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AHHOTALUMNA

BBepeHune. HamnopHble CTeHbl MalLMHHBIX 3a0B W LUMTOBbIE CTEHbI XEeNne306eTOHHbIX PYCIOBbIX 34aHUNA TMAPO3MEKTPO-
ctaHumn (F3C)/HanopHbIX 30aHni TMAPOaKKyMynupyrowmnx anektpocTaHumn (FASC) HaxoaAaTca Noa AecTBUEM AaBMNeHus
BOAbl BEPXHEro/HmkHero bbeda, KoTopoe nepedaeTcs Ha MEPEeKpbITUA U ApyrMe KOHCTPYKUMKU 3aaHuiA. COCTOSHUE KOH-
CTPYKUMI ONUTENBHO 3KCMyaTnpyeMblX )ene3obeToHHbIX pycrnoBbix 3aaHni [OC/HanopHbix 3gaHun TASC moxeT notpe-
60BaTh X YCUNEHWS, K NPUMEPY BHELLHUM apMVpPOBaHVEM U3 YTIIepOAHbIX KOMMO3UTHBIX MaTepuaros.

MaTepuanbl U meToAbl. YCTaHOBMEHbI HECYLUME KOHCTPYKLUMU Kene3obeTOHHbIX pycrioBbix 3daHuin MOC 1 HanopHbIxX
3panuii TAQC, cocTosiHMe KOTOpbIX MOXET noTpeboBaTb Mx ycunerus. MNpoBeaeHbl NabopaTopHble UCMbITaHUS MoAenen
(pparmeHTa BEPXOBOW CTEHbI MALLMHHOIO 3ana >kene3obeToHHoro pycrnooro 3gaHus '9C B macwTtabe 1:15 (6e3 ycuneHus
N C YCUIEHNEM YITNIEPOAHON KOMMO3UTHOW NEHTON Ha pacTsaHyToW rpaHu). [na pacyeTHbIx nccnegosanunii HOC pycnosoro
3paHusa MAC/HanopHoro 3aaHusa TAQC ncnonb3yTCst YUCHEHHbIE KOHEYHO-3TIEMEHTHbIE METOAbI.

Pesynbrathbl. [TpoBeAeHHbIe 3KCNepYMeEHTarnbHble UCCIIeA0BaHNA NoKa3anu CyLLEeCTBEHHOE NONIOKUTENBHOE BUSHNE YCU-
NeHVs BHELLHUM apMUpPOBaHUEM Ha BENMYMHBbI CMELLEHWNI BepXa MOAENEN, LUMPYHbI PACKPbITUS MEXOMOYHbIX LLUBOB, Ha-
NPS>KEHU B pacTAHYTON apmaType B LBax. [Ins pacyeTHbIX MCCNefoBaHNi Co3faHa TpexMepHas MatemaTnyeckas Moaernb
pycnoBoro 3aaHus MN9C.

BbiBoabl. COCTOSHNE KOHCTPYKUMI ANUTENBHO 3KCMTyaTUpyeMbIX Xene3obeToHHbIX pycrnoBbix 3paHuin [OC/HanopHbIx
3paHunii FASC moxeT noTpeboBaTb UX YCUINEHUS, K MPUMEPY BHELLUHVM apMVpPOBaHWEM U3 YrNePOAHbIX KOMMO3UTHBIX Ma-
TepuanoB. C y4eToM pe3ynbTaTtoB NMpoBeAeHHbIX NabopaTopHbIX MccriefoBaHnini 060CHOBAH METOZ, YCUITEHUS] KOHCTPYKLMM
BEPXOBOM CTEHbl MALUMHHOTO 3ara Xene3obeToHHoro pycnosoro 3aaHns N9C Ha ocHoBe YrnepoAHbIX KOMMO3UTHBIX NEHT.
C uenblo NpoBefeHNs pacyeTHbIX NCCeAoBaHUA co3aaHa TpexMepHas mateMatuyeckasi Mogernbs pycrnosoro 3ganus [OC.
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ABSTRACT

Introduction. The pressure walls of the machine rooms and the shield walls of the reinforced concrete channel buildings
of hydroelectric power plants/pumped-storage hydroelectric power plants are subjected to the pressure of the upper/lower
water level, which is transmitted to the floors and other structures of the buildings. The condition of the structures of long-
term operated reinforced concrete channel buildings of hydroelectric power plants/pumped-storage hydroelectric power
plants may require their reinforcement, for example, with external reinforcement made of carbon composite materials.

Materials and methods. The load-bearing structures of the reinforced concrete channel buildings of hydroelectric power
plants and pumped-storage power plants were installed, and their condition may require reinforcement. Laboratory tests
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have been conducted on models of a section of the upper wall of the machine hall of a reinforced concrete channel building
of a hydroelectric power plant at a scale of 1:15 (without reinforcement and with reinforcement using carbon composite tape
on the stretched edge). Numerical finite element methods are used to conduct computational studies of the stress-strain
state of the channel building of a hydroelectric power plant/pumped-storage power plant.

Results. The experimental studies demonstrated a significant positive effect of external reinforcement on the displacement
of the top of the models, the opening width of the inter-block joints, and the stress in the tensioned reinforcement within
the joints. A three-dimensional mathematical model of a river-bed hydroelectric power plant was developed for computa-
tional studies.

Conclusions. The condition of the structures of long-term operated reinforced concrete channel buildings of hydroelectric
power plants and pressure buildings of pumped-storage hydroelectric power plants may necessitate their reinforcement,
for example, with external reinforcement made from carbon composite materials. Based on the results of the laboratory
studies, the method of reinforcing the structure of the upper wall of the machine hall of a reinforced concrete channel build-
ing of a hydroelectric power plant using carbon composite tapes was validated. A three-dimensional mathematical model
of a hydroelectric power plant channel building was created to conduct computational studies.

KEYWORDS: run-of-river hydroelectric power plants, pumped-storage hydroelectric power plants, upper walls of machine
halls, shield walls, construction joints between blocks, laboratory tests, and a three-dimensional mathematical model of
a run-of-river hydroelectric power plant
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BBEJIEHUE

Pycnossie rugposnexrpocraniuu (I'2C) pacnona-
raroTcs B pyciie PeKH M ITOJIBEPKEHbI JCHCTBHIO KOM-
TIeKca Harpy3ok [1—4]. B kauecTBe mpumMepa paccma-
TpuBaeTcs HaropHas pyciosas ['9C Kuras babanbcs
(puc. 1).

I'SC babanscst — HuskoHanopaas [ 9C pycimoBoro
Tuna B pycne p. Xyanxs (Kenroii pexu), koTopas riaB-
HBIM 00pa30M BBIpa0aTHIBACT IEKTPOIHEPTHUIO, & TAKKE
HCTIONB3YeTCs sl BomocHaOKeHns U opomenust. Heoo-
XOAMMO OTMETHUTb, YTO HHTEHCUBHOCTh CEHCMUYECKUX
Bo3zaelictBuit Ha ['DC babaHbcs MOXET NMpeBBINIATH
8 OaJIoB.

OJHMMH M3 OCHOBHBIX HECYILIMX KOHCTPYKLHUH
pyciaoBbix 3nanuil [DC gBASIOTCS BEPXOBBIE CTEHBI
Man3ajioB (KOTOPBIE CIIEAyeT aHATN3UPOBATh COBMECT-
HO C MEPEKPBITUSIMH), HA HUX JICHCTBYET TUIpaBIHye-
CKO€ JIaBJIEHUE C BEPXOBOU CTOPOHBI, NepeAaoIeecs
Jlanblle Ha IPyTHe KOHCTPYKINH 30aHui.

Cxema pycnosoro 3aanus 'DC mpencraBneHa
Ha puC. 2.

BepxoBble CTEHBI M IEPEKPBITHS MAIII3aI0B BO3BO-
JIATCS TTO3TAITHO, JIENAI0TCA MepephIBEl B OETOHUPOBA-

HUH, YCTPAUBAIOTCS CTPOUTEIIHHBIE BBl MEXTY OITOKa-
MU OCTOHMPOBAHUSL.

Ha puc. 3 moxa3aHbl CTPOUTENBHBIC BB MEXKIY
OyokamMu OCTOHUPOBAHHUSI BEPXOBOM CTEHBI MAITUHHOTO
3aJ1a JKeJe300eTOHHOTOo pycioBoro 3ganust [DC.

Hanoproe 31aame THIpOaKKyMYITHPYIOIIEH dIIeK-
tpoctanuu (F'ADC), nMeromniee aHAIOTHIHBIE HECY-
e KOHCTPYKIUHU ¢ PyCcioBbIME 31anusmu [ IC, npu-
BEJICHO Ha puc. 4.

OHo BKIJIFOYACT (PYHIAMCHTHYIO IUIUTY, IIUTOBYIO
CTCHY C YIIOPOM B MIEPEKPHITHS, OAJIKH, KOJIOHHEI U JIPY-
THe KOHCTPYKIUH (pHC. 5) TIPU HATHINH CTPOUTEITHHBIX
IIBOB MEXAy Onokamu OeToHnpoBaHuA (puc. 6).

[Ipu 3TOM HIUTOBBIE CTEHBI CIYXKAT KIFOYEBBIMHU
HECYLIMMH KOHCTPYKLUSIMU, HA HUX JCUCTBYET rUIpaB-
JIMYECKOE JIABJICHUE CO CTOPOHBI HIKHETO Obeda, npen-
CTaBJIsisl OO0 MHOTOKPATHO ITOBTOPSIFOIIYIOCS HATPY3-

ky' [5-8].

"' Oruer o HabIFOICHHUSIM 32 OCHOBHBIMHU COOPYKEHHSAMH 3a-
ropckoit FTADC city>k05 MOHUTOPHHTA 000PYIOBAHHS ¥ THAPO-

TeXHUYECKUX coopyxxeHuil B 2022 rony, n. boropoackoe.
2023.

Puc. 1. Bun Hanopaoii pycnosoii '9C babanbcs
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Puc. 3. CrpourensHble MBI MKy OJ0KaMi OSTOHMPOBAHNUS BEPXOBOH CTEHBI MAIIMHHOTO 3ajia (pa3Mephl JaHbl B M): [ —

MeXOJIOUHbIE CTPOUTEJILHBIC IIBbL

B xoxe MHOroneTHe# >KCITyaTaldu BO3MOXKHO
YXYIIICHUE COCTOSTHUS KOHCTPYKIIHH Kelle300eToH-
HBIX pycioBbIX 3nanuil ['DC/nanmopusix 3manuii TADC,
B TOM YHCJIC MIPH PACKPBITHH IIIBOB MEXIY OJIOKaMU
U MOSIBJIGHUH TPELUH B MOHOJIUTHOM YacTu [6], 4TO MO-
JKET TTOTPeOOBaTh WX YCHUJICHHA, K IPUMEPY BHEITHUM

34

APMUPOBAHUEM M3 YITICPOAHBIX KOMIIO3UTHBIX MaTCpU-
aJioB.

MATEPUAJIBI U METO/bI

B mensx mabopaTOpHBIX HCHIBITaHUHN s 000-
CHOBAHHUS WCIIOJIb30BaHUS YIIEPOIHBIX KOMIIO3UTHBIX
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Puc. 4. Bun nanopaoro 3xanust TADC co cTopoHbI HUKHETO Obeda
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Puc. 5. BeprukansHsiii pa3pe3 HaropHoro 3nanus [ADC (pa3mepsl aHbl B M): / — MIMTOBAst CT€HA; 2 — HAIOPHBIE BOIOBOIBL;
3 — HmKHUH O6accelin
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Puc. 6. Beptuxansusie (/) U ropu3oHTaNbHBIE (2) CTPOUTEIbHBIC BBl B IIUTOBOM cTeHE HaOpHOTO 31aHust [ADC
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Puc. 7. Moaenu HarmopHO! CTEHBI Mali3aja U3 jke1e300eToHa (pa3Mepsl JaHbl B CM): a — 0e3 yCHICHUs; b — yCHJICHHbBIC
YIJIEPOJIHOM JICHTOM; / — CTPOMTEIbHBIC IIBbI MEK/LY OOKaMK; 2 — YIIIepo/Hasi KOMITO3UTHAsI JICHTa; 3 — aHKepbI
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Puc. 8. TopusonTanbHOe cMelieHre Bepxa Mojeneit / u 2: monenb [ — 0e3 yCUIIeHuns; MOENb 2 — YCHJICHHAs! YIIISPOAHON

JICHTOU

MaTepHaioB MpH YCHWICHNN KOHCTPYKIIMH BEPXOBOH
CTEHBI MAIIMHHOTO 3aJ1a KeJIe300€TOHHOTO PYCIOBO-
ro 3pauust ' 9C M3roTaBIMBaIUCh OIBITHBIE MOJIEIH
B Macmrtabe 1:15.

OnHa U3 Mozernel BBIMOTHEHA U3 Kele300eToHa
(puc. 7, a), BTOpasi MOZIENb U3 Kele300eToHa YCIITHBA-
J1ach yIJIEPOTHONH KOMIIO3UTHOH JIGHTOH, YCTaHOBIICH-
HOW Ha TBUTIOBOH pacTSHYTOH rpaHu Moaelu (puc. 7, b).

Jl1st mpoBeieH st pacyeTHBIX MCCIIEIOBAaHNH Co3/1a-
Ha TPEXMEpHasi MaTeMaTHIecKast MOJIEIb JKeIe300eTOH-
HOTO pycioBoro 3nanus [ OC, B KOTOPOil MOIETHPYIOTCS
XapaKTepHbIE 0COOCHHOCTH, MPHUCYIINE THAPOTEXHUYC-

36

cxomy coopyxeruro (I'TC). [Ipu 3ToM y4TeH OIBIT YmC-
JeHHoro MoAenupoBanus u pacueroB I'TC [9-19].

PE3YJIBTATHBI HCCIEJOBAHMUA

[TomyueHHBIE pe3yabTaThl MPOBEIEHHBIX Jabopa-
TOPHBIX HCTIBITAHUI MOZIENH /, N3TOTOBJIEHHOH 0e3 ycu-
JIEHUs, U1 MOJEIHU 2, YCUJIEHHON YITIEpOAHON JIEHTON
Ha PacTSHYTOH I'paHu, IPE/ICTABICHbI B BUJIE TPAHKOB
Ha puc. 8—12.

Kax BUAHO U3 pe3yiibTaToB SKCIEPUMEHTAIBHBIX HC-
CIICIOBAHMH, YCUIICHUE MOJIENIEH HKeNe300€ TOHHBIX KOH-
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Puc. 10. OTHOCHUTENBHAS AedopManus pacTIHYTOH apMaTyphl B IIBaX: MoAeb [ — 0e3 yCHJICHHUS; MOIeNb 2 — YCHUIICHHAs

YTIEPOTHOM JICHTOH (110 MAaKCHMaJIbHBIM 3HAUSHUSIM U3 TPEX TeH30PE3HCTOPOB)
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Puc. 11. OtHOCHUTENBHAS NeOpMaIHs YITIEPOIHOHN JICHTHI B IIBaX MoJeN 2 (YCHIICHHOH yIIIepOIHON JICHTOM)

37

(6G) | HOALIGG G WOJ fyi5eneeaqs eusen



HaTIMTOILETSS: Ty 16. BhInycK 1(59)

L. YxaH

Puc. 12. TpexmepHast MozietpyeMast pacdeTHast 00macTs pycinosoro 3aanus ['9C, B pa3pe3e BUIAHBI HAIOPHAS CTEHA MaIll3aja,

MEPEKPBITHE Mall3alla U ApyTue KOHCTPYKLUU

CTPYKLUH yIJIEPOIHOM JIEHTON OKa3bIBAET CYILIECTBEHHOE
BJIMSIHUE HA MX HaNpPsHKEHHO-Ie(hOPMHPOBAHHOE COCTOS-
nue (HZC).

TpexmepHas MareMaTHuecKasi MOJIENb PyCIOBOTO
3nanust ['OC nokazana Ha puc. 12.

3JAKJTIOYEHHUE U OBCYXJIEHHUE

‘YcTaHOBIEHO, YTO OCHOBHBIMHU HECYIITUMH KOHCTPYK-
LUSIMH KeJIe300€TOHHBIX pycioBbix 3aanuit ['DC/Ha-
nopHsbIX 31aHui [ADC SBISIOTCS COOTBETCTBEHHO BEp-
XOBBIC CTCHBI MAIITMHHBIX 3aJI0B U IIUTOBBIC CTCHBI, CO-
CTOSTHHE KOTOPBIX MOXET OTPEOOBATh MX YCHIICHHS.

B xene300eTOHHBIX KOHCTPYKIHAX JITHTEITHHO YKC-
IJIyaTupyeMbIX pycioBbix 3nanuil ['9C U HamoOpHBIX

3maauit TADC 00pa3yroTcs TPEIIHBI IO CTPOUTETHHBIM
I1BaM MEX/Iy OJIOKaMH ¥ B MOHOJIUTHOH 4acTH, KOTOpbIE
HEBO3MO)KHO TTOJTHOCTBIO OTPEMOHTHPOBATD ITyTEM WHbB-
EKTHUPOBAHMUS PEMOHTHBIMU MaTepHaJlaMy.

Ienecoobpa3Ho BBIMONHSATE YCHIEHHE, HAIIPUMED,
BHEIIHUM apMHUPOBAHHUEM U3 KOMIIO3UTHBIX MaTepHa-
JIOB.

W3 pe3ysabTaToB 1a00paTOPHBIX UCTIBITAHUN CIIEY-
€T, 4TO YCHUJICHHUE MOJICJICH KeJIe300€TOHHBIX KOHCTPYK-
LUH YIIIEpOIHOH JIGHTOH OKa3bIBaeT 3HAYUTEIILHOE BIIU-
saue Ha ux H/IC.

Pacuernsie uccnenosanust HJIC BbInonHeHs! Ha oc-
HOBE TPEXMEPHBIX MaTeMaTHIECKIX MOJIETIEH PyCIIOBOTO
3panus ['OC u HanopHoro 31auusa TADC, B KOTOPBIX y4u-
TBIBAIOTCSI XapaKTepHbIe 0coOeHHoCTH, pucymwe ['TC.
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INTRODUCTION

Run-of-river hydroelectric power stations (HPP)
are located within the river channel and are subject to
a variety of loads [1-4]. The Babanxia run-of-river HPP
in China is considered here as an example (Fig. 1).

The Babansia HPP is a low-head run-of-river
HPP on the Huanghe (Yellow River), which primarily
generates electricity and is also used for water sup-
ply and irrigation. It should be noted that the intensity

Fig. 2. Run-of-river HPP building in a vertical section along the flow: / — head wall of the machine hall
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Fig. 3. Construction joints between the concrete pouring sections of the machine hall headwall (dimensions in m): / — inter-
section construction joints

40



Calculative and experimental studies of reinforced concrete flood control structures

P. 32-46

and pressure structures at hydroelectric power stations

Fig. 4. View of the PSPP head building from the downstream side

of seismic impacts on the Babansia HPP may exceed 8
on the Richter scale.

One of the main load-bearing structures of run-of-
river HPP buildings are the head walls of the turbine
halls (which should be analyzed in conjunction with
the floor slabs); these are subjected to hydraulic pres-
sure from the upstream side, which is transmitted fur-
ther to other building structures.

A diagram of a run-of-river HPP building is shown
in Fig. 2.

The upstream walls and floors of the machine halls
are constructed in stages, with breaks in the concret-
ing process and construction joints between the con-
creting sections.

H/1

Fig. 3 shows the construction joints between the con-
crete pouring sections of the upper wall of the machine
hall in the reinforced concrete riverbed building of the hy-
droelectric power station.

The head building of a pumped-storage power sta-
tion (PSPP), which has load-bearing structures similar to
those of a run-of-river power station, is shown in Fig. 4.

It comprises a foundation slab, a shear wall sup-
ported by the floor slabs, beams, columns and other
structures (Fig. 5), with construction joints between
the concrete pouring sections (Fig. 6).

In this context, the panel walls serve as key load-
bearing structures; they are subjected to hydraulic pres-
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Fig. 5. Vertical section of the head building of the PSPP (dimensions in m): / — retaining wall; 2 — pressure conduits; 3 —

lower reservoir
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Fig. 6. Vertical (/) and horizontal (2) construction joints in the diaphragm wall of the head building of the PSPP

sure from the lower reservoir, representing a cyclic
load' [5-8].

Over the course of many years of operation, the con-
dition of reinforced concrete riverbed structures at hy-

! Report on the monitoring of key structures at the Zagorsk
Pumped Storage Power Station by the Equipment and Hydraulic
Structures Monitoring Service in 2022, Bogorodskoye. 2023.
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droelectric power stations (HPP) and pressure structures
at pumped-storage power stations (PSPP) may deterio-
rate, including through the opening of joints between
blocks and the appearance of cracks in the monolithic
sections [6], which may necessitate their reinforcement,
for example, using external reinforcement made of car-
bon composite materials.
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Fig. 7. Models of the reinforced concrete machine hall headwall (dimensions in cm): a — unreinforced; b — reinforced with
carbon tape; / — construction joints between blocks; 2 — carbon composite tape; 3 — anchors
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Fig. 8. Horizontal displacement of the top of models 7 and 2: Model / — unreinforced; Model 2 — reinforced with carbon tape
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Fig. 11. Relative deformation of the carbon tape in the joints of model 2 (reinforced with carbon tape)

Fig. 12. Three-dimensional simulated mathematical model of the riverbed structure of the HPP; the cross-section shows the ma-
chine hall headwall, the machine hall floor slab and other structures

MATERIALS AND METHODS

For the purposes of laboratory testing to justify
the use of carbon composite materials in the reinforce-
ment of the upstream wall of the machine hall of a re-
inforced concrete riverbed building of a hydroelectric
power station, experimental models were fabricated
ona 1:15 scale.

44

One of the models was made of reinforced concrete
(Fig. 7, a), whilst the second model, also made of reinfor-
ced concrete, was reinforced with a carbon composite tape
applied to the rear tension face of the model (Fig. 7, b).

A three-dimensional mathematical model of a rein-
forced concrete riverbed structure at a hydro-electric pow-
er station has been developed for com-putational studies,
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in which the characteristic features inherent to hydraulic
structures are modelled. This model takes into account
the experience gained from numerical modelling and cal-
culations of hydraulic structures [9-19].

RESULTS OF THE STUDY

The results obtained from laboratory tests of Mo-
del 7, manufactured without reinforcement, and Model 2,
reinforced with carbon tape on the tension face, are pre-
sented in the form of graphs in Fig. 8—12.

As can be seen from the results of experimental
studies, the reinforcement of reinforced concrete struc-
ture models with carbon tape has a significant effect
on their stress-strain state (SSS).

A three-dimensional mathematical model of the riv-
erbed structure of a hydroelectric power station is shown
in Fig. 12.

CONCLUSION AND DISCUSSION

It was established that the main load-bearing struc-
tures of reinforced concrete riverbed buildings of HPP and

pressure buildings of PSPP are, respectively, the upper
walls of the machine halls and the end walls, the condition
of which may require reinforcement.

In the reinforced concrete structures of long-
serving riverbed buildings of HPP and head buildings
of PSPP, cracks form along the construction joints be-
tween blocks and in the monolithic sections, which
cannot be fully repaired by injection with repair ma-
terials.

It is advisable to carry out reinforcement, for ex-
ample, using external reinforcement made of composite
materials.

Laboratory test results indicate that reinforcing
reinforced concrete structure models with carbon fibre
tape has a significant effect on their structural behav-
iour.

The structural analysis was carried out using three-
dimensional mathematical models of the riverbed build-
ing of a hydroelectric power station and the head build-
ing of a pumped-storage power station, which take into
account the characteristic features inherent to hydro-
electric power systems.
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