnp  Gnylghup  peognpupblnp
Gumpuipr b, plgubu b gpuihy gué phlud 2 ghpmps Lugndifwd jupdppnd,
gdugpl dpu Uhplu pugfud gpudpuph quiwfp bphpupuoiuluh jwnng-
fJudpp pugwnnul b ogpf ddwhgnulp gpnidinfs Shy, pubp np quifw @ 7pguinyui-
utny wrpusplah prp pupdpufimul bl quifmfaud gpp Jwljupqulfy pupdp, ful
ufrprir il F@blymp 3fp Ywpng anbah aulhiiwy Swpmpwpnul Jwrguibon g fils
posprdpron gl ks prsgulys g fd push wumBunnis bpnp, Upifwd 2bpinf fpuighyg Sn-
s d 7 4npunnuwhgpnul wlgpnul bplnul £ pnp Swpupwpp b dpugh npmp
Junpmffpuds fpu’ gpusmuwp Rupmpwpp, Swjwpuwpnul ghinbiwgphph UG dwlup-
qulgp Swd pilinud b gpumdpupnad yph dwlwpnulfi 4hu

Qhugmd qpul, hfh psef s fyndi fil [l dwhp luff 5 hmnp hwphif £
ynpdlrwlpuiten phl qfunky, pigube gpui- b oqulifuubghbh hpn, woapu upwpg-
Jnul £, np gnp Swpupupp hpnp, phlms (b ghubugphpp dulupgubfy
pupdp, fwpng b (iihy spfe Pusfruiigiduk nugf, dhwpn, vwlhul, yap: bph
duwhp lpunfp S ghpup, gunifbynd 243 Bwywpwmpp b 4 Thpduljunfs 2hpunhph
fliplunud, Shlppinwghnud b wpmwphl d@unpnpnfy Ubpplnud whyuwnpifuwd ww-
pudmeflgnihip, woypu wpu ghypnul 4 grnpl jupng § qfuniby plyupbu o wigu-
influgfl wfpunbd® 243 spwly pugh fpw, napp dThy G U duwlppppuly adibgnng
Shygachf g Swlbplog @ Mpwr b loutiph b wguionfugfl ufpumbdfr 3
wphgndbmpply Swhwppulfe Jpudngnolp bpfwd G Jwlwppulyfy Shn:

Uguinknpy plunul £, np wigl o gl wliiihpp, npnlgnul qulofnul b Thpdu-
Ll 4 shpnf Swlnmpihpp qpunhghng Jugulinfugfl gopp, nyligni b
uupphpfnud Jhplnuf bppnddud ghuphy, bpp gundbpugdusd 3 Jupp Swh-
gluwined F dbpduwlun] L, bpp hwpng E nbgp ndibiog dwnqulinffu il ufp ot~
dwh bplncgffp:

Ty 4l loanfeprsf dhpdulpun p 4 hpumnud wnwgmwnud £ gpf Snup, fipupbiu
gy L wnpifmd upu plihpnifs 4 2bpunfr iIud wyulpunulp trwgymud L ghmbwyphbpf
dwlpmppuwh g spp qrpnpgfrogduh dhyngmif. gnepp gninppne &lins| Lenbguirfin fusffr
np 243 Ruwpuwpuph ffgnif 4 Jhpdwljuff Lhpplf dwhbplngfp, wupw wgg
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Muorsne (akTel, OTHOCsUIHECS K MOBEAGHHIO KanHIJIspHO-NMOABELIeH-
1biX BOJA M BPEMEHHbLIX FOPH3OHTOB BUCHYHX IPYHTOBBLIX BOA, COAepkKaTcs 3
aurepatype (JleGenes, 1936; Poxe, 1952; Atterberg, 1908; Zunker, 1930;
Terzaghi, 1949)% of6nacHeHHe HEKOTOPHIX OCOGEHHOCTEH MeXaHH3Ma (op-
MHPOBAHHA ITHX THIOB BOJA MOXKHO HaHTH B CBOMCTBAX KaNHIJSPHBX CH-

CTEM.

PABHOBECHE KAINHJIJIFPHBIX CHCTEM C BHEIIHEH CPEIOH

IToa KanuJJgpHO# CHCTEMOH MOHMMAeTcs IOpHCTOe TBepiaoe Teao, 06-
Jajajpollee AOCTATOYHO Y3KMMH M HE3aMKHYTBIMH IIYCTOTaMH, NpeACTas-
AAI0MAMAE  co60f COBOKYNHOCTh COOOIIAIOIIHXCA KaNHJIJSPHBIX XO0J0B
11pOM3BOJALHOTO CEYEHHS H OYEepTaHHs C HaXOAAWEHCH B HeH JKHAKOCTLIO,
Kpaepoft YroJ cMayHBaHMA KOTOPOH C- BEUIECTBOM TBEPAOrO Teda MeHb-
we 90°,

O6uiee yCTOBHe H30TEPMHYECKOrO PaBHOBECHS JKHAKOCTH B KanuJIsp-
1Ol cHCTeMe, Bbipaykaercs COOTHOLIEHHEM MexJ1y cpelHeH KPHBH3HOM
K, u Ky NOBepXHOCTH HJKOCTH B ABYX IPOH3BOJbHBIX TOYkKax M, u M,
KanuJaapHOi CHCTeMbl, HaXOAAIMXCSH Ha Bhicotax 2’ M 2" OT HekoTopo-
ro nauaja orcyeta (Tep-Cremausan, 1951):

K=Ky — B2 glz—2"), (1)

rae o, — MJOTHOCThL PacCMaTPHBaeMOH HKHAKOCTH,

py — IJIOTHOCTh BHEILUHEeH cpelibl (BO3AYX, Nap WJH Apyrasi JKHAKOCTb),

2 — IIOBEPXHOCTHOE HaTSXKEeHHe JKHAKOCTH H

g — YCKOpPEHHe CHJIbI THKECTH.

Eciu Touka M, o6a1afgaer tem CBOHCTBOM, YTO CPeIHsAs KPHBH3Ha [O-
BEPXHOCTH KHJAKOCTH B He#l paBHa Hymo, T. e. K3=0, To Boipaxenune (1)
HMeeT BHI:

K& ), 2)

rae gz'’— norenuxaJ TakOH TOUKH B PDABHT2LLHOHHOM MoOJe.

[Tpunuwem TouKe M; HyJieBo# MOTeHIHAN CHIBI TAXKECTH H 6yaem 0603-
HauaTh HHAEKCOM BHH3Y OTCYHTAHHBIE OT Hee BBICOTHl TOUEK KamHJJIAPHOIL
cHeTeMbl. YCJOBHe paBeHCTBAa HYJIO cpejlHed KPHBH3HBI JKHAKOCTH He
JIOJIZKHO BCerjia o3HayaTh CYILECTBOBAHHS NMJOCKOH NMOBEPXHOCTH KHAKOCTH,
JLI51 9TOrO AOCTATOYHO, YTOOBI pPafiMychl IVIABHOH KPHBH3HLI HMEJH pPaBHbIC
10 BeJHYHHE W NMPOTHBOMOJIOXKHBIE TO 3HAaKy 3HauyeHusd. B yactHoM cayuae
06a pajnyca rJaBHOH KPHBH3HBI MOTYT PaBHATbCH GECKOHEYHOCTH, T- €.
NOBEPXHOCTh JKHAKOCTH MOXKeT ObIThb MJOCKOH.

HyneBnim notenunanom Oyaer ob6iafaTth psj TOYEK, reoMeTpHUECKOe
MECTO KOTOPHIX OMNpeIeNHT Nbe30MeTpPHYecKH# YpOBeHb JKHAKOCTH; OH MO-
JKeT ObiTh OMpejeseH ¢ MOMOULbI0O Ihbe30MeTpa, BBEAEHHOrO BHYTPb H3Y-
yaeMoW KanuJJasipHOH CHCTEMBI.

Koappuuuent nponopunonanaeiocThH B Qopmysae (2) npexacrap.aser
co0oi BeqHYHHY, 0OpaTHYI0O KanuJJspHOH moctosnnoH (noctosinuoit [lyac-
cona) a?=2a/|(p,—n;)g|. TlosTomy

Ky=—— (3)

3 Jlurepatypy cm. na ctp. 8L
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-
axocTiH B J11000i  TOUKe Ka-
T. €. CPeIHAs KPHBH3HA MNOBEPXHOCTH },T:-Lllzti}t;;:fml noae, pabHa OTHO-
ENSIAPIOR" CRCTEMIL, HAXORAmENCE rpa‘in OT NMbE30OMETPHUECKOro YpOBHN
WEHHIO BHICOTH 3TOfi TOMKH, OTCHMTAMHON © = "B o oGaacTh Kamua-
HAKOCTH, K KanHAASPHON NOCTOSHHON ?hl!-lkl.e NbE3OMETPHUECKOT0  VPOB-
JRPHON CHCTEMBI, KOTOpas DACTOJOREHA If"“\namm ha TOpUN KamK1Iup-
15, BO3MOKEeH Mepexol KpaeshlX YIIOB CMadl apnoit cucrembl (Tep-Cre-
HBIX XOJA0B HJH BHEIUHIO NOBEPXHOCTH Kamuiasp ABJISIOTCS Magtast Bedan-
nansis, 1950). BaaronpusTCTBYOWHMH VCIOBHAME | -
YHHA Vraa cMayHBaHus, cBoiicTBeHHan B “3*11\}“;“;10& BeaeacTsiie 3ro-
HOCTAM, M MaJas ToJuliHa CTEHOK *“‘"“‘_“’.'S’.Ll{m{x' Kam s PHBIX XOA0B
IO TEePeXONa . KpAeBHe YIAR CMaUHBAMHA COSSA T oo o o TReTCTRYIO-
OYAYT HEPEKDHBATL LPYT ADYTa, 41O MPHBEAST B OO @ o OBepXHOCTS
JUAX COCEAHNX MeHHCKOB. B peayabrate codiaercs C:'l\.'li;e ;amﬁ hoBEA.
MaToif KpHBH3HBI; 1006aBouHOe 1aBJeHHe, Pa3BHBACMC be30METPHYECKIL!
HOCTBIO, CJEAYeT CUmTAaTh paBHbiM Hy.0. [losToMy R 3
. = - DAHHMATLHCH BbIILE, YeM ca
YPOBeHb B KamiIISAPHOIN CHCTeMe HEe MOXeT NoA
Mas HIGKHAS TOYKA DACCMATPHBAEMOf CHCTEMBI A cksteri Tolent A

Ecan nbesomerpnuecknii YpoBeHb KanuLIspHOI g X
EBIIE, YeM KaKas-IH0O0 ee HIDKHSS ¥acTh, TO M3 3TOM vacti Oy et np?m-
XOAHTh BhITEKaHHe JKHAKOCTH M3 cHcTeMbl. BeaeacTsHe STOTO KOTHHECTR)
AKHAKOCTH B CHCTeMe OVIET VMeNBUIATHCS H COOTBTCTBEHHO OVAeT H3-
MEHATLCS KPHBH3HA TMOBEPXHOCTH 2KIJKOCTH.

3to np:lnjue.aer K onyciamm MbE3OMETPHYECKOr0 VPOBHSL B KalHAIsip-
lioif cucteme. BhiTeKanue »KHAKOCTH H3 CHCTEMbl H olyckauue yposus Gy-
JIeT NPOJO0JIZKATBECS A0 Tex Nop, Noka Nnbe3oMeTpHYECKHI YpOBeHb He 1oc¢-
THTHET caMoil HHKHell TOUKH CHCTeMBbI. - i

Econ xanunaspuas cuerema coodwaercs ¢ Buemmeil rasootpasuoii
Cpenoil, TO YCJAOBHS PaBHOBECHS! ONPEEASTIOTCS MOJICKYJISIPHBIM. OGMeHOM,
TMPOHCXOIALIMM MEXKAY KHAKOIl (pasoii cucremMbl H BHelIHell rasoo0pasnoi
cpenoil. B pesyabrate 310r0 0GMeHa KOJHYECTHO JKIAKOCTH B CHCTEME H3-
MEHSIETCH, HTO OTPaskaeTcsi Ha NOJOMKEHHH Mbe30MEeTPHUECKOro YPOBHSI CH-
CTeMBI.

[omectum Kanmaasipyio cicremy B 3aMKHYTYIO H3OTEPMHYECKYI0 Ka-
MEpY, B KOTOPOii HaXOANTCS COCY C TOIl e JKHAKOCTHIO, UTO 3aNOJANser
TOPLI KANNITSAPHON CHCTEMBI, H PACCMOTPHM YCJAOBHS PABHOBECHSI B 9TOM
cayyae (Tep-Crenamsin, 1952). EcrectBenno, ure HHAKOCTL  OVAST He-
MapATLEA KaK ¢ MOBEPXHOCTH KanmwaasipHoii cHCTeMbl, Tak H H3 cOCyAa; me
MEPE HCIapenust JKHAKOCTH AaBJenue nmapa B Kamepe OyAeT VBeJAHUHBATH-
€f, @ CKOpocTh Henapenusi ymenbiathes. Korna nap caenaerest nachiugel-
HBIM, AaTbHeliuee HCNapenne NPekpaTHTCS 1 yCTaHOBHTCS pasnosecie.

Ilyets Po —NaBieHne HaculEHHOro napa. Crpore rosopst, Takum
Aapaenuem Gyaer 061ajaTh TOJBKO TOHKHIl c/0ii napa, naxomsuuiics ie-
MOCPEACTREHHO HAA NMOBEPXHOCTLIO KHAKOCTH B cocyie. Ha Bbicore z  or
3TOfl MOBEPXHOCTH AaBJeHHe napa p,, B CHAY 3aKONa FHAPOCTATHUECKOrD
PaBHOBECHS, COCTABNT;

Py = Py — p82. (4)

Beaeaersne HCKpuBJIenns ITOIIEPKI!()(.‘TL‘I“{ MEHICKOB BeJHYMHHA Jlane-
MHSA HACBIEHHOro napa u3MeHsieTcsi; oua cocTaB/asier:

Pm = Py -+ 23,(—"—'?2':—. (5)
IJI et IJ'-'

B coctosnnn pasnosecns aabaenne HACKIIEHHOro napa uajl Menuc-
KOM (ypaBuenne 5) 101KHO PaBHATHCS BeAHYHMe AapJaeHusi napa B okpy-

BJIAMNHBIM NOBEpX-

Sy sl il s el sl i i ek R
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o sraoutedi cpeae (ypaBHenue 4), pr=—Pn. B npoTHBHOM cayyae noj AefcTBHEM
| pasHoCTH AaBJeHHH IPOUCXOAHTIO0 6bl HCnapeHue KHIAKOCTH HJIH €e KOH-
- jeycallyd, B 3aBACHMOCTH OT 3HaKa 3TOA |pa3HOCTH. Orcioaa

K=—0"F g2=— (6)

Cpapuupan ypapuenus (6) u (3), 3akmiouaem, 4TO YCJIOBHEM PaBHO-
pecHs JKUAKOCTH, 3arnoJHAIONE# Mophl KaNWIAsPHOA CHCTEMBl H cBo0OI-
10 TOBEPXHOCTH TOH 7K€ JKHIKOCTH, Haxoasuiedcss B H30TepMHUYECKOil
| W30JMPOBAHHOH Kamepe, ABAAETCA COBNAjJeHHE NMbe3OMETPHIECKOro ypoBi
. JKWAKOCTH B KaNuJAJAPHOH CHCTEME C YDOBHEM JKH/AKOCTH B COCYIe.

Takum 06pa3oM, HEeT HHKAKOIl DasHHIlbl MKy Caydaem, koria Kii-
¥OCTh B COCY/e HemocpeJCTBEeHHO COO00IiaeTcsi € 7KHAKOCTBIO, 3amO.aHAI0-
jiefi KanuaJspHYIo CHCTEMY, M TeM CJydaeM, Korja Takoro Hernocpeiacrsen
woro cooGuienus ner. B mociaeaneMm ciayyae CBA3b OCYLIECTBJAAETCH YEpe:
armoc(epy HacbllleHHOro napa.

Eciy B H30JMPOBaHHOH KaMepe HaXOAHTCS He OJAHa Kanu/asfpHas CH-
creMa, KaK 370 GblJO pacCMOTPEeHO Bbllle, a HEeCKOJbKO TaKHX CHCTEM, TO
M B 9TOM cJyuae MoJoyKeHHe Mbe30METPHUECKHX YPOBHEH BCeX STHX CHCTeM
10JJKHO H3MEHHTLCS TaKHM 06pasoM, 9TOGbl  OHM COBNAAa]H C YPOBHEM
JKHIKOCTH B CcOCyJe, HaxoAsueMcss B To# e kamepe. Takum oGpa3om, pe-
3yJibTaT ObiJ OBl TOT 7K, KaK ecau Obl BCce Kanu/JsipHble CHCTEMBI Hernoc-

| PeJICTBEHHO COOBMUIATHCh APYT C APYTOM M C JKHAKOCTBIO B COCYZe.

OTciola HeTPYAHO BHAETH, YTO €CJH B Kamepe HaXOAATCH OLHH TOJb-
KO KanuJJsipHble CHCTEMBI, T. €. OTCYTCTBYeT COCYA C JKHAKOCTbIO, TO H B
5TOM CJyyae yCTaHaBJIHBAeTCs OJAMH OOLIMH be30MEeTPHYECKHHl YpPOBEHb,

' . e. NPOMCXOAMT HHBEJHPOBAHHE IMbE30METPHYECKHX yposHeit. Ilpu 3tom
1bE30METPHUCCKHH YPOBEHb OJHHX CHCTEM TMOHHIKAeTCsl, a APYrHX MOBbI-
iaerc.

Bogce He spJsieTcsl 0653aTe]bHbIM, YTOObI NIOHHKAJICH NMbE30METPHYEC-
Kuit ypoBeHb GoJiee BHICOKO PACMOJOMEHHBIX CHCTEM H MOBBIIAJCA YPO-
ReHb HH3KO pacroJoxKeHHbiX. B sToM npouecce NMOTeHIHANbl rPaBHTALHOH-
J{IbIX CHJI CHCTEM He HMeloT HHKakoro sxayeHusi. CyliecTBeHHBI TOJbKO rpa-
BHTAIMOHHbIE TMOTEHIHAJbl NMbE3OMETPHYECKHX YPOBHEH S3THX CHCTEM, Tak
KaK NMPOMCXOAMT HHBEJHPOBAHHE MMEHHO 3THX YPOBHeH BCeX CHCTEM, HaXo-
JNSIMXCH B paccMaTpuBaeMOM 3aMKHYTOM TPOCTPaHCTBE.

Ec/ OKasKeTcs, 4To GoJiee BHICOKO pacroJiokeHHas cHcrema 006.1a-
naer Take M 0ojiee BBICOKHM Nbe3OMETPHYECKHM YPOBHEM, TO NpH HHBE-
JHPOBaHHH TIPOH3OMAET TOHHXKeHHe 3Toro ypous. OJHAKO BO3IMOXKEH H
Takoil cayuail, KOria KamuJJIsIpHAsi CHCTeMa, pacloJoKeHHas Ha HH3KOM
ropusonTe, o006JaaaeT OTHOCHTeNbHO GoJjee BHICOKHM MbE30METPHYECKHN
YpOBHEM 10 CPaBHEHHIO C JAPYroH CHCTEMOH, THICOMETPHYECKH PacroJo-
JKennoi Boinie. B 3TOM ciyuae npH HUBEJIHPOBAHHH Mb230METPHUECKHX YPOR-
inefl y nepBoil cHCTEMBbI Mbe30MEeTPHYECKHI YPOBeHb ONYCTHTCH, a Y BTOPO#—-
nognumMercs. PH3HYeCKH ITO 03HAYAeT, YTO KHUAKOCTh OyAeT HCIapfAThes H3
nop GoJee HH3KO PACIOJOXKEHHON Kamu/JsipHOH CHCTEMbl H KOHJEHCHPO-
BATLCS B NYCTOTaX CHCTEMBI, PACMOJOKEHHOH Ha GoJblied BhICOTe.

ITocite TOoro Kak nMpou30ieT HHBEJHPOBaHHE NMbhe3OMETPHYECKHX YPOB-
Heit OTAeNbHBIX KAMHAJISPHBIX CHCTEM, YCTAHOBUTCS COCTOSIHHE PaBHOBECHS.
Ouo Gyjer yAOBJIETBOPATb chOPMYJHPOBAHHOMY BhILIE YCJOBHIO: CpeAIss
KPHBH3HA TOBEPXHOCTH B JI000f TOUKe KaXIOH KamuJJISPHOH CHCTEMbI
JOJKHA PABHATLCS OTHOUIEHHIO BBICOTBI 3TOfl TOYKH, OTCYMTAHHOH OT OG-
11ero Mbe3oMeTPHYECKOro YPOBHS JKHAKOCTH BCeX KanH/JSPHBIX CHCTeM, K
KanUIsipHOIl MOCTOSIHHOR JKHAKOCTH- Tak onpenensieTcss YC/JAOBHE PaBHO-



4 r. i TEP-CTEMAHSH
: » pHewHen 130-
BECHS JKHAKOCTH, 3anoansiouted KanuaaspHaue cuecrembl, € Suy
om0 Heaystine pesyaurarst MoryT Ut bl oL
::3::&!: cﬁ%ﬁer:&l::ffﬂgigzi‘“:ll:;taI?u:::“;lepexon:l'lle OKa3biBaeT HHRa-
KOro BJIHSHHA.

SIEHHOM BOILbI
YCJIOBHS PABHOBECHS KAMHAJISPHO-TTOABELIEL
SIOJOMEHHBIX Hal
Boasiofl BK1a1 B TownManye Mexanuaya sor FrS npod. K. Tepuar
NOCTOSHHBIMH FOPH3OHTAMH TPYHTOBBIX _Brt:l-'l-n‘::;'{';;a“ 0 pasaiuie NoBeAeHHs
E . HUm Obi10, B WacTHOCTH, 1O . HCSUNX TPVI-
::I;:{zf'xgnl:;lol-?lt?a)seliuenuux BO1 M BpeMeHHbIX rOpH3OHTOB B p
. . SUOTE BOJHAET JIerke
Tosulﬁ:%ixeunaﬂ Bhillle TeOpHsl KanuwLIfpHbIX 1..|1|:;‘:".\€l.ml:::i~'§l BORML G oL
NpeACTaBHTh VCJIOBHS PaBHOBECHS xanun.mpno-no!»’-mm“ soa /, 3azeraio-
J0MKEHHbIM HiXKe Hee MOCTOSHHBIM TOPH3OHTOM IpyH :

TBYET MNbE30OMETpil-
i e 2; T TOPH3OHT COOTBETCTE)

M BONOYMOpPHOM J10Ke 2 3TO

SeckoNy YooRHm , caesa)t.

Y < ic. 1
YEeCKOMY YPOBHIO JKHAKOf cpeasl (pi . JEoeN
Haa ropHsonTOM rpyHTOBBIX BOA HaXOAHTCH 1:5::‘1:{
Ha3uiBaeMasi HHOrAa 30HOI Kamu1JspHOrO HaCKILLe! safel
Beicory z; KanuaaspHoil KafiMbl MOXKHO ONpEie. S
BEIpaZKeHHsl AA5 BHICOTH KaNMHIIAPHOrO NOANATHS, VTOUHHB

HHH KpaesBoro yria H npeiacrdasHB ero Tak

asipuast Kaiima 3,

= B

(1=C059||
ry

e HUA paanyc Nop TpyHTa.
s y}mcp;: orneE:aer' yc.':oaﬁlsu!:)'uarexanuﬂ BOJLL HA c_\'xé-"m noneE):mocn,.
NMOCKOJLKY NHTaHHe Kanuaaspuoit Kaiimb naer cunsy. Kak u:n:u%ﬂm. ‘n
Jyyae MOAHSITHA BOJALL B TPYHTE KanWIsipHOe HAChlEeHHE HE lym‘aw
NOJHLIM H JHIIL YaCTh KANHAASPHOil 3cubl oOaajaer nanboablueii cre-
nenbio Hacwiwenusni (Lambe and Whitman, 1968).

3ona 4 KanuAaspHO-NOABELIEHHON BOALI HAXOAHTCS MEXKAY BepTil-

KaJbHbIM DAcCTOSIHHEM 2, H 2; OT NbE3OMETPHYECKOrO YPOBHS TPYHTO-
BOI BOJbI. Kpnnuaua MEHHCKOB Ha COOTBETCTBYVIOULHNX  VPOBHIX COCTABHT
Ke=—2z/a® n K, = —z,/a’.

Pacnonoxennas mMexkay muMu 30na 5 MOKeT CoAepiKaTh HoJIynpepbin-
Hylo Boay, 3anoausiomyio Gogee yskne kKanmwuasipol, Bepxusin 3ona 6 ne-
DHOAHYECKH OKAa3biBA@TCS KalNWLISPHO HACLIMEHHCH BO BJAAXKHOE BpPEMs
rola 1 COAEPHHT NMOJYNPEPLIBHYIO BOAY B CYXOE BpPeMsi; pPacxoj BoAb!
MTPOHCXOAHT MYTEM HCOAPEHHs ¢ MOBEPXHOCTH BEPXHHX MEHHCKOB, €e MoT-
peGaenusi KOpHSAMHE pactenuit u T, .

Tlockoabky nuranne Kanuaasipuo-nogsewennoii Boabl B 3done 4 wier
CBEPXY, KPaeBOil yroa BepXHHX MEHHCKOB OTBEUAeT YCJIOBHAM OTTEKalis,
d HHAKHHX MEHHCKOB—HaTeKaHnus. Yaep:anue BOJABI NMPOHCXOAHT 3a CUeT
PA3HOCTH MOABLEMHON CHJBL MEHHCKOB, 00PasylOUHX BEPXHIOD H HHIKHION
FPAHHLbI CMOYEHHOH 30HLI H ONpPEAeIAEMYIO HX KPHBH3HOII.

M3 ckasannoro BHAHO, Y4TO Kanmu.a SpHO-NOABEEHHAST BO-
la MOJXKEeT HaXOAHTHCS B PABHOBECHH C OKpYyXailuren
CPENOfi H PACTIONOKeHHLIMH FTHOCOMETPHUYCCKH HHIKE [o-
CTOAHHBIMH TOPH3OHTAMH TPYHTOBMX BOJ, NGCKOABKY

! Pucynkn em. na erp. 85,

H3BECTHOr -
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LHa yJep/KHBaeTcA B IPYHTe BCIeACTBHE THCTepe3snca CMayHBaHHA, a KpH-
LM3Ha ee MEHHCKOB COOTBETCTBVET YCJIOBHAM PaBHOBECHS.

Onpeneaus npeieabHyi0 TOJAHHY 30HB KaNHIJIAPHO-NOABEIIeHHOM
ioau. Ha niouiajs ropu3oHTadbHoro cedenuss F noaneMmHas chaa P, ve-
JIHCKOB, OrPaHHYHBAIOUIMX 30HY KalWIIAPHO-NOABEIIEHHBIX BOA CBEDXY,
socrasaser Py, = z,Fug, rae z,—BbHICOTA KaNMJAAAPHOrO MNOXHATHSA, COOT-
19eTcTBYIOMAA 1aHHO# GopMe BepxHuX MenuckoB. Ecam mpeacraBaTe kanua-
|MAPHYIO CHCTEMY B BHJe NaKeTa BePTHKaJbHBIX TPYGOK pajHycoM r, TO-

a*cosf,

z,=——r— ’ (8)

e y,—KpaeBoit yroa cMayMBaHHsa AJA BJAaXKHOM NOBEPXHOCTH (yroa or-
i%eKaHuA); 9Ta CHJIa HanpasJeHa BBepXx,

Ha 1oit xe naomwanau F oTrArupaiomlas BHH3 cHia P, MeHHCKOB, Or-
(BAHHYMBAIOIIHX 30HY KaNHJJIsSPHO-NIOABEIIEHHBIX BOJA CHH3Y, COCTAB.IAel
dy — 2,/°'pg, rjae z,— BbICOTa KaNHJIAPLOTrO NOJAHATHHA, COOTBETCTBYIOLLAs
I00pPME HHAKHHX MEHHCKOB; dH4JOTHYHO

a,cosh
2z, = —=—r—i (9)

e Uy —KpaeBod yrosa cMauyMBaHHS LJIS CyXOM MOBEPXHOCTH (Yroa HaTe-
Biayud); 9Ta CHJA HanpaBjeHa BHH3.

Bec P, cronGa soasl miaomaabio F u BoicoToll k, HaxoasueHcs B npe-
9.eJax 30Hbl KaNW/IJAPHO-NIOABEIIEHHBIX BOJ, cocTaBader P, = hFpg. Ou
JUIEPIKHBAETCA B PABHOBECHH 3a CUET PA3HOCTH yKasaHHBIX cHJI, Py=—P,—P,.
(pumensisi ypasuenus (8) u (9), nonyyaem BeJJHUHHY KPHTHUECKONR TOJLUHHbI
RANWIIAPHO TNOABEIIeHHBIX BOA h=2;— 2, uan

a?(cosf, — cosfy )
r

h = (10)

Jlasi  nMpHOGJHKEHHOro mnojicyeTa TOJILHHBI 30HBI KamHJJISPHO-TOABE-
LHenHbIX BOJ NPHMEM, 4TO AuWaMeTp nop rpyHra paBusercs 0,002 mn uan
=0,0001 cm. 3navennsi KpaeBblX YIJIOB CMayMBaHUs NPHMEM KakK AJIf CTEK-
s'a u poabl  (Apam, 1947): yroan orrekarus 0,=0°, a yroa uaTekauus
i — 40°% kanuaasipuas nocrosivHas Boaw a® = 0,15 cm®.

IToxcrasass B ypasnenne (10), moayuaem

0,15(1 — 0,76)
C,0001

= 3,6 M.

[TIpu ysenwuennn KosuyecTBa BOABI B TPYHTE CBEPX ONPeAEJEHHOrO
lipejiesia, HanpuMep, NpH Ype3MEPHOM IIOCTYNJIEHHH ee CBEpXY, Bec Moise-
\eHHOH BOJABI NPEBOCXOAHT YKa3aHHYIO Pa3HOCTh MOXLEMHBIX CHJ, M paB-
HOBeCHe NOJABEeNIeHHbIX BOJ HapyilaeTcs.

B cpeanesepuucThiX rpyHtax (YacTHubl NPHGAH3HTENLHO B Mpegeax
or 0,05 1o 1 mam) npoucxoant GbICTPOE CTEKaHHe BOJB BHH3 B BHIAE OTIE.b-
HBIX SI3BIKOB, KyJa yCTpeMJisieTcs OCHOBHAasi YacThb MOJBELIEHHOH BOIbI, H B
"PYHTE OCTaeTcsi TOJbKO MeHAyJsipHas Bjara. DTO CTeKaHHe COBepuIaeTcs
JIOBOJIbHO JIETKO, H NOTOMY NPAKTHYECKH B CPeAHe-3ePHUCTHIX FPYHTAX Ka--
ITHJ5I PHO-NI0/{BEILIeHHbIe TOPH3OHTHL BOJ He 06pasyloTcs.

B Gosee MeJKO3epPHHCTBIX TPYHTaX CTeKaHHe BOJAbI MPOHCXOAHT Mej-
IMeHHO; Hapsy CO CTeKaHHeM TNPOMCXOAHT HCMapeHHEe BOABI C MOBEPXHOCTH
({H)KHHX MEHHCKOB H ee KOHJeHCalHsfi Ha TIOBePXHOCTH TPYHTOBHIX Bol. B
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acTvnuT €0 : : .
" t;:lvta'an, nuTanue 3a cHer armochepunl

TOHKO3EPHHCTHIX TPY
UIeHHBIX 30H npHobperaer qp
CcoBepIuaercs 10 Tex nop, “011:3?'\'1' : g
’ BObl MOI) SIOLUTMMC 1aMHE
333::3: { :s}lrmurelupaa:uwecﬁoﬁ cBa3H C “qum-bzﬂif::oamx Iy
B3AHMO/IEMICTBHE BHCSIYHX H NOCTOSHHDbIN ok (i _
B auusax 7, caomeHHBIX Gogaee NpOHHIAEMBIM matephd.

. TOPH3OHTAMIEH
KPYNHO3EPHHCTHI NECOK), PACNOIOKEeHHBIN 1A NOCTOSIHHBIMIL TOP

H0TC oMeHible FOPHIOHTE
; Gpa3VvIoTCs BpeMe .
FPYHTOBBIX BO1, BO BJaxHOe BpeMi t:‘;aa:t:: an.iaen'ﬂ O anias ma

BHCAMMX FPVHTOBBIX BOA, HAal KOT SIX TPYHTOBBX BOJ
(puc. 1, Cﬂppaﬂai- B cyxce spems roaa mp“30"1:“0'":::’-ule:nuaﬂ BOJ HHOTA
jcuesalor. TlocTOsHHbE TOPH3OHTH Kami1IspHO-TI R P eMEHRLE IO
JOKaJIH3VIOTCA HaZ Y4acTKaMi, B KOTOPhHIX 00pasyloTe
SOHTBI BHCHYIX TPYHTOBBIX BOA. ;

¥Yposens Bonpiaucnqero FOPH3OHTA HAXOANTCS 3"3““T:,;:-[;,luo")l'lfl:u:':Tp‘?aT'?
7OJKEHHOTrO MNOX HHM YPOBISi BOJA NMOCTOSHHOrO - ropi3t 8. 2 :'.lBt‘ AT
COOTBETCTBYET C.1y4alo, KOria B OQHOM KaMmepe pacnooi m\,m .
JSipHBIE CHCTEMBI C PasTHUHBLIMH Ilbeso.\terplmccmnm__\P"““! gl

3 CKa3aHHOrO BHAHO, YTO TOPHIOHTH BHCAYUX TPYHTOB DA .
He MOTYT HaxXO0AHTbcs B pasnosecnu ¢ t‘ll\P‘} Ph‘il 1o e 1
<penofl M C PAacHOJOXKEHHHMH TFHOCOMETPHUECKI HHS
Ke MNOCTOAHHHMMH TOPH3OHTAMHN FPYHTOBLIX BOX nog
CKOABKY KPHBH3HA MEHHCKOB HE COOTBETCTBYET YC/IOBHIM p.muoaer.uqﬂ.‘n :
3aMKHYTOIl cpeje AOMKHO MPOMCXOAMTL BbipaBHHBAHHE [be3OMETPHUCCKINE
vpoBHeil, Beayulee K MEepeTeKaHHi0 BOALI BHH3. 1l }

KANMWIJISPHOE CH®OHWPOBAHHUE YEPE3 IA300BPA3HYIO CPEIY

Xopouo H3BECTHO® B MEXaHHKE TPYHTOB Kani1msipHoe C'l'i’“fl"P(‘Bﬂ"'l". "
uepe3 MeJKO3epHHCTHle FPYHThl MpeicTasiaser cofoii cBoeoOpasubiii cays
uail Kanu1IspHO-NOABEMIEHHbIX BOA, B KOTOPOM BOAa HaXOAHTCHA B COCTOS =
iy apuxkenusi. Ha pue. 2 nokasai paapes vepes OOpPT BOAOXPAHIINULA,
pacnoJoxkenHoro caesa. 3aech /- Kopenuble ILIOTHLIE, MPAKTHYECKH BOAO-
HENpPOHHIAEeMbIe MOPoAbl H 2—[1acT rajeunnKka, 3a/eralouero Ha Jje so-.
Aoxpanuanwa. IMaacr 3 na uyeprexe ocras/ieH He3aWTPHXOBAHNLIM, Bmue
pacnojoxken miaacr 4—cpeaunii CYIVIHHOK, HPHKPLITHIL IMTACTOM TSKEN0it
raunbt 5 (Tep-Crenausin, 1953). -

Ecan ponyeruts, uto naact 3 spasercst TakuM  Ke CPEAHHM CYIIHN- ¥
KOM, KaK If pacnojoKenublfi Hajg HuM maact 4, TO MOMKET HMEThb MECTO Ka-
MAIAPHOE CH(POHHPOBAHHE Yepea MeaKo3epHueToiii rpynt. B atom cayuae
BO3MOZKHO MOAHATHE BOALL N0 nJaacty J+4 na BolcoTy Kanwuasipioro noj-
HATHSA K, nepeans ee uepe3 rpedens BOAOYIOPA W NEPeXoA Ha NPOTHBO-
'MOJ0KHYI0 Yalie BOAOXPAHHIHILA CTOPONY CKAOHA. 3Aech MAACT CYNIHHKA
d+4 urpaer poas noazemuoro cudona.

Oanako, Bo3mozxen u ApYroii caywail (uabTpaunn M3 BOROXPalHIIH-
wa. Tlpeanoaoxum, uTo He3amWTPHXOBAUNBIL Ha pUCYHKe mjacT 3 sBAsieTcs
TAKHM JKe KPYMHOOOJOMOUHBIM TaJeyHHKOM, KaKk M PacrnoJoKesnbiil Huse
tero maact 2. Mo oGWenpuusiToMy MHEHHIO, NPEACTABICHHOE HA PHCVHKE |
Fe0JOrHYECKOe CTPOEHHe Yalld BOAOXPAHHJANILA HCKAIOYAET nosmomuocn,}
PuabTpalH BOALL B PYHT, TAaK K4K OKPYXKAlOWHe uaily BOJOYNOPHBIE
IOPOABL TIOAHUMAIOTCA BbllIe YPOBHS BOALI B uawe, a cudonubii apdexr, n
CHIY OTCYTCTBHA KanU/AJISIPHOrO MOAHSTHSI B TajJeuyHuKe, He MOKET HMETh
mecta. JlefictBureanio, 6ypoBas cKBaxuua 7, npodypennas Haj yKazauubis -
[ITacToM, 00Hapy/KUBAeT BHauade CyXofl TaJdeuiuk W JuML Ha neuumpnﬁi
FAVOHHE—BOJOHOCHBI Tageuink; yposens G rpyntoBbX BOA B rageqHHKe
COBHafdeT ¢ ropH3oHTOM BOJAbI B BOAOXPaHHJIMILLE. {

|
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HecmoTps Ha 370, eciH MJacT JAOCTATOYHO NJOTHOH TAMKEJIOH TIJIMHLI
M MOKHO TPAKTHYECKH PaccMaTpHBaTL KaK BOJO- H BO3AYXO-HEMpOHHUae-
LBt caofl, TO OKasbiBaeTcsd, YTO IJIacT CyXOro raJevyHHka, pacnoJoxKeHHbI
Jlfial yPOBHEM TPYHTOBBIX BOJ, MOKET CAYKHTb NMyTeM A5 NPOHHKHOBEHU:
Lok, OCTaBanch, BpoueM, cyxuM. Ecan caofi TaKen0od rauHbI 5, Haxoas-
614, HAXOMAULAACA Haj 3aMKHYTOH Kamepoi 2+3, B KOTOPOH HMMeeTcs CBO-
lo%eiHoe 10 Hell NPOCTPaHCTBO OT COOGINEHHS C BHEIIHeH atMmocdepoii, To
¢ g70M cayuae 30Ha 4 MOKET PacCMaTPHBAThCA KaK KanulaspHas CHCTe-
1@, HAXOAAILASACA Hajl 3aMKHYTON KaMepo# 2 + 3, B KOTOPOH HMeercs CBO-
\0/IHAs TOBEPXHOCTh KHAKOCTH c yposHeM G. CaeicTBHEM 3TOTO SIBJIAETCH
[MsHAe: MHE30MEeTPHUECKOTO YPOBHS KaNWIIAPHOH cHCTeMbl 4 C yKasaH-
wipim ypopsem (. Otcioa BbITEKaeT, YTO YCJOBHSA, B KOTOPBIX HaXOLHTCS
\ranuaagpHas BoJa, 3an0JHAIOILAs NOPhl MI4CTa CYI\THHKA 4, HuYEeM He OT-
WIMYaloTCA OT YCJIOBHA DaBHOBECHsI BOJABI B PacCMOTPEHHOM paHee cayuae,
Oforna HesalTpuxopanuas 06aacTh 3 sBAAJACE CYTTHHKOM H KOrAa MO0
EMeTh MECTO ABJIeHHe KanmuJIJaapHoro cH(poHHpoBaHH:.

BeJejcTBHe 3TOr0 B nJjacTe CyriduHKa 4 BO3HHKaeT TOK BOABI, KakK 3TC
O0KA3aHO0 CTpeJKaMu. Y6biib BOAbl B naacte 4 Gyer BOCHOLHATHCA MYyTEM
Jfcriapenus ee Haj NOBEPXHOCTbIO TPYHTOBBLIX BOJ, MepeMelleHds ee B ma-
0H00GPA3HOM COCTOSIHHH Yepe3 CJIOH CyXOro rajiedHdka 2+3 k HuKHel no-
98epXHOCTH CYIJMAKa 4, KOHJEHCALWH ee Ha 3TOH MOBEPXHOCTH H JLadbHeii-
ipero nepementenus no niaacty 4 B_Qopme KanuaJspHOH BoAbl. B obaactH,.
spacnoJoxKennoil HuKe ropusonta G, BoAa He MOKET HaXOAHTLCH B PaBHO-
specuy W Oy/er NepeMellaTheA BHH3 M0J AeHCTBHEM IPaBHTAUHOHHBIX CH.I.
(Dna MOKET BBIITH Ha NMOBEPXHOCTh M 06pa30BaTh HCTOYHHK B TOYKe 6. Ta-
124MM 006Pa30oM, BOjAa HCTOYHHKA 6 MMeeT (PUJIbTPAIlHOHHOE NMPOHCXOKIEHHE,
JHHECMOTPS Ha TO, YTO TE0JOTHYECKHE YCIOBHS paHOHa, Kasaloch Obl, HCK.TIO-
.14aloT 9Ty BO3MOIKHOCTD.

JLasi nojicyeTa KOJMUecTBa BOJbI, KOTOPOE MOJKeT TakHM 06pasom yTe-
JKaTh M3 BOJOXPAHHJHILA, JAOMYCTHM, WYTO IJI4CT NPOHHUAEGMOrO JErkKoro
“CyraMHKa  MOIHOCTBIO 1 At npejcrapJsier co6oit cu(poH, KOTOPHIK MOLNH-
MaeTcsi HajJ BOJIOYNOPHBIMHM TOPOJAMH, H HMEET BHH3Y BBIXOJA AJsA TPOHH-
WKaloIKMX Yepes Hero BOA Ha oTMerke 50 a HHKe YPOBHS BOJBI B BOAOXpa--
nuusaute. Jlauny ¢Guasrpaudonioro nytH npumMem pashoi 100 x, xo3p@u-
pupent ¢uasrpaman cyraunka 2.10-% car/cex. Toraa Jyreuka BOLH Ha Mpo-
Trskenun 1 ka coctaBur B 1 cex. Q=kitF=2 . 10-* . 50/100 - 1 - 10000 <
< % 100 = 1000 c#®/cex, wan npubausureasto 30000 #°[rox.

Jlasi 6opb6Bl ¢ NMPOHCXOASAIIEH ONMHCAHHBIM NyTeM (HAbTPauHedl BOIEI
M3 BOJOXPAHHJIMILA JIOJIKEH GbiTh OCYIECTBJIEH «BO3AYUIHLIH APEHaXk» H.IH
U BeHTHJAANKMSA 1nJjacTa rajdeunuka 3. Jas 3Torc A0JKHBI GbITh  MNPO/I€HbI
Imypghbl  uepes cJOH TAMKENOH IMHHBL & H TeM caMbiM obecreuena CBf3b
¢ MezKy BO3ZYXOM, 3anoJHSIOIHM IYCTOTH rajJeyHHKa, H BHEWILeH aTmoc-
) epoil. 3ameTHMm, 4YTO JieHCIBHE BeHTHJSIHH JOJKHO OBITH JOCTATOYHO)
CHJALHBIM, YTOGLI YCTPAaHHThL BO3MOXKHOCTH O6pasoBalHsi HACHIIEHHOTO Ia-
pa B NycToTax raJeudliHka.

BaxubiM  caeicrBHeM (DHALTPALMH 3TOr0 pojia H3 BOJOXPaAHM/IIHLLL
MozkeT ObiTh o6pasoBanue onoJi3Heit 8§, pa3BHBAIOLUXCS 110 CKJIOHY, Kasa-
Joch Obl, He HMEIOUleMYy THTAHHS FPYHTOBLIMH BOJA4MH BCJEJICTBHE OTCYT-
CTBHSI BOJIOHOCHBIX rOpH30HTOB. ITpHUHHY OGpasoBaHHSI ONOJ3HEH B Takux
cayuasix oOBIMHO HILYT B jeficTBHH aTMoc(epHbIX BOA, a Aasi 60pbObLl ¢ HH-
 MH OCYIIECTBJSIIOT cGOpP M OTBOJA MOBEPXHOCTHBIX BOA. M3 H3/J0KeHHOTO
. BHJIHO, YTO AEHCTBHTEJNbHAS NMPHYHHA ONOJ3HEH B 3THX cayyasx—cudonHan
 (pmabTpanus M3 BOROXPaAHHIHILA—TPeOyeT NPHMEHEeHHS COBEPIIEHHO HHBIX.

COOpYIKeHHi.

el
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Abstract. The behaviour of suspended captllar_\: n\[\ ::I:pr”.:_:li I;\I:E.el:::‘a“p:r:‘hei
ed groundwater horizons is explained by the properties St A e

¥ n
equilibrium conditions of the liquid in tkem with the sarrm:l  nthél; ol plesomei
icance of the curvature of the menisci, and the gravitational po

: g svolution of the
levels in these systems, are stressed. The features of fm.md:;lr[:‘-d‘:ig:-::;umls 0“_“::§
suspended capllliry water is explained by the theory of cap ?_- -.;‘-n-:hed groundwater |
may be in equilibrium with the external medium. The It‘mpOf: .:mlq below. A ponsibiell
hor:zons may not be in equilibrium with the stationary Iw.rdz h\: capillary siphoning
type of migration of suspended capillary water Is illustrated D) :
and possibility of landslides due to it is indicated. .

i
4

Many facts concerning the behaviour of suspended capillary water )
and temp(:.-rar)' perched groundwater horizons are described in I[.terature :
(Atterberg, 1908; Zunker, 1930; Jledeaes, 1936; Terzaghi, 1949; Pone,
1952); certain features of the mechanism of formation of these types of
water are attributable to the properties of capillary systems.

T

EQUILIBRIUM OF CAPILLARY SYSTEM WITH EXTERNAL MEDIUM

Caplllary system is a porous solid body having unclosed and rather
narrow emptinesses which represent a total combination of communicating
capillary passages having arbitrary cross-sections and outlines with a lig-
uid in it, the contact angle of which with the solid substance is less .
than 90°, '

The general condition for isothermal liquid equilibrium in the capil-
lary system Is expressed In terms of the mean curvature K, and K, of
the liquid surface at two arbitrary points M, and M, with elevations 2’
and 2 above an arbitrary origin (Tep-Cremausin, 1951): |

h’l':i{-_.'-— -"Jl__..&':_.g(z’._z")' (l) !
2a |
where g, — density of liquid under consideration, lr
fe — density of external medium (air, vapour or other liquid),
2 — surface tension of liquid, and -
& — gravity acceleration,

If M, is chosen such that the mean curvature of liquid surface in it

is equal to zero, K, =0, Eq. (1) reduces to

' Revised paper, presented to the Third Asian Reglonal Conference on Soll Me-
chanics and Foundation Engineering, held in Haifa (Israel), September 1967 and pub-
lished in Proceedings of the Conference, vol. I, p. 179—181.

? Head, Dept. of Geomechanics, Geological Institute, Armenian Academy of -
Sciences.



ON THE MECHANISM OF SUSPENDED CAPILLARY WATER 79

Ky=—-0—% g (z—2), 2)
22

where gz” is the potential of this point in the gravitational field. Let us
assume the zero gravity potential to the point M, and indicate by indices
below the height of point marked off from it.

Zero mear curvature does not necessarily imply a plane surface of
the liquid. It simply means that the radii of principal curvature are equal
and of opposite sign. A plane surface is a particular case with both radii
equalling infinity. This zero potential characterises a set of points, whose
geometric locus determines the pilezometric level of the liquid; it may be
obtained by means of a piezometer inserted in the capillary system un-
der consideration.

The propotionality factor in Eq. (2) is the inverse of the capillary
constant (Polsson’s constant) a® = 22/[(p, —5.) g], hence

K== (3)

i.e. the mean curvature of the liquid surface in any point of the capil-
lary system in gravitational field equals to the ratio of the height of this
point, marked off from the piezometric level to the capillary constant of
the liquid. The transfer of the moistening boundary onto the outlets or
onto the external surface of the capillary system is possible in that part
of the system which is located below the piezometric level (Tep-Crena-
uaH, 1960). Conditions are favourable when the contact angle is small,
which Is the case for moist surface and for thin-walled capillary passages.
As a result the contact angles of adjoining capillaries overlap, the cor-
responding menisci merge, and a coutinuous surface of small curvature
is formed; additional pressure generated by the latter should be zero.
Hence the piezometric level may not be higher than the lowest point of
the system under consideration.

As long as the piezometric level lies above other parts of the sys-
tem, liquid is discharged and the curvatures of the menisci change ac-
cordingly, in turn depressing the piezometric level until it reaches the
lowest possible point.

In the case of interaction between a capillary system and an exter-
nal gaseous medium, a similar process takes place as a result of molec-
ular exchange.

Let the capillary system be in a closed isothermal chamber togeth-
er with a vessel containing the same liquid (Tep-Crenausin, 1952). As
the liquid evaporates, the vapour pressure in the chamber increases until
equilibrium is established on saturation, corresponding to a vapour pres-
sure .

Strictly speaking, however, this pressure is only reached by a thin
layer of vapour immediately above the free liquid surface in the vessel.
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. level = above

At hydrostatic equilibrium, the vapour pressure oAl

this surface is: (4)

P.- = Po =P g:" ;

As for the menisci, the saturated vapour P’esslm’: 01-1' 1‘:k:m-1l|ll:):li?

mented bv the excess capillary pressure due to their curvature, < g
for the density difference between vapour and liquid:

3 A o5

P = Po+ 2K
h

et | s
r above the menisci
surrounding medium

or condense de-

At equilibrium the pressure of saturated vapou
(Eq. 5) must be equal to the vapour pressure in the
(Eq. 4), p, = pn. Otherwise the llquid will evaporate
pending on the sign of the pressure difference. Hence

[ ezl DI (6)
22 v )
Comparing Egs. (6) and (3) it is seen that e
capillary system and the vessel is conditioned on the
piezometric level in the former and the free surface in the latter, irrespec-
tive of whether or not there Is direct communication between them. More-
over, ii more than one capillary system is involved, the piezometric
levels of all of them would coincide with the free surface. If, on the other
hand, the chamber contains only cappillary systems, their respective
piezometric levels would be adjusted, in accordance with their respective
gravitational potentials, to coincide with a common horizontal plane; the
mean curvature of the menisci at arbitrary points of all capillary systems
would equal the quotient of the elevation of this point (marked off from
the common piezometric level) and the capillary constant of the liquid.

quilibrium between the
coincidence of the:

EQUILIBRIUM CONDITION OF SUSPENDED CAPILLARY WATER

A valuable contribution to an understanding of mechanism of water,
located above the stationary horizons of groundwater was done by Pro-
fessor K. Terzaghi (1949). He has shown specifically the difference of
behaviour of suspended capillary water and temporary horizons of
perched gioundwater.

The above considerations permit analysis of the equilibrium of sus-
pended capillary water and of the underlying groundwater horizon /7, lo-
cated over impervious stratum 2; this horizon is the piezometric level of
the liquid (Fig. 1, left)? with the capillary fringe 3 above it.

The height z; of the capillary fringe may be determined using the
known expression for the capillary head and refining it in respect of the
contact angle 0:

a*cosly,

-
-1 ]

I
where r, is the average radius of soil pores.

- —
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As the capillary iringe is fed from below, the contact angle 9y cor-
1 responds to water movement toward the dry surface. The capillary satu-
1 ration in this case is not complete and only a part of capillary fringe has
| the maximum degree of saturation (Lambe and Whitman, 1968).

Zone 4 of suspended capillary water is bounded by levels z, and z;
. above the pilezometric level with corresponding mean curvatures
\ K,=—2z,/a* and Ky=—z,/a".

Zone 5 (between the suspended capillary water and the fringe) may
, contain semi-continuous capillary water, occupying only the narrowest
, channels. The upper zone 6 is periodically saturated after a wet spell
. and contains semi-continuous water after a dry spell. The discharge of
~ water is caused by evaporation from the surface of the upper menisci,
. consumption by roots, etc.

As the suspended capillary water is fed from above, the contact an-
gle of the upper menisci is determined by the backward movement of
the water from the wet surface, and that of the lower menisci—by its
movement foward the dry surface. Water retention is governed by the
lifiing-capacity differential of the menisci forming the upper and the
lower boundaries of the wetted zone, determined in turn by their mean
curvature,

It follows from the above-said that the suspended capillary water

' may be in equilibrium with the surrounding medium and with the sta-
tionary horizon of groundwater below, since it is retained in soil due to
the hysteresis of wetting and the curvature of the menisci corresponds

' to the equilibrium conditions.

Let us determine the limiting thickness of the suspended capillary
water zone. The lifting force P; on the horizontal cross-section F, which
bounds the suspended capillary water zone from above is P;=z,fpg,
where z,—the height of capillary rise, corresponding to the given shape
of upper menisci. If we assume the capillary system asa bundle of ver-
tical tubes with radius r, then -

2cosh)
f=—"0, (8)
where 0,—contact angle which corresponds to the backward movement of
water from the wetted surface; this force is directed upward.

On the same cross-section F the drawing down force P, of the me-
nisci, which bound the suspended capillary water zone from below is
Py=z,Fpg, where 2z, the height of capillary rise, corresponding to the
shape of the lower menisci; analogically

a’cosfy
pmi=r =t (9)
where Oy—contact angle for the movement of water toward the dry sur-

" face; this force is directed downward.

6—10
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ss-section F and height

with cro
e water zone is

i P. of the* water colu e
iy e suspended capillary

h located between the boundaries of ;
P,=hFug. It is retained due to the difference -
P,=P,—P,. Using Egs. (8) and (9), we get the
pended capillary water #=2,-—Z, OF
a?(cosfHy—cosin) (10)
i) r

al height of sus-

of the height of the
diameter is 0.002 mm
as for glass and wa-
t of water a*=0,15

Let us assume for an approximate estimation
suspended capillary water zone, that the soil pnn.‘
or r=0,0001 cm. Assume values of contact angles
ter: 5,=0" and 5y=—=40" (Azam, 1949): capillary constan
cm®. Substituting into Eq. (10), we have
_0,15(1--0,76) _
~0,0001

When the quantity of water in the soil exceeds a certain limit, e.g. by
excess infiltration from above, the suspended water outweights the above
difference of lifting forces; its equilibrium is upset and downflow sets in.

In medium-grained soils (particles approximately between 0,05 and
1 mm), this downflow is rapid with most of the suspended water dis-
charged in the form of discrete tongues and only the contact-surface
water is retained by the soil. This downilow proceeds fairly easy and
therefore no horizons of suspended capillary water is formed practically
in the medium-grained soils.

In fine-grained soils, by contrast, the downflow is slow due to their
low permeability. Owing to the weight of the suspended water, the lower
menisci become less concave and the pressure equilibrium between the
saturated vapour over their surface and the adjoining medium is upset,
so that the downflow is accompanied by evaporation from the lower
menisci and condensation on the groundwater table; their contribution
increases with the fineness of soil. This process continues until equilib-
rium is re-established.

Thus the groundwater horizon may be fed from atmospheric sources
unrelated hydraulically to the seeping water.

h - 3.6 metres.

INTERACTION OF PERCHED AND STATIONARY HORIZONS OF GROUNDWATER

Temporary perched groundwater tables form in lenses 7 located above
the stationary groundwater horizons and composed of coarse pervious
material (gravel, coarse-grained sand) after a wet spell.  These tables,
overlain by a capillary fringe (Fig. 1, right), disappear after a dry spell.
Permanent horizons of suspended capillary water are sometimes located
above the place of origin of the temporary tables. The piezometric level
of perched groundwater lies within the vertical boundaries of the lens:
it is much higher than that of the stationary groundwater horizon further

oi the mentioned forces, |
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«Jown. This situation corresponds to the case of two capillary systems
 with different piezometric levels in a single chamber. Obviously, perched

groundwater tables cannot be in equilibrium with stationary groundwater
horizons, as adjustment of the piezometric levels necessarily takes place

iwin an isolated medium.

CAPILLARY SIPHONING THROUGH A GASEOUS MEDIUM

Capillary siphoning through fine-grained soils is a particular case of

-suspended capillary water in motion. A section through the bank of a

storage reservoir is shown in Fig. 2, with / denoting impervious bedrock,
2 peble, 4 loam and 5 fat clay.

If layer 3 consists of the same loam as 4, conditions are favourable
for capillary siphoning, with water rising through the two layers, and
flowing over the bedrock ridge to the other side of the bank. Here the
combined layer 3 and 4 is the underground siphon, and R indicates the

-capillary rise.

Alternatively, if layer 3 consists of the same peble as 2, the siphon

-efiect should apparently be impossible as the impervious bedrock is high-

er than the water level in the reservoir and no capillary rise takes
place in the gravel. In fact, the borehole 7 passes through dry pebble first
and only at some depth through water-bearing pebble, and the ground-
water horizon, G, coincides with the water level in the reservoir. In spite
of this if the fat clay layer 5 is assumed watertight and airtight, the
combined layer 2 and 3 may provide a path for water penetration while
remaining dry. If layer 5 provides insulation from the external atmos-
phere, layer 4 may be regarded as a capillary system above the closed
chamber 2 and 3, with the free water surface at level G, and, in these
circumstances, the piezometric level of 4 would tend to coincide with G.
Hence, under both alternatives capillary siphoning may take place. Flow
would set in in layer 4 (indicated by arrows), with the water loss com-
pensated by evaporation from the free groundwater surface, and the va-
pour moving through the dry pebble 3 to the bottom surface of layer 4,
condensating there, and flowing on through the layer as capillary water.
Below the level G the water cannot be in equilibrium and would de-
scend by gravily, possibly surfacing as the spring 6, which would be of
seepage origin, although geological considerations seem to exclude
this possibility.

To give an idea of the resulting water loss from the reservoir, let
use assume a loam layer (permeability 2X10~*cm/sec) 1 m thick, an
outlet 50 m below the water level in the reservoir, and a drainage path
100 m long. The water loss per km would be Q=210-*X(50/100) %
1.7100,000%< 100=1,000 cm?/sec. or approximately 30,000 m?®/year. To pre-
vent this leakage, ,air drainage* or ventilation of layer 3 should be en-
sured by means of shafts through layer 5. Ventilation should be suffi-
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ciently intensive to prevent accumulation of saturated vapour in pebble—
bed voids. . 49

An important consequence of this type of seepage :~. the pOS:bI::llh!_\
of landsiides & on slopes apparently unrelated to groundw m.er mu\.e ent.
Such landslides may be erroneously attributed to the .aclmn of .itmni-
pheric water, and attempts made to control it by cullec-tmg _surince m.noti.
It is clear, however, that the real cause of a landslide In this case \\Ul.l[gl
be siphoning from the reservoir, calling for quite different preventive
measures.
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tf. 1. Umqubnpujht juwjn]wd prbeh (dwhfy) b qbn-
twgrbrp dudwlwlun|or §ujuymy fnrhqobbbeh (wyfy)
abuwnrdwh wujdwbbbrp L gruobg hnjumqqbignipiodip
qimbwyrbrh Bwunmwwnnd forhqobp Gbm:
Puc. 1. ¥caosus hopmuposanus kanuiaspuo-nodse-
wennbix 6od (caeBa) U BPEMEHHBIX BUCAYUX 20pU-
G0HTO6 2pyHTOBLLX 600 (Ccnpapa) u ux B3AUMOOT-
HOUEHUe € NOCTORHHLIM 20PU3OHTOM 2PYHTOBBLX 800.
Fig. 1. Conditions of formation of suspended
capillary water (leit) and temporary horizons of
perched groundwater (right) and their relation-
ship with the stationary horizons of groundwater

IS L b A T AP N e B S
Y. 2. ‘huquypl Thyofwyrh Jhyn] dwqubnpughl vhpnboulp jurng | wnwgughby grod-
purhg Mmﬁgnuluqiﬁ §nrowmbbrp b fwhunued pubgh jrow unqubfibch qurequgnulp:
Puc. 2. Kanuaasproe cughporuposanue wepesz 2a3000pdsnyio cpedy Moxer 8bi3gath
!'?’H.fbfpﬂﬂ"ﬂﬁﬂiﬂf norepu u3 aoaﬂxpﬂﬂudﬂﬂ{ﬂ' u passurue onoasHell Ha npoTUsonoA0M-
2 HOM CKAOHE.

Fig. 2. Capillary siphoning through a gaseous medium may cause seepage los-
ses from a storage reservoir and development of landslides on the opposite
slope
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