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AHHOTALUMNA

BBeaeHue. B HacTosLLee BpeMsi B YCNOBUAX U3MEHEHUS KnMaTa (PeHOMEH HEOObIYHBIX AOXAEN U HABOAHEHWU BbI3biBaET
LUMpoKoMacLUTabHble HAaBOAHEHMS U NPMBOAUT K BGonbLUMM NOTEPSIM NoAen n umyllectea. Hanbonee ysa3BumbiIMU COOpY-
KEHUSIMU ABMSAOTCSA NAOTUHbI U BOAOXPaHWNMLLA. [1popbIB NAOTUHBI MOXET MPUBECTM K KaTacTpode, YrpoXKatoLLen XM3Hu
nogen n coumanbHO-9KOHOMUYECKON AesaTenbHOCTU. CyLecTByeT MHOTO NMPUYMUH paspyLUeHns NAOTUHbI, U3 KOTOPbIX M-
npaenudeckuii paspbis (ITP) cuntaeTcst ogHom M3 Hanbonee BepOATHBIX, MOCKOMNbKY OH BbI3biIBAET COCPEAOTOUEHHYIO hub-
Tpauuio, NPUBOASALLYIO K PUCKY paspyLUeHUs NNOTUHBIL. [MapaBnnyeckuini paspbiB — 3TO NPOLECC, NPY KOTOPOM TPELLUHbI
06pasytoTcs B rpyHTE UK KaMHe, a 3aTeM pacnpoCTPaHATCA NoA AaBreHeM Boabl. [MapaBnuyeckmin paspbiB NpMBnekaet
BHUMaHMWeE yyeHbIX. Llenb nccnenoBaHnsi — CUMHTE3 MHEHWI yYeHbIX Ha CErOAHSILLHWI AeHb O SIBNIEHUN rTnapopaspbiBa 1 Me-
TO4AX €ro NpeaoTBpaLLEeHNs B 3eMIIsIHbIX NIIOTUHAX.

Matepuanbi u Mmetoabl. [poaHanuanMpoBaHbl NMTEpPaTypHbIE NCTOYHMKK, B KOTOPLIX paccMmaTpuBaetcs [P,

Pe3ynbrartbl. [MapaBnuyeckuii paspbiB TECHO CBA3aH C SIBMEHUSIMU HEPABHOMEPHOW OCaOKW FPYHTOB MIOTMHbBI U CTPO-
UTENbHbIX KOHCTPYKUMIA. B rpyHTOBBIX MMOTUMHAX HepaBHOMEpPHAas OCafKka 4acTO BO3HMKAET B 30HAX MeXAy HacbIMHbIM
TPYHTOM MAOTUHbI 1 6OPTOBLIMW MaccMBaMmn CTBOPA MITOTKHbI; HACBIMHLIM FTPYHTOM Y GETOHHBIMU KOHCTPYKUMUSIMU, TakuMm
KaK BOLOMPOMYCKHble TPyObl 1 BOAOCOPOCHI, (PyHAAMEHTHbIE ANIEMEHTLI KOHCTPYKLIMIA; BOGOHENPOHMLI@EMbBIM SAPOM NIOTU-
Hbl U MPUMBbIKAOLLMMM K HEMY 30HaMu rpyHTa. Ha ocHoBe aHanm3a npuynH BO3HMKHOBEHMS TP HekoTopble nccrnegoBartenm
NpPeanoXunm Mepbl MO CHMKEHMUIO pUCKa €ro BO3HUKHOBEHWS.

BbiBoabl. [vapaBnnyecknin paspbiB — obpasoBaHne TPeLLMH 1 NOrocTel B rPYHTOBOM MaccyviBe, KOTOpble CnocobCTByOT
PopMMpOBaHUIO NyTen coCpenoToueHHoN unbTpauun. MNoseneHne P yBenvumMBaeT BepOATHOCTb HECTAOUIIBHOCTY PUIb-
Tpaumm B NIOTUHE, YTO BMUSIET Ha 6€30MacHOCTb NIOTUHBLI U MOXKET MPUBECTU K CEPbE3HOMY NOBPEXAEHMI0. BHegpeHune me-
TOOOB NpefoTBpalleHuns P BaxkHo anst obecneyeHunsi 6e3onacHbiX yCroBmi paboTbl NIOTUHBI.

KIMKOYEBBIE CINOBA: dunbTpauus, rpyHToBas NoTuHa, rmgpasnuyeckuii paspblB, HepaBHOMEpPHas ocagka, BO3HUKalo-
Liee ycunme, cocpefoTodeHHast ounsTpauus, NpopbIiB MIOTUHbI
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ABSTRACT

Introduction. In the current process of climate change, the phenomenon of unusual rainfall and flooding is causing wide-
spread flooding and causing great loss of life and property. In addition, the most vulnerable structures are dams and reser-
voirs. A dam failure causes a disaster that can threaten human lives and entire socio-economic activities. There are many
causes of dam failure, of which hydraulic fracturing is considered one of the most likely causes as it causes concentrated
seepage leading to the risk of dam failure. Hydraulic fracturing is a process in which cracks form in soil or rock and then
propagate under water pressure. Hydraulic fracturing is not a new topic, nor is it an old one, receiving a lot of attention from
scientists, but it is still a controversial issue. Many opinions are given. This paper aims to summarize the mechanism of hy-
draulic fracturing based on previous studies and at the same time proposes some methods to prevent hydraulic fracturing
in an earthen dam.

Materials and methods. Literature analysis of sources related to the phenomenon of hydraulic fracturing.

Results. Hydraulic fracturing is closely related to the phenomena of differential settlement of dam soils and building struc-
tures. In earth-fill dams, the phenomenon of differential settlement often occurs in the areas between the fill soil of the dam
and the side masses of the dam site, fill soil and concrete structures such as culverts and spillways, foundation structural
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elements, the impermeable core of the dam and adjacent soil zones. Based on an analysis of the causes of hydraulic fractur-
ing, a number of measures were proposed to reduce the risk of hydraulic fracturing.

Conclusions. Hydraulic fracturing, that is, the formation of cracks and cavities in the soil mass, which contribute to the for-
mation of concentrated seepage paths. The occurrence of hydraulic fracturing increases the likelihood of seepage instability
in the dam, which affects the safety of the dam and can lead to serious damage. Implementing hydraulic fracturing preven-
tion techniques is critical to ensuring safe dam operating conditions.

KEYWORDS: seepage, earth dam, hydraulic fracturing, differential settlements, arching action, concentrated seepage, dam

failure
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BBEJIEHUE

B Hacrosimiee Bpemst BeCbh MUP CTOJIKHYJICS C IIPO-
6reMamMy M3MEHEHUsI KIIMMara, B TOM YHCIIE C SIBIICHUS-
MU JOXSI U TTAaBOAKA CBEPX OOBIYHBIX HOPM, UTO CHIIb-
HO BIMSIET Ha CTOK M THIPOJOTHYECCKHUI PEXKHUM,
BBI3BIBAET OMACHOCTH JUI 3€MJITHBIX TUIOTHH U BOJIO-
xpanmwm [ 1]. [ToaTomy obecnieuenne 6e30MacHOCTH
IUIOTHHBI aKTyaJIbHO.

ABapun ¥ pa3pymieHns], BOSHUKAIOINE TIPH SKCILTY-
aTalyyu TUIOTHH, HAHOCST CEePhE3HbIN yIepO HE TOIBKO
KOHCTPYKIMH THAPOTEXHUIECKOTO COOPYKEHHS, HO U Tep-
PHUTOPHSIM, PACTIONIOKEHHBIM CO CTOPOHBI HIDKHETO Obeda.
[Mocneanuii BO MHOTO pa3 MPEBBIIACT ymiepO, HaHeCEH-
HBII KOHCTPYKLIMH, HA BOCCTAHOBJIEHUE MOYKET YUTH MHO-
ro aetr. Hanpumep, npu npopsiBe miaoTuHsl Puentes
Ha p. Segura (Mcmanws) B 1802 1. moru6mo 608 genoBek,
pazpymiero 909 sxunbix momoB [2]. TIpopbiB 3eMitsHOM
mrotrHb! South Fork (CILIA) B 1862 1. mpuBen k ymepOy
4 mitH gomtapoB u rudemn 2500 genosek [3].

CymiecTByeT MHOTO MIPUYHH Pa3pylICHNS MI0TH-
HBI, TAKUX KaK OIINOKH NMPOEKTUPOBAHUS, CTPOUTEIb-
CTBa, BEIOOP HEMOAXOASIINX MaTePUaoB, IPUPOIHBIC
WIH YeroBedeckne GpaxkTopsl u T.14. [4]. B psange ciayga-
€B aBapHUM Ha I'PYHTOBBIX IJIOTHMHAX BO3HUKAIOT B pe-
3yJbTaTe MPOSIBICHIS THAPaBIHIeckoro paspsisa (I'P),
KOTOPBIH CITy)KUT OIHOW M3 HanboJee BEPOSTHBIX MPH-
YHH, TTOCKOJIbKY BBI3BIBAET COCPEJOTOUCHHYIO (hHITh-
TpaIyio, MPUBOSIIYI0 K PUCKY TPOPHIBA IIOTHHBL,
0COOEHHO IIPH MEPBOM 3ATIOTHEHUH BOJIOXPAHIIININA
[5, 6]. Onrako I'P B 3eMIISIHBIX MJIOTHHAX JOCKOHAIBHO
He n3ydeH. Kpome Toro, ocraercs ANCKYCCHOHHBIM BO-
mpoc o mexanusme [P, a Taxxxe BEIpabOTKe Mep TI0 eTo
IpefoTBpalIeHuio. JlaHHask CTaThsl MOCBSIICHA 00CYy K-
JIEHUIO MEXaHU3Ma BO3HUKHOBeHMs U pazsutus I'P, mo-
UCKY TEXHHUECKHUX PEIICHUI 110 €ro Mpe10TBPAIECHHIO
B TPYHTOBBIX IJIOTHHAX.

MATEPHUAJIBI U METOJbI

MexaHHM3M BO3HHKHOBEHHUS THIPABIHYECKOr0 pa3-
pPbIBa B TPYHTOBBIX IJIOTHHAX

I'mopaBnuueckuil pa3pblB ONUCHIBACTCS KaK MPO-
Iecc, Mpu KOTOPOM TPEUIUHBI 00pa3yloTcs B TPYH-
T€ WU KaMHE, a 3aTEM Pa3BUBAIOTCA NOJ AABICHUEM
BoAbI [7]. DTO sIBIEHWE B OCHOBHOM WHTEHCHUBHO W3-
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y4aeTcss B HE(DTSIHOW M ra30BOW MPOMBIILICHHOCTH
JJI TOBBIIIEHUA MTPOU3BOAUTEIILHOCTH IPOU3BOACTBA
1 dKOHOMHYECKO# apdextuBHocTH [8]. I'P mpemcras-
JISIeT COOO0M CIOXKHYIO M OMAcCHYIO MPOoOJIeMy B CTPOH-
TEJILCTBE TJIOTHH, 0COOCHHO I'PYHTOBBIX.

I'mapaBaudecKkuii pa3pblB TEOPETUUECKH MOXKET
MPOMCXOJUTH B OJHOPOIHBIX I'PYHTOBBIX IJIOTHHAX,
HO BEpOSITHOCTh €ro BO3HHKHOBEHHS OyieT BHIIIE,
€CJIM Marepual HeOJJHOPOJCH C TOYKHU 3peHHus aedop-
Maiuu U Quiabrpanuu. [Ipu U3ydyeHUH BO3MOXKHBIX
MPUYHH pa3pylieHus rpyHToBBIX MioTuH J.L. Sherard
u coaBT. (1986) kpaTko pa3bACHHUIN JIECKAIINI B OC-
HOBE MEXaHU3M, C NOMOIIBIO KoToporo I'P BeI3bIBaeT
COCPEIOTOUYEHHYIO (PMIIBTPAIMIO B TPYHTOBBIX IIOTH-
Hax [5]. UccnenoBanust mokasaiu, 4To U3-3a pa3iny-
HBIX Jedopmannii (0CaJKOB), BOSHUKAIOIUX YCHUIHN
B TeJIe INIOTHHBI 00pa3yloTcs TPEIMHBI (KaK BUANMBIE,
TaK U HEeBUINMBIE). B To e BpeMs Takue sBiIeHus (He-
paBHOMEpHasl 0cajika, BOSHUKAIOIIEE YCHUIINE) IPUBO-
JIT K TIEPepacipeielICHNI0 BHYTPEHHUX HAIPSKEHUH
Ha OT/JENIBHBIX yYacTKaX HACBHITHBIX IPYHTOBBIX ILIO-
TUH. B Takux 061acTsIXx MUHIMaJIbHOE TJIAaBHOE HATIPS-
JKEHUE CHIDKAETCS TIOUTH JI0 HYJISI HITH JTaKe JI0 pacTsi-
THBAOLIETO HANPSDKEHUs. DTH 00JacTH Ha3bIBAIOTCS
30HaMH HU3KOI'O CYKMMAIOILETO HAPSHKESHHMSI.

[Ipu 3anosHeHNH BOIOXPAaHUIINILA YPOBEHb BOJIbI
B BOJIOXPAHMJIHILE OAHUMAETCS BBEPX, @ B MOCIENY-
IOLIEM yBEJIMYUBAETCS JABICHNE BOJbI B TPYHTOBON
IUIOTHHE. B 30HaX HU3KOTO CXKMMAIOIIETO HAIPSHKCHUS
TPYHTA JaBJICHUE BOJbI CTAHOBHUTCS BBIIIE, YEM ITIaB-
Hoe Hampspkenue. [Ipu aTom ¢unbTpanus B MI0THHE
MIPOHMKAET B CYLIECTBYIOIINE TPEIIMHBI (Ja)ke HEBH-
JIUMBbIe), 00pa30BaBIINECs paHee, a 3aTeM BBI3BIBACT
KOHLICHTPALUIO HAalpsKEHUH B BEPIUMHAX TPELLUH.
ITpu 3TOM ycOBMS HANpPsHKEHUS B IUIOTHHE U3MEHSI-
I0TCSI, @ TPEIINHBI PACKPBIBAIOTCS WM PA3BUBAIOTCA.
OOBsCHEHNE TIIACUT, YTO, TIOCKOJIBKY IPEeAeI MPOIHO-
CTH IPYHTA Ha PacTSHDKEHHE OYEHb MaJl MIIH OTCYTCTBY-
€T, TPEIINHBI JIETKO PaclpOCTPAHSIOTCS, YTO IPUBOIUT
K TIOTepe 0€30MaCHOCTH IIOTHHBI.

3areM uccienoBareiln pa3pabdoranu KpUTepHH
JUISl IPOrHO3UPOBAaHMsI M OoLeHKH pucka ['P B noruHe.
l'uppaBiauyeckuil pa3pbiB BOSHUKAET, KOIJIa OH yIOB-
JIETBOPSET CIEMYIOMEMY yCIOBHIO [5, 6, 9]:

o, <W, (1)



OcobeHHocTH NMPposABAEHNA TMAPaBANMYECKOIo pa3pblBa B IPYHTOBbIX MAOTUHaX

C. 45-60

I€ G, — MUHMMAJIbHOE IVIABHOE HAIPSKEHHUE B IPYH-
TOBOU IUIOTUHE, MOYKET OBITh OIPEIENICHO ITyTeM MOHH-
TOPHMHTA Ha MECTE BO3BEACHHS IIOTHHBI (T.€. ONBITHBIM
MyTEM) HJIH C IOMOIIIBIO YHCIEHHOTO MOJISTUPOBAHMS;
W — naBieHue BOJBI B pacCMaTpUBAEMOM TOUKE IUIO-
THHBI, KOTOPOE OMPEJIENSETCS KaK:

W=vyh.,
rjie Y, — YAeJbHBIHA BeC BOIbL; i — TiyOuHa 1o Bep-
TUKAJIM OT JICIPECCUOHHOM JIMHUM 3EMIISTHOW TUIOTHHBI
JIO paccMaTrpUBaeMOM TOUKH.

[TockonbKy JenpeccroHHast KpuBasi pacipocTpa-
HSIETCSI OT BepxHero Obeda K HHIKHEMY, TO 3HAYCHUE
JIaBJICHUSI BOJIbI B TOPU30OHTAIIBHBIX CEUCHMSIX TUIOTHHBI
najzaeT oT BepxHero Obeda k HwkHemy. OTCroa Cciie-
nyer, uto mnpoueccy ['P Hanbosee monBep:KeHbl MacChl
IpYHTa IUIOTHUHBI, PACIIOIOKEHHBIE OJIMKE K BEPXHEMY

obedy.

IIpensiaraemple KPUTEPUH THAPABIHYECKOT0 pas-
PbIBa B IPYHTOBOH IUIOTHHE

Bepostao, B. Lofquist (1957) 06b11 IepBBIM, KTO
IpecKa3al BOSHUKAOLIME YCUIIUS B TPYHTOBOM ILIO-
THHE C HEMPOHUIIAEMBIM SIIPOM, IPUBOSIINE K PUCKY
00pa3zoBaHus TOPU30HTAIBHBIX TpemmuH [10]. On npu-
BEJI IIPUMEPBI JIBYX IUIOTHH, B KOTOPBIX U3MEPEHHOE
BEPTUKAJIIFHOE JaBJICHUE B AJpax COCTABIIIO IOJIO-
BUHY OT JaBJICHUS B IPYHTOBBIX CJIOSIX TEJA IIOTHHEI.
Takoe yMEHbILICHHE HANPSDKEHUS U3-32 HEpaBHOMEp-
HOIl 0CaJIKH B Pa3iIMYHBIX SJIEMEHTAX IUIOTHHBI MOYKHO
Ha3BaTh BO3HUKAIOIINMHU YCHIMAMH JeOpMaMOHHBIX

< YpoBeHb BOAbI
h \I/hw

Hanpsoxenue

['my6una

w=y h

wow

MIPOIIECCOB. DTO YTBEPIKACHUE 3AIHUIIEM CIICIYIOIINM
obpazom:

c =20,
IJle G, — HalpsUKEHUE TPYHTa IUIOTHHBL; G, — Harps-
JKCHUE Spa TUIOTHHBL.

IMocne paspyuienus miotudsl Hyttejuvet (1965)
I. Torblaa n B. Kjoernsli (1968) moctyaupoBanu Mexa-
Hu3M [P 3emurstabix oot [11]. UcenenoBarenu npen-
MOJIOXKWIIM, YTO B Hayalle 3alloJIHeHUs CKUMAIOIINe
HaNpsDKEHHUS CYIIECTBYIOT 110 BCEMY SIIPY H, CIIEA0Ba-
TEJIbHO, HET OTKPBITBIX TperuH. OHAKO IPH 3aroJIHe-
HUU TOPU3OHTAJIEHBIE TPEUIMHBI MOTYT HEOXHJIAHHO
oOpasoBaTbes B pesyasrare ['P B mecTax, rae cymmap-
HOE BEPTHKAJIILHOE HAINpPsDKEHUE B sIIPE 3HAUUTEIBHO
HWKE, YeM JIaBJICHHE 000JIOYKH M3-32 BO3HHUKAIOIIETO
YCHITHSI MEXKIY SPOM M MEHEE C)KIMAeMOM 000I0UKOIA.
Bo Bpems 3anonHeHus BOAOH AaBIeHUE, AeHCTBYIONIEEe
Ha BEPXHEH I'paHHIE AApa, MOXKET MPEBHIIATE o0IIee
HaIpsDKEHUE, ACHCTBYIONIEE B HEKOTOPOH MIIOCKOCTH,
yepes sIpo, Kak 1MoKazaHo Ha puc. 1.

J.L. Sherard (1973) ykasan, 9T0 TIpH OTIIpeaeIIeH-
HBIX YCJIOBHSIX JIaBJICHUE, JICHCTBYIOIIEE HA BEPXHIOIO
YacTh IUIOTHHBI, MOXET BBI3BaTh OTKPBITHE CYIIECTBYIO-
IIUX 3aKPBITHIX TPEIINH WM CO3JaTh HOBBIC TPELIUHBI
[12, 13]. Astop npenmnonoxuin, uto I'P B sape moxkeT
MIPOU30MUTH BCAKHUI pa3, KOIJa CyMMapHbI€ INIaBHbIE Ha-
HPSDKEHUS Ha OIIPE/ICNIEHHON OTMETKE B Jpe JOCTATOU-
HO HH3KH [0 CPAaBHEHHIO C JJABJICHUEM BOJIBI Ha TOI ke
OTMETKe. BHyTpeHHHME HampspKeHus, HeoOXOaMMbIe
it I'P, MOTyT MMeTh MECTO NpH IepPBOM 3aTI0JIHEHUN
BOJIOXPAaHMJIUIL WM PA3BUTHCS ITO3XKE B PE3ysbTare

=TpelnHbI B pe3ysbTrare
THAPABIMYECKOTO pa3pbiBa

Puc. 1. PazButie TpenmH B spe: G — HANPsDKEHHUE TPYHTA IUIOTHHEL; 6’ — HANpsDKEHHUE TPYHTA B 30HE, MPHMBIKAIOMIEH K SpY;

W — JaBJICHHE BOMBI

a7
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MPOJI0JIKAIOIIIECHCSl HEpaBHOMEPHOM 0Ca/Iku MaTepuasia
TeJa IUIOTHHBL.

Heckonbko ucciienoBareseil npeanojgarajiu «Ha-
CHIIIEHHYIO OCaJKy» KaK IPYrod MEeXaHW3M TPEIIHH
sApa Opu ruapasiudeckoM paspeise [14, 15]. Ha-
ChILLIEHHAsl OcCajJKa pa3BHUBAeTCs MpPU 3alOJIHEHUU
BOJIOXPaHUJIHUIIA, KOTAa CJIa00yIIOTHEHHBIH T'PYHT
WK NpeAIICCTBYIOMINE 30HBI U CJION PBIXJIOTO MaTepu-
aJia HaChIIAIOTCS U YIUIOTHSIOTCS MO COOCTBEHHBIM
BECOM, MPEX/Ie YeM CyXOi Win Oonee IUIOTHBIA TPYHT,
BO3BBILIAIOIINKCS HaJ HUM, YCIIEBAET HACBITUThCS. Ta-
KUM 00pa3oM, B MECTE PACIOIOKEHI KPUBOH JeTpec-
cuu 00pa3yeTcs pa3phlB WIH TPEIIWHA, H JTI000e To-
cJeyroliee NOBBILIEHHE YPOBHS BOJIbI TO3BOJISIET BOAE
MIPOHUKHYTH B 3Ty TPEUIUHY, YTO MPUBOAUT K SPO3HH.

Ilo Bompocy 0 ponu TpelmuH B BO3SHUKHOBEHUU
I'PB TPYHTOBBIX INIOTUHAX BO MHOI'MX UCCICAOBAHUAX
JIEJTaeTCsI BRIBOA O BAXKHOCTH MPEaBapUTENFHO 00pa3o-
BaBIIMXCS TpemuH [6, 11]. MokHO cKka3aTh, 9TO MHH-
nuupoBanre [P B HACHITHBIX TUIOTHHAX OTPEACISCTCS
JIBYMSI Ba)KHBIMHU yCIIOBUSMU. [lepBoe — 3TO yCIIOBUS,
[IPU KOTOPBIX HANPSKEHUE B HEKOTOPBIX JIOKAJIbHBIX 30-
HaX FPYHTOBBIX IUIOTUH CHUXKAETCS, CIIOCOOCTBYS pas-
BUTHIO TUJPABIUYECKOTO pa3pbiBa. Bropoe — Hanmnyue
B INIOTUHAX TPCIINH, KOTOPHIC UTPAIOT POJIb HAYAJIbHBIX
TpeuuH ['P.

PE3VIBTATHBI HCCIEJOBAHUA

B3aumocBs3b MexK1y T'HIPABJIMYECKUM Pa3pbIBOM
U SIBJCHUSIMM HEPABHOMEPHOIi 0CaIKH M BO3HUKA-
OLIEr0 YCHIIUSI

Cuuraercs, uto I'P TeCHO cBsA3aH ¢ SIBICHUAMU He-
paBHOMEPHON OCaJKU M BO3HUKaroUero ycunus [16].
B rpyHTOBBIX MIOTHMHAX HEpPaBHOMEpHAs Ocajka ya-
CTO BO3HHKAET B 30HAX MEXIY HACBIITHBIM I'PYHTOM
U YyCTOSMHU IUIOTHHBI, HACBIITHBIM TPYHTOM U OETOH-
HBIMHM KOHCTPYKIUSIMHU, TAKUMH KaK BOZOIPOITYCK-
HBIC TPYOBI W BOJOCOPOCHI, HEIPOHHUIAEMBIE sIApa
U UX 00OYMHBI, a TaKXe MPOTHBOQIIBTPALHOHHBIE
TpaHIIeH M MpUMbIKatomue pyHaaMeHTs [6]. B atux
30HaX, MOCKOJIbKY MaTepUasIbl UMEIOT pa3HbIe MOYIH

I'peGeHp MIOTHHBI

YOPYTOCTH, MaTepualbl OyayT OCelaTh MO-pa3sHOMY,
1 HaNpsHHKEHUEC B 30HAX MOXKET YMEHBIIUTLCA N0 HYJIA
NN JaXX€ 10 PaACTAKCHUA. CHI/I)KCHI/IC HaIpsXXCHUA
3a CUeT HEPaBHOMEPHOH 0Ca/Iki B HEKOTOPBIX JIOKAJb-
HBIX 30HaX Ha3bIBACTCSI SIBIICHHEM BO3HHUKAIOIIIETO YCH-
nust. TIpu 3TOM YCJIOBUH BBIMONHSAETCSI COOTHOIIICHHE
B ypaBHeHnH (1). B To ke Bpems u3-3a yMEHBIICHHS
HaIPSOKCHUS B TaKMX 30HAX 33 CYCT BO3HUKAIOIICTO
YCHIIUSI MOTYT 00pa30BBIBATHCSI HEKOTOPBIC TPEIIHUHEL.
MOo3KHO cKa3arb, YTO CHUXKCHUE HAIPSHKEHUSI HApALy
¢ 00pa3oBaHUEM TPEIIHH CO3/aeT YCIOBHS, CIIOCO0-
CTBYIOIIME HHUIMMPOBAHUIO THAPABIMYECKOTO Pa3pbl-
Ba MPH 3aI0JIHEHUH BOJOXPAHUIIUINIA IJIOTHHBI, TaXKe
[IPY TIEPBOM 3aIOTHEHHH.

HepaBHomepHasi ocaika M BO3HHMKaIOIIee yCUJIne
BOJIM3H YCTOEB MJIOTHHBI

A. Casagrande (1951) ucnons3oBan aHanus me-
TOAOM KOHEUYHBIX DJIEMEHTOB, YTOOBI MPOJEMOH-
CTPHUPOBAaTh BIUSHHUE yKJIOHA YCTOEB U JehopManun
¢yHIaMeHTa Ha y4acTKM C HU3KUM HaIlpsKEHHEM
U TpeuHaMu B 3emisiHol muiotune [17]. Ha puc. 2
MPEJCTaBICHBl YCIOBUA, IPH KOTOPBIX TPEIIUHBI BO3-
HUKAIOT BOJIM3H KPYTOTO yCTOS JKECTKOTO CKaJIbHOTO
OCHOBaHUS M3-32 HEPABHOMEPHOW OCaJIKM W BO3HHKA-
FOIIETO yCHITHA. B HEKOTOPBIX HEMaBHUX MCCIICIOBAHH-
sx K. Hoeg, H. Bui, K. He u coaBT. Takke MpuXOmAT
K TakoMy BeiBoxy [18-20].

HepaBHoMepHasi ocajika U BO3HHMKalollee yCHiaue
BOJIM3H BOAOMPOIYCKHOI TPYOBI

Ha puc. 2 nokaszaHo, 4To u3-3a BIMSHUS HEPABHO-
MEpPHOH ocaJku BOJM3H BOAOIPOITYCKHON TPYOBI I10-
SIBJIIIOTCSA YYaCTKHM C HU3KMMHU HAINPSDKEHUSIMU U Tpe-
LIMHBI. DTO SIBJIEHUE OBLIO MOJITBEPKACHO MHOIMMHU
UCCIIeZIOBATENIMU KaK TEOPETUUECKUMHU, TaK U IKCIIe-
pUMEHTaIIBHBIMU MeToamH [5, 6, 21]. Tpeuunsl, 00-
pasyrolecs BAO0Ib BOIOIPOIYCKHOW TPyOBI, CO3/1at0T
COCPENOTOYECHHYIO (DHIIBTPALINIO, YTO IPUBOJUT K pa3-
PYIICHHIO TUIOTHHEL.

Kpowme toro, J.L. Sherard Takxe npeamonoxu,
YTO TPYIHO UJICaJIbHO YIUIOTHUTH TPYHT, YTOOBI HE OBLIO
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CBIITHOM TUIOTUHE
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3a30pOB WJIM Pa3phIBOB HA TPaHUIE paszjeia MEeKIy
TPYHTOM M MaTepHalaMi BOIOIPOITYCKHBIX COOPYXKe-
HUH WM YCTOEB IUIOTHH, HAIIpUMep, KOT/Ia BOJOIPO-
MTyCKHOE COOpPYKEHHE MMEET HEMOIXOIAIIYI0 PopMy
(x mpumepy, popmy Tpy6s) [13]. [loaTomy MOryT Cy-
LIECTBOBATb KaKKE-TO 3a30Pbl UJIM PA3PhIBbI, UTPAIOLIHIE
POJIb UCXOHBIX TpeIIUH st Bo3HuKHOBeHus: ['P. Crie-
JoBaTesbHO, puck I'P craHoBUTCH BBIlIE, YEM B CiIyyae
HACBHIMHBIX [JIOTUH, UMCIOIIHUX MOAXOMSIINE (OPMBI
BOJIOTIPOIYCKHBIX TPYO.

HepaBHomepHasi ocagka W BO3HHKAOIIee YCHIINE
B 3eMJISTHOH TIJIOTHHE C SIAPOM

Ha puc. 3 npuBeneH mexanu3M oOpa3oBaHus Tpe-
IIMH B HEMPOHUIAEMBIX SIIPax U TPAHIIEsX 32 CUET BO3-
HUKHOBEHHSI HEPaBHOMEPHOH OCAJIKH U BOSHUKAIOLIETO
YCHIIUSI MEXKTY SIAPaMH, TPAaHIIESIMH U TPYHTOM, IIpH-
MBIKaHUSIMU K HEM. U13-3a 2 pekTOB HepaBHOMEPHOM
0CaJIK{ ¥ BO3HUKAIOUIETO YCHIINS TPEIINHBI JETKO 00-
pasyloTcs U pacripocTpanstores uz-3a I'P uepes sapo
n tpaHmeu. Cuuraercs, 4TO STOT MEXaHU3M CBSI3aH
C aBapusIMM MHOTHX 3€MJISIHBIX KaMEHHO-HaOpPOCHBIX
TUIOTHH, OCOOEHHO C MCTOPUYECKHMHU TTIOTHHAMH, CITPO-
EKTHPOBAaHHBIMHU C OYECHb Y3KMMH HENPOHUIIAEMBIMH
SApaMH M Y3KHMH OTCEYHBIMU TPAHILESIMH, OCTPOCH-
HBIMH JUTsL CHIDKEHHMS! TOPOBOTO JIAaBJICHHUSI BOJIBI BO Bpe-
M3l CTPOUTENBCTBA, HanpuMep, ioThHBI Dale Dyke (An-
nmst), Hyttejuvet (Hopserwnst), Balderhead (Anrmus).

HepaBHoMmepHas ocajka U BO3HHKAaOIee yCHIHe
H3-32 APYTUX NPUYUH

HexoTopble 30HBI HU3KOTO HAOpPsKEHHS U Tpe-
IIUHBl TAaKXK€ BCTPEUAIOTCS B HACBIMHBIX MIOTHHAX
U3-3a HEPaBHOMEPHOH OCaJKU B pe3yibTare cylle-
CTBOBAHUS CUJIBHO CKMMAEMOTO CJIos B yHIaMEHTE
I0THHEI [22]. OgHaKko puck 00pa3oBaHMs TaKUX Tpe-
IIMH MOXXHO 3HAYUTEJIbHO YMEHBIIUTb, €CIIH TIepe]] Ha-
YaJIOM CTPOUTENNBCTBA MPOBECTH TIATEIBHBIE TE€OIOTH-
yeckue uccienoBanud. Kpome toro, ycaaka HachIny,
HEA0CTAaTOYHOE YIIOTHEHHE U 3€MIIETPSICEHUS] MOTYT
OBITH ApyruMu (hakTopamu, CBSI3aHHBIMH C 00pa3oBa-
HHUEM TPELIUH B JFOOOM MECTE IIOTHH.

I'peGens MIOTHHE
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Paspymienue nioTHHBLI U aBAPUH MOJ MEXaHU3MOM
THAPABJIHYECKOro pa3pbiBa

HccnenoBanusi, OCHOBaHHBIE HAa CTATUCTHKE, MO-
Ka3bIBAIOT, YTO BHYTPEHHsSA 3po3ns uiu cyhdosns,
BBI3BAaHHAS COCPEHOTOUEHHON (MIIBTpAIleH, SIBIseTCs
OJIHOH! U3 OCHOBHBIX IIPUYUH Pa3pyLICHUsI TPYHTOBOM
IJIOTUHBI UK aBapuil [23-25]. I'mapaBnuueckuii pas-
PBIB CUMTAETCSl HAauOOJIee BEPOSITHBIM MEXaHU3MOM,
BEI3BIBAONINM cyddo3uio [5]. B tabmuue mpencras-
JIeHa CTaTUCTHUYecKas 0a3za TaHHBIX O HEKOTOPBIX pas-
pPYLIEHUSAX IUIOTUH B MUpPE, CBA3AHHBIX C T'MJpaBIu-
YeCKUM pa3pbiBoM. UToOBI 00BsSCHUTE 3T0, Ngambi
ONHUpaliCs HA TEOPHUIO0 MEXaHUKH PA3PyLIEHUS U pe-
3yJbTaThI JJAOOPATOPHBIX MCIBITAHUN, YTOOBI MIPEAIIO-
JIOXKUTH, YTO COIIPOTHBIIEHUE 00pa3I0B HAPYIIEHHOTO
TPYHTa THAPABINIECKOMY Pa3pbIBY (COOTBETCTBYIOIIEE
COIIPOTHUBIIEHUIO HachlM ['P muioTuH BCkope mociie
3aBEPIICHUS UX CTPOUTEIHCTBA) OBLIO OYEHb HU3KUM
W 3HAYUTEIHHO MEHBIIE, YeM y HEHapyUICHHBIX 00-
pasnoB rpyHTa. Takum 006pa3om, BUIAHO, YTO TIIOTHHBI
Ha PaHHMX CTaJMAX TIOCJIE CTPOUTENILCTBA O0JIee Moa-
BepskeHbl ['P, yeM MiuoTHHBI, HaXoAsIIMeCs B dKCIUTya-
TalUK JUINTEIEHOE BPeMs.

Amnanmu3upyst nHGopmManuio 00 MHIUICHTAX, MPo-
M30IIEAINX C ITOCTPOEHHBIMU IPYHTOBBIMU IIIIOTHHA-
MU B Pa3HbIE TO/IbI, MOXKHO C/IaTh BBIBOJ, UTO pas3py-
HIEHUs IPOUCXOJUIIN B MOJABIISIIOIIEM YHCIIE CIIydaeB
B MECTax, TJIeé MOIIM MPOXOAUTH MPOLECCHl THAPOPa3-
PBIBHOTO XapaKTepa, ONMCaHHbIE BbIlIe. FIMEHHO B Me-
CTaX, CBSI3aHHBIX C MEPEXOJHBIMU 30HAMH B IIPOTHUBO-
(UIABTPAIMOHHOM siIpe, B OETOHHBIX COOPYKEHHSIX
BOJIOCOPOCHBIX CHCTEM TPyO4aToH KOHCTPYKIIMH MO-
JKET BO3HMKATh THIPOPA3PHIB B MaTepHalle MNIOTHHEI,
KOHTaKTHPYIOLIEM C OTMEUEHHBIMH 3JIEMEHTAMH IIJIO-
TUHBI TI0 IPUYMHAM, YKa3aHHBIM BBIIIIE.

MeponpusiTusi 10 CHUKEHHIO PUCKOB THIPaBJIHYe-
CKOT0 pa3pbiBa

OueBunHo, uto I'P omacen u yrpoxaert 6e3omac-
HOCTH IUIOTHHBL. [103TOMY Ba)kKHO BHEIPUTH METOJBI
NPEI0TBPALICHHUS] OOPYLICHUS TIJIOTHHBI W3-32 THAPAB-
JIMYECKOTO pa3phiBa.

l l HepaBHomepHast ocagka
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CrarucTika pa3pyleHuil IoTuH

I'on 3aBepmienus | lox mHIMAeHTa MecTo pa3pyiieHus Ha Tene
IInoruna (cTpana) Ccblika
CTPOUTENBCTBA | WIIH Pa3pyLICHHsS TUTOTHHBI
Balderhead 1964 1967 B o6nactu sapa Vaughan, 1971
(BenmkoOpuTanms)
Winscar 1975 1976-1980 B obnactu BomompomycKHoO# Routh, 1988
(BenmkoOpuTanus) TpyOBI U yCTOS
Horndoyne 1990 1990 B obnactu BomonpomyckHOMI Charles, 2005
(BenukoOpuranmus) TpyOBI
Greenbooth Flemming u Rossington,
(Benmxobputanys) 1962 1983 B obnactu ycros 1985
Carno Lower 1911 2005 B oOmactu BomonpomnycKkHOM Rowland 1 Powell, 2006
(BenmkoOpuTanmus) TpyOBI
Leader Middle Clear B obnactu
Boggy Creek Site 15 1965 1966, 1968 MPOTHBO(GUIBTPALIHOHHON Sherard, 1972
(CIIA) TpaHIIeH
Upper Red Rock B oGnacty BOfOMPONyCKHOI
Creek Site 42 1966 1967 e ﬂ6Mp Y Sherard, 1972
(CILIA) Py
Caney Coon Creek B obnacTr BonmonpomyckHoi
Site 2 (CILIA) 1964 1964 TPy Sherard, 1972
Upper Red Rock B obnactu BomonpomyckHoM
Creck Site 48 1964 1964 e Sherard, 1972
(CLLIA) py
Upper Clear Boggy .
Creek Site 53 1963 1964 B oGmactn B POTYeHon Sherard, 1972
(CILIA) py
Little Wewoka B obmactu BomonpomyckHOH
Creek Site 17 1960 1960 oy Sherard, 1972
(CILIA) py
Owl Creek Site 13 B obmnactu BogomnpomnyckHoi
(CIITA) 1957 1957 Tpy6bI Sherard, 1972
Owl Creek Site 7 B obmactu BomonpomyckHOH
(CILIA) 1957 1957 Tpy6H Sherard, 1972
Leader Middle Clear B obmactu BomonpomyckHOH
Boggy Creck Site 29 1962 1970 oy Sherard, 1972
(CILIA) py
Hyttejuvet . .
1965 1966 B obGmactu siipa Torblaa u Kjoernsli, 1968
(Hopserus)
HesaBucumast KOMHCCHST
B obuactu ACCMOTPUT IPHIUH
Teton (CLLA) 1975 1976 NPOTUBOMUIBTPALIMOHHOM P PHT TP Y
[IPOPBIBA IIOTHHBL
TpanteH Teron, 1976
Viddalsvatn 1972 1973 B o6nactu supa Vestad, 1976
(Hopserus)
Yard’s Creek Upper
Reservoir (CIIIA) 1965 1965 B obnactu siipa Sherard, 1973
KE 2/20 REC 2008 2009 B obmactu BomonpomyckHOH Neguyen u Ho, 2009
(BretHam) TPYOBI U YCTOS

J.L. Sherard (1992) mpenmonoxXui, 9T0 XOPOIIO
CIPOEKTUPOBaHHBINA GUIIBTP (pHc. 4) NMeeT nepBocTe-
MIEHHOE 3HAUCHNUE, a IPyTHe MEPHI [0 YMEHBILICHUIO He-
PaBHOMEPHOH 0CaJIKU TPEIUH UMEIOT BTOPOCTEIICHHOE
3HadeHue [26]. [Tomxonsmum GUIBTPOM SIBISETCS TOT,
KOTOPBIN criocoOeH 0e301acHO KOHTPOIUPOBATh COCpe-
JIOTOYCHHBIE (DMIIBTPALMU HE TOJIBKO M3-32 MEXaHM3-
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Ma 3po3ud, Ho U u3-3a [ P. UccnenoBanme S. Ngambi
(1998), ocHoBBIBasich Ha pe3yibTraTax JJabopaTOpHBIX
UCTIBITAHWH, TAKXKe MOATBEPIMIIO BAXKHOCTD (QHIIBTPA
B npenotspamiennu I'P [27]. B HacTosmee BpeMs noa-
XOIIMH (rIIbTp cuuTaeTcs TpeOOBaHNEM CPE/IH CTaH-
JapTOB MPOCKTUPOBAHUA U CTPOUTEIILCTBA I'PYHTOBBIX
IUTOTUH BO MHOTHX CTpaHax.
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I'peGens mIOTHHBI

Briemka

OpHUrHHATBHBIN YKIOH

Z

‘VKJI0H BEIEMKU

Teno mMIOTHHE

Puc. 5. Meponpustue 10 CHUKEHUIO PUCKA BOSHUKHOBEHUS
THIPABIMIECKOTO pa3phIBa BOIU3H yCTOEB IIIOTHH

B mensix CHUKEHUS! BEPOSATHOCTH HEPABHOMEPHOM
0CaJIKU B TUIOTHHE U CHMXeHus pucka ['P B uccneno-
Banuu J.L. Sherard (1992) 6pun pekoMeHIOBaHBI He-
KOTOPBIC MEPHI.

1. JIns rugpaBaudecKoro paspbiBa, IPOUCXOs-
1mero BOnM3M ycroes miotuH, J.L. Sherard npeanoxwn
BBIKOIIATh YCTOH, YTOOBI clienaTh 0ojee MOoJIOTHe CKII0-
HBl U YCTPAHHUTh PE3KHE U3MECHEHHUS WIIM HEPOBHOCTH
B YCTOSX WJIM OCHOBaHHX IUIOTHH (puc. 5). Llensto
ATOM Mephl SBISIETCSl CHIDKEHUE pUCKa 00pa3oBaHUs
CBOJIOB BOJIM3M yCTOEB IUIOTHH, YTO MPUBOAUT K 00pa-
30BaHUIO TPEIIMH U 30H PACTSDKEHUS B IUIOTHHE.

2. YroOwl mpenorBparuth I'P psimom ¢ Bomo-
npomyckHeIMH TpyOamu, J.L. Sherard mocoseroBan
Ha IPaKTHKE IPUMEHSTH ApyTrue (POpMbI BOIOIPOITYCK-
HBIX TpyO. Pexomenmyembie (GOpMBI BOJOMPOIYCK-
HBIX TPYO DOJDKHBI HMETh CJIeTKa HAKJIOHHBIE HAPYK-
HbIC TIOBepXHOCTH. B wactHOCTH, J.L. Sherard (1992)
u S. Ngambi (1997) npeanoxuiin BOJONPOINYCKHbIE
TpyObI ¢ HAKJIOHHBIMH BHELIHUMH OTKOCaMH B COOTHO-
IIEHUH OJJMH B TOPH30HTAJIBHOM HAIlPaBIEHUH K BOCh-
MU WIH JIECSATH B BEPTUKAJIBLHOM HampaBlieHUH (T.e.
YKIIOH HapyXHBIX HaKIOHHBIX cTeH oT 0,1 mo 0,125)
[9, 26].

VKIIOH HapyKHBIX
HaKJIOHHBIX cTeH 0,1

Puc. 6. Texymias o0mast popMa BOIOIPOITYCKHOW TPYyOBbI TPYHTOBOM INIOTHHEI B SIMTOHUY C HAKIIOHHBIMH BHEITHUMH CTEHKaMH

¢ ykioHom 0,1
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B nacrosmee Bpems cpeiy MHOXECTBa CTaHAAp-
TOB NPOEKTHPOBAHMS W CTPOUTEILCTBA 3aTTyOICHHBIX
BOJIOTIPOTYCKHBIX TPYO B HACBIITHBIX IUIOTHHAX, HC-
MOJTB3YEMBIX B pa3BUTHIX cTpaHax (Amonus u CIHIA),
TaKKe PEKOMEH/IyeTCsl, YTOObI 3arTyOJIeHHBIE BOIOIPO-
MTyCKHBIE TPYyOBl NIMENIN HapYXHbIC HAKIOHHBIE CTEHBI
¢ yksionoM ot 0,1 1o 0,3 (puc. 6). B HenaBHuUX uccie-
moaHuAx D.Q. Tran (2018) mpemmoxnin KpuTHIECKIA
YKJIOH HaKJIOHHBIX cTeH He MeHee 0,4 [28]. Muorue uc-
CJIEZOBATENN IPHUIIUIN K BBIBOAY, YTO U3MEHEHHE (Hop-
MBI BOJOTIPOITYCKHOW TPYOBI SIBIIsICTCS OOIIENPUHSTON
1 3G PEKTUBHOI MEpOii [Tl TPeIOTBPAIIEHHs PUCKA BO3-
HUKHOBeHWM: [ P BONIM3M BOIOIIPOITY CKHBIX TPYO [ 6, 26,29],
MOTOMY 4TO M3MEHeHHEe (POPMBI HE TOJIBKO I(P(HEeKTHB-
HO CHIJKAeT BO3HHKAIOIIEE YCHIIUE, HO M CIIOCOOCTBYET
YIUIOTHEHUIO HACBIITHOTO TPYHTA HA BHEIIHUX IOBEPX-
HOCTSIX BOJIOIIPOITYCKHBIX TPYO.

SAKJIIOYEHHUE

Ha ocHOBaHMM HEKOTOPBIX UCCIIENOBAHUI 110 THU-
JIPABIMYECKOMY Pa3pbIBY, YIOMSHYTBIX BBIIIE, MOKHO
CIeTaTh CJIEAYIOIINE BBIBOBI.

TunpaBnuyeckuil pa3pbeIB MpPEICTaBIICT COOOH
peanbHyI0 NOTEHIIMAIBHYIO OMACHOCTh AJIS 3eMJISTHBIX

TUTOTHH, 0COOSHHO TPH IEePBOM 3aroiHeHnH. PaccMo-
TPCHHBIC B CTaThe 0COOCHHOCTH MTOBEICHHS MaTepraia
TPYHTOBBIX IIOTHH, IJIaBHBIM 00pa3oM B MecTax Iepe-
XOJIHBIX 30H U CONPSDKEHUS C IPYTMMH JJIEMEHTAMH,
MpeAnoaratoT NpoIecchl, cBsi3anubie ¢ [P, Bo3HuKa-
IOMIUM IIpU JaBJICHUN BOJbI @HHLTpaHHOHHOFO I10TO-
ka. Hemoxxonsiiast popma BOJOMPONYCKHON TPyOBI,
HAKJIOHHBIC YCTOW, CIIMIIKOM y3KHE HEMPOHUIIAEMBIC
TpPaHIIEW — BCE ATO YBEJIUUYUBAET BEPOSITHOCTH [P
TUTOTHHBL. MeXaHU3M TPOIIECCOB, CBSI3aHHBIX C THIPAB-
JIMYECKUM Pa3pbIBOM B TeJl€ TUIOTHHBIL, 10 KOHIIA HE M3~
Y4€H, HO yXe ceidac sICHO, UTO NPU NPOEKTUPOBAHUU
HOBBIX BOJIOTIOJIIOPHBIX COOPYXKEHUH N3 IpyHTa HE00-
€0 1850%(¢] 06pa111aT1) BHUMAHUC HA BBIICIIPUBECACHHLIC
(akTOpkI, KOTOPBIE CBSA3aHBI C OE30IIACHOCTHIO COOPY-
JKEHHSI M €T0 JIOJITOCPOYHON Oe3aBapuitHON pabOTOM.

HecMmotpst Ha TO 9TO GOIBIITIOE KOTHIESCTBO HCCITE-
JIOBaHWH OBUTH COCPEIOTOYCHBI Ha Mepax 1o Oe3orac-
HOMY KOHTPOJIIO PUCKA NMPOUCIIECTBUH C MIOTHHAMHU
13-3a TUAPABINYECKOTO pa3pblBa U PEKOMEHOBaHBI
orpeziesIeHHbIe Mepbl, 9PPEKTUBHOCTh HEKOTOPBIX MEp
IIJIOXO JI0Ka3aHa WM HE MOJIy4yuia MOJHOro Coria-
cusi. [loaTomy HeoOXxoquMo 0osiee BHUMATEIbHO M3-
YYIUTH MEPOIPHUITHS 110 MOBBIIICHHUIO 3aNTUIIIEHHOCTH
TUTOTHH OT THAPABINIECCKOTO Pa3phIBa.
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INTRODUCTION

At present, the whole world is facing the problems
of climate change, including the phenomena of rainfall
and flooding in excess of normal norms, which strongly
affects the runoff and hydrological regime, and causes

danger to earthen dams and reservoirs [1]. Therefore,
ensuring dam safety is relevant.

Accidents and failures occurring during dam op-
eration cause serious damage not only to the structure
of the hydraulic structure, but also to the downstream
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areas. The latter is many times greater than the dam-
age caused to the structure and can take many years to
repair. For example, when the Puentes dam on the Se-
gura river (Spain) burst in 1802, 608 people died and
909 residential houses were destroyed [2]. The breach
of the South Fork earth dam (USA) in 1862 resulted in
damage of $4 million and the death of 2,500 people [3].

There are many causes of dam failure such as
design errors, construction errors, selection of unsuitable
materials, natural or human factors, etc. [4]. In some
cases, earth dam failures are caused by hydraulic fracture
(HF), which is one of the most likely causes because it
causes concentrated seepage leading to the risk of dam
failure, especially when the reservoir is first filled [5, 6].
However, HF in earthen dams has not been thoroughly
studied. In addition, the mechanism of hydraulic
fracturing and the development of measures to prevent
it remain a matter of debate. This paper is devoted to
the discussion of the mechanism of the occurrence and
development of hydraulic fracturing and to the search
for technical solutions to prevent it in earth dams.

MATERIALS AND METHODS

Mechanism of occurrence of hydraulic fracture in
earth dams

Hydraulic fracturing is described as a process
where cracks form in soil or rock and then develop
under water pressure [7]. This phenomenon is mainly
intensively studied in the oil and gas industry to
improve production productivity and economic
efficiency [8]. HF is a complex and dangerous problem
in dam construction, especially in earth dams.

Hydraulic fracture can theoretically occur in ho-
mogeneous earth dams, but the probability of its occur-
rence will be higher if the material is inhomogeneous in
terms of deformation and seepage. In studying the pos-
sible causes of failure of earth dams, J.L. Sherard et
al. (1986) briefly explained the underlying mechanism
by which HF causes concentrated filtration in earth
dams [5]. Studies have shown that due to various de-
formations (settlement), forces occurring , cracks (both
visible and invisible) are formed in the dam body. At
the same time, such phenomena ( non-uniform settle-
ment, arising forces) lead to redistribution of internal
stresses in certain areas of embankment earth dams. In
such areas, the minimum principal stress is reduced to
almost zero or even tensile stress. These areas are called
low compressive stress zones.

When the reservoir is filled, the water level in
the reservoir rises upwards and subsequently the water
pressure in the earth dam increases. In areas of low
compressive stress in the ground, the water pressure
becomes higher than the principal stress. At the same
time, seepage in the dam penetrates into the existing
cracks (even invisible cracks) formed earlier and then
causes stress concentration at the crack tips. When this
occurs, the stress conditions in the dam change and
the cracks open or develop. The explanation states that
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since the tensile strength of the soil is very low or non-
existent, the cracks propagate easily, resulting in a loss
of dam safety.

The researchers then developed criteria for
predicting and assessing the risk of hydraulic fracture
in a dam. A hydraulic rupture occurs when it satisfies
the following condition [5, 6, 9]:

6, <W, (D)
where o, is the minimum principal stress in the earth
dam, which can be determined by monitoring at the dam
site (i.e. by experience) or by numerical modelling;
W is the water pressure at the point of the dam under
consideration, which is defined as:

W=y-h_,
where y is the specific gravity of water; &  is
the vertical depth from the depression line of the earth
dam to the point under consideration.

As the depression curve extends from upstream
to downstream, the value of water pressure in
the horizontal sections of the dam decreases from
upstream to downstream. It follows that the masses
of the dam’s soil located closer to the upstream face
are the most susceptible to the process of hydraulic
fracturing.

Proposed criteria for hydraulic fracture in
a groundwater dam

B. Lofquist (1957) was probably the first to predict
the resultant forces in a soil dam with an impermeable
core leading to the risk of horizontal cracking [10]. He
gave examples of two dams in which the measured ver-
tical pressure in the cores was half of the pressure in
the soil layers of the dam body. This stress reduction
due to non-uniform settlement in different elements
of the dam can be called the resultant forces of defor-
mation processes. Let us write down this statement
as follows:

6, =20,
where 6 — is the stress of the dam soil; 6, — stress
of the dam core.

After the destruction of the Hyttejuvet dam (1965)
I. Torblaa and B. Kjoernsli (1968) postulated the mech-
anism of HF of earthen dams [11]. The researchers
assumed that at the beginning of filling, compressive
stresses exist throughout the core and hence there are no
open cracks. However, during filling, horizontal cracks
may unexpectedly form as a result of HF at locations
where the total vertical stress in the core is much lower
than the shell pressure due to the resultant force be-
tween the core and the less compressible shell. During
water filling, the pressure acting at the upper boundary
of the core may exceed the total stress acting in some
plane through the core, as shown in Fig. 1.

J.L. Sherard (1973) pointed out that, under certain
conditions, the pressure acting on the top of a dam can
cause the opening of existing closed cracks or create new
cracks [12, 13]. The author suggested that HF in the core
can occur whenever the total principal stresses at a cer-
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Water level

Pressure

Depth

:Yh

wow

racks as a result
of hydraulic fracturing

Fig. 1. Crack development in the core: 6 — dam soil stress; 6’ — soil stress in the zone adjacent to the core; w — water pressure

tain elevation in the core are sufficiently low compared
to the water pressure at the same elevation. The internal
stresses required for HF may occur when the reservoirs
are first filled or may develop later as a result of contin-
ued uneven settlement of the dam body material.

Several researchers have suggested “saturated set-
tlement” as another mechanism of core fractures during
hydraulic fracturing [14, 15]. Saturated settlement devel-
ops during reservoir filling when poorly compacted soil
or preexisting zones and layers of loose material become
saturated and compacted under their own weight before
the dry or denser soil above them has time to saturate.
Thus, a break or crack forms at the location of the depres-
sion curve, and any subsequent rise in the water table
allows water to penetrate this crack, resulting in erosion.

On the question of the role of cracks in the initiation
of hydraulic fractures in earth dams, many studies have
concluded the importance of pre-formed cracks [6, 11].
It can be said that the initiation of HF in earth dams
is determined by two important conditions. The first
one is the conditions under which the stress in some
localized zones of the earth dams decreases, promoting
the development of hydraulic fracture. The second —
is the presence of cracks in the dams, which play
the role of initial cracks of HF.

RESEARCH RESULTS

Relationship between hydraulic fracture and
the phenomena of non-uniform settlement and
resultant force

HF is considered to be closely related to the pheno-
mena of uneven settlement and resultant force [16].

In earth dams, non-uniform settlement often occurs in
areas between the embankment and the dam abutments,
the embankment and concrete structures such as culverts
and spillways, impermeable cores and their shoulders,
and impervious trenches and abutment foundations [6].
In these zones, since the materials have different elastic
moduli, the materials will settle differently and the stress in
the zones may decrease to zero or even stretch. The stress
reduction due to non-uniform settlement in some localized
zones is called the emergent force phenomenon. Under
this condition, the relationship in equation (1) is fulfilled.
At the same time, due to the stress reduction in such
zones due to the resultant force, some cracks may be
formed. It can be said that the stress reduction along with
the formation of cracks creates conditions that favour
the initiation of hydraulic fracture when the dam reservoir
is filled, even at the first filling.

Uneven settlement and resultant force near the dam
mouths

A. Casagrande (1951) used finite element analysis
to demonstrate the effect of slope of the foundations and
foundation deformation on low-stress and cracked areas
in an earthen dam [17]. Fig. 2 shows the conditions
under which cracks occur near the steep slope of a rigid
rock foundation due to non-uniform settlement and
resultant force. In some recent studies K. Hoeg, H. Bui,
K. He et al. also come to this conclusion [18-20].

Uneven settlement and resulting force near the culvert

Fig. 2 shows that due to the effect of non-uniform
settlement, low stress areas and cracks appear near
the culvert. This phenomenon has been confirmed by
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Dam crest

iy

Crack

-~

Dam body

; l Differential settlement

Steep abutment

Fig. 2. Longitudinal section of the dam — formation of low stress zones and cracks in the vicinity of the conduit and bund in

the embankment dam

many researchers using both theoretical and experimen-
tal methods [5, 6, 21]. Cracks formed along the culvert
create concentrated filtration, which leads to dam failure.

In addition, J.L. Sherard also suggested that it is
difficult to perfectly compact the soil so that there are no
gaps or discontinuities at the interface between the soil
and the materials of culverts or dam foundations, for
example, when the culvert has an inappropriate shape
(e.g., pipe shape) [13]. Therefore, there may be some
gaps or discontinuities that play the role of initiating
cracks for the occurrence of HF. Consequently, the risk
of HF is higher than in the case of embankment dams
with suitably shaped culverts.

Uneven settlement and resultant force in an earthen
core dam

Fig. 3 shows the mechanism of crack formation
in impermeable cores and trenches due to the effects
of non-uniform settlement and resultant force between
cores, trenches and soil adjacent to them. Due to
the effects of non-uniform settlement and resultant
force, cracks are easily formed and propagate due to
HF through the cores and trenches. This mechanism

Dam crest

Water level
hvd

Foundation

\ J 9 Crack

is believed to be associated with the failures of many
earthen rock fill dams, especially historic dams designed
with very narrow impermeable cores and narrow cut-
off trenches built to reduce pore water pressure during
construction, e.g. Dale Dyke (England), Hyttejuvet
(Norway), Balderhead (England).

Uneven settlement and resulting force due to other
causes

Some low-stress zones and cracks also occur in
embankment dams due to uneven settlement resulting
from the existence of a highly compressible layer in
the dam foundation [22]. However, the risk of such
cracks can be significantly reduced if thorough geological
investigations are carried out prior to construction. In
addition, embankment shrinkage, inadequate compaction,
and earthquakes may be other factors associated with
the formation of cracks anywhere in dams.

Dam failure and accidents under the hydraulic
fracture mechanism

Studies based on statistics show that internal ero-
sion or suffusion caused by concentrated seepage is one
of the main causes of earth dam failure or accidents

l J/ Differential settlement

o

Cut-off seepage trench

Fig. 3. Cross section of the dam — formation of low stress zones and cracks in the core dam
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[23-25]. Hydraulic fracture is considered the most like-
ly mechanism causing suffusion [5]. The Table presents
a statistical database of some dam failures in the world
related to hydraulic fracture. To explain this, Ngambi
relied on the theory of fracture mechanics and labora-
tory test results to suggest that the hydraulic fracture
resistance of disturbed soil specimens (corresponding to
the embankment resistance of HF dams soon after their
construction was completed) was very low and much
less than that of undisturbed soil specimens. Thus, it can
be seen that dams in the early stages after construction

Statistics on dam failures

are more susceptible to HF than dams that have been in
operation for a long time.

Analyzing information on incidents involving
earth dams constructed in different years, it can be con-
cluded that the majority of failures have occurred at lo-
cations where the fracturing processes described above
could occur. It is in the areas associated with the tran-
sition zones in the impervious core in concrete pipe
spillway structures that fracturing can occur in the dam
material in contact with the marked dam elements for
the reasons stated above.

Year of Year of
Dam (country) construction incident or Fracture site on the dam body Reference
completion destruction
Balderhead (UK) 1964 1967 In the core area Vaughan, 1971
Winscar (UK) 1975 19761989 | ™ theareaof the culvertand Routh, 1988
standpipe
Horndoyne (UK) 1990 1990 In the area of the culvert Charles, 2005
e Flemming and
Greenbooth (UK) 1962 1983 In the area of stability Rossington, 1985
Carno Lower (UK) 1911 2005 In the area of the culvert Rowlandéggg Powell,
Leader Middle Clear In the area of the impervious
Boggy Creek Site 15 1965 1966, 1968 p Sherard, 1972
trench
(USA)
Upper Red Rock Creek
Site 42 (USA) 1966 1967 In the area of the culvert Sherard, 1972
Caney Coon Creek Site 2 1964 1964 In the area of the culvert Sherard, 1972
(USA)
Upper Red Rock Creek
Site 48 (USA) 1964 1964 In the area of the culvert Sherard, 1972
Upper Clear Boggy Creek
Site 53 (USA) 1963 1964 In the area of the culvert Sherard, 1972
Little Wewoka Creek Site
17 (USA) 1960 1960 In the area of the culvert Sherard, 1972
Owl Creek Site 13 (USA) 1957 1957 In the area of the culvert Sherard, 1972
Owl Creek Site 7 (USA) 1957 1957 In the area of the culvert Sherard, 1972
Leader Middle Clear
Boggy Creek Site 29 1962 1970 In the area of the culvert Sherard, 1972
(USA)
Hyttejuvet (Norway) 1965 1966 In the core area Torblaa alngd;;JOGmSh’
An independent
Teton (USA) 1975 1976 In the area of the impervious commission will
trench examine the cause of the
Teton Dam breach, 1976
Viddalsvatn (Norway) 1972 1973 In the core area Vestad, 1976
Yard’s Creek Upper
Reservoir (USA) 1965 1965 In the core area Sherard, 1973
KE 2/20 REC (Vietnam) 2008 2009 Inthe area of the culvertand |\ o o4 Ho, 2009
standpipe
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Dam crest

Water level

Core

Filter

Filter

Fig. 4. Measures to reduce the risk of hydraulic fracture in a core dam

Measures to minimise the risks of hydraulic fracture

It is obvious that hydraulic fracturing is dangerous
and threatens the safety of the dam. It is therefore
important to implement methods to prevent dam
collapse due to hydraulic fracturing.

J.L. Sherard (1992) suggested that a well-designed
filter (Fig. 4) is of primary importance and other
measures to reduce non-uniform fracture precipitation
are of secondary importance [26]. A suitable filter
is one that can safely control concentrated seepage
not only due to the erosion mechanism but also due
to GR. A study by S. Ngambi (1998), based on la-
boratory test results, also confirmed the importance
of filter in preventing HF [27]. Nowadays, a suitable
filter is considered a requirement among the design
and construction standards for earth dams in many
countries.

In order to reduce the probability of uneven
settlement in the dam and to reduce the risk of GD,
a study by J.L. Sherard (1992) recommended some
measures. Sherard (1992) recommended some measures.

1. For hydraulic fracturing occurring near the dam
mouths, J.L. Sherard suggested excavating the dam
mouths to make the slopes more gentle and to eliminate
abrupt changes or irregularities in the dam mouths

Dam crest

Excavation

Original steep slope

Z

Excavated slope

Fig. 5. Mitigation measure to reduce the risk of hydraulic
fracture near dam embankments
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or bases (Fig. 5). The purpose of this measure is to
reduce the risk of vaulting near the dam mouths, which
leads to cracks and tensile zones in the dam.

2. To prevent HF near culverts, J.L. Sherard ad-
vised that other culvert shapes should be used in prac-
tice. The recommended culvert shapes should have
slightly sloping outer surfaces. In particular, J.L. She-
rard (1992) and S. Ngambi (1997) suggested culverts
with sloping outer slopes in the ratio of one in the hori-
zontal direction to eight or ten in the vertical direction
(i.e. slope of the outer sloping walls from 0.1 to 0.125)
[9, 26].

Currently, among the many standards for the design
and construction of buried culverts in embankment
dams used in developed countries (Japan and
the USA), it is also recommended that buried culverts
have exterior sloping walls with a slope of 0.1 to 0.3
(Fig. 6). In recent studies, D.Q. Tran (2018) proposed
a critical slope of sloped walls of at least 0.4 [28]. Many
researchers have concluded that culvert reshaping is
a common and effective measure to prevent the risk
of HF near culverts [6, 26, 29], because reshaping not
only effectively reduces the resultant force, but also
helps to compact the bulk soil on the outer surfaces
of culverts.

CONCLUSION

Based on some of the studies on hydraulic fractur-
ing mentioned above, the following conclusions can be
drawn.

Hydraulic fracture is a real potential hazard for
carth dams, especially at first filling. The material
behaviour of earth dams, mainly at the transition zones
and at the interface with other elements, suggests
processes related to hydraulic fracture occurring under
the water pressure of the seepage flow. Inappropriate
culvert shape, sloping foundations, and too narrow
impermeable trenches all increase the likelihood of dam
hydraulic fracturing. The mechanism of the processes
associated with hydraulic fracture in the dam body
is not fully understood, but it is already clear that
the design of new earth retaining structures must take
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Gradient of outer
slanted wall of 0.1

Fig. 6. Current general shape of a groundwater dam culvert in Japan with sloping outer walls with a slope of 0.1

into account the above factors, which are related to
the safety of the structure and its long-term failure-free
operation.

Although a large number of studies have focused
on measures to safely control the risk of dam failures

due to hydraulic fracture and certain measures have been
recommended, the effectiveness of some measures is
poorly demonstrated or not fully agreed upon. Therefore,
measures to improve the safety of dams against hydraulic
fracture need to be examined more closely.
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