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Comparative Study on the Stability Analysis Methods for Underground
' Pumped Powerhouse Caverns in Korea

Han-Uk Lim and Chee-Hwan Kim

Abstract. The sixth underground pumped powerhouse cavern is now under construction in Korea. For the stability
analysis for the caverns of the five underground powerhouses, finite element method was used. For the analysis,
in-situ rock stress were measured by overcoring method. The stress measurement showed that initial horizontal to
vertical stress ratio was 1.07-1.32 in four powerhouse sites. Rock mass strength and elasticity were assumed from
rock core properties through engineering processes. So the ratio of input elasticity for the analysis were about
0.16-0.55 to rock core elasticity. In most of the analysis, elasto-plastic condition with Mohr-Coulomb failure criteria
were applied. But in one case, viscoelastic condition was applied, too. The input cohesion and internal friction
angle were approximately 0.12-0.22, 0.6-0.87 to rock core strength parameters, respectively.

KeyWords: Underground Pumped Powerhouse Cavern, Rock Mass Strength, Elasto-plastic Condition, Viscoelastic
Condition
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Table 1. The general specifications of underground powerhouse in Korea' %'>',
Powerhouse . .
Item Chungpyung Samrangjin Muju Sanchung Yangyang Chungsong
Location Kyunggi, Kyungnam, Milyang| Chunbuk, Muju, Kyungnam, Kangwon, Yangyang, |Kyungbuk, Chungsong,
o Gapyung,Bogjang | Samrangjin, Antae {Jucksang, Bugchang|Sanchung, Sichun Seomyeon Pacheon, Shinheung
Generator 400MW 600MW 600MW 700MW 1000MW 600MW
Capacity (200MWx2) (300MWx2) (300MWx2) (350MWx2) (250MWx4) (300MWx2)
Construction 1973-1980 1979 - 1985 1989-1995 1993-1999 1994-2003 2000.9-2006.12
period (Under construction) | (Under construction)
Head(m) 473 345 589 429 804 308
Total length of 3,478 2,620 2,051 1,820 4324 2,968
water tunnel(m)
Kind of Rock band‘e‘d gneiss, rhyo.hte, tuff. granitic gneiss pOrphyr(?blaSth .porphyer-blastlc- sa-ndstone,
granitic gneiss andesite breccia gneiss gneiss,granitic gneiss arkosic sandstone
Power | Depth(m) 350 150 260 250 650 180
house Type mush room mush room mush room horse-shoe horse-shoe warhead
Size of W H L W H L W H L W H L W H L W H L
Excavation (m) 22.5%46x86 21.5x43x92 23x47.5x100 25%49.5x116 22.0x50.8x151 26.5x55.7x114.6
Participation
Company
- Design & Nippon Koei.Co(J) |Nippon Koei.Co(J) [KOPEC(K) Saman Engg. Hyundai Hyundai Engg(K)
Consultant by +KOPEC(K) +Hyundai Engg.(K) |&Consul.Co(K) |Engg.Co(K) +Saman Engg
+C.T Main(U.S.A) +Alstom(F) &Consul.Co.(K)
- Manufactured by |Fuji Electric(J) Korea Heavy Korea Heavy Korea Heavy Korea Heavy G.E Energy.(U.S.A)
+Sasebo(J) Indus.(K) Indus.(K) Indus.(K) Indus.(K)
+Fuji Electric(J)
- Mechanical & Fuji Electric(J) Korea Heavy Korea Heavy Korea Heavy Korea Heavy Not decision
Electric +Sasebo(J) Indus.(K) Indus.(K) Indus.(K) Indus.(K)
Construction by
- Civil Daelim E.C(K) Hyundai E.C(K) Dong A Sambu Samhwan Dong A Constr.Co(K)
Construction by Constr.Co(K) Constr.Co(K) Constr.Co(K) +Samsung
Corporation(K)

* E.C : Engineering & Construction Co, Ltd.
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Fig. 1. Location of pumped powerhouse in korea.
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Table 2. Geological

conditions for underground powerhouses.

powerhouse . .
Items Chungpyung Samrangjin Muju Sanchung Yangyang Chungsong
Geologic_condition
* Regional condition| Pre-cambrian | Cretaceous Pre-cambrian | Chirisan Pre-cambrian Cretaceous
Kyeonggi Unmunsa gneiss complex| gneiss complex| gneiss complex | sedimentary rocks

* Local condition

gneiss complex

rhyolitic rocks

banded gneiss | rhyolite, banded gneiss, | porphyroblastic | porphyroblastic | sandstone,
granitic gneiss | tuff andesite pegmatite gneiss gneiss, arkosic sandstone
breccia granitic gneiss
Direction of N40°E NI15°E NSO°E N65°W N3°E N56°W
cavern axis
o N10-30°

}\;(2)(-)80“°INE N60°E NS6°E/72°SE | N25°E/35°NW | N59°E/74°SE /7:)(")5:;0-7]?)°NW

Joint set NTSOW J60°SE NIS°E/76°SE | N30°E/47°SE | N67°W/78°NE N30-50°W‘
a L) ) o Q o
/70-80°NE MN33°E/34°NW | N8O °W/90° = N77°W/83°SW /50-60°SW
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Table 3. Mechanical rock properties in lab test.
Powerhouse| /. | Chung Samirangjin Muju Sanchung Yangyang Ch &
}131
Ttems pyung site 1 site 2 site 1 site 2 site 1 site 2 site 1 site 2 site 1, 2
" . . . porphyroblastic
Rock type banc}ed ;hﬁ::;f n(;:‘f tuff breccia gr::;:: gran'mc ci lastic sm:l:: las gneiss s:': ]as sandstone
gneiss | rhy g gneiss gneiss s of granitic gneiss
+ Number of specimen 27 23 10 10 13 14 22 23 45
. Aovarent demsi om® | 268 2.588 2.557 2,591 2.597 2.78 2.73 2678 2.679 2,700
pparent density | g ! (2.526-2.621) | (2.465-2.620) | (2.50-2.667) | (2.539-2744) | (2.77-2.81) | (2.70-2.76) | (2.631-2.703) [(2.640-2.710) | (2.627-2.740)
) 0.550 1.670 0.54 0.48 0.495 0.488 0.551
Porosity % 11
(0.18:2.15) | (0.71-3.80) (0.42:0.72) | (0.24-0.95) | (0.239-0.851) |(0.192-0.709) | (0.165-1.02)
Absorotion " 0.344 0366 019 0.18 0.187 0227 0.205
P (0.228-0.423) | (0.134-0.646) | (0.15-0.26) | (0.09-0.35) | (6.109-0.301) [(0.106-0.326) | (0.06-0.382)
* Elastic wave velocity|, | oo 4477 4.021 4359 4620 6.487 6.764 4748 4.685 5387
P-wave : (4.132-4.845) | (3.365-4.565) | (3.650-5.180) | (3.960-5.150) | (5.274-7.153) | (6.187-7334) | (3.391-5.581) |(3.580-5.772) | (4.383-6.016)
2.790 3117 2.820 2.702 3.206
S-wave kmisec | 2.300 (2:220-3.260) | (2.950-3.330) (1.957-3.268) |(2.067-3.332) | (2.609-3.581)
Shore hard 80.0-820 | 68.0-70.0 | 48.5-60.5 | 47.0-61.5 82-96 85-99 68-87 69-91 74-89
ore hardness (73-89) (51-76) (35-70) (35-80) (75-100) | (75-105) (40-95) (40-103) (58-103)
Blastic o | 6.65 5.40 493 5.751 6.17 731 4432 4.488 6.01
R4 keflon?| (4.12:928) | (2.69-7.44) | (4.615-6.250) | (4.651-7.058) | (3.81-8.15) | (5.71-8.48) | (2.870-5.451) |(2.633-6.790) | (5.229-6.228)
Poisson's ratio 022 0222 0.203 0.203 0214 023 027 0.253 0.264 0.223
OI830nS - (0.18-030) | (0.10-037) | (0.116-0337) | (0.172-0291) | (0.14-030) | (0.15-033) | (0.207-0.378) | (0.197-0.371) | (0.203-0.274)
- Uniaxial Comp. | ool 0o 2459 1658 1266 1503 1399 2397 1293 1200 2160
Strength (1109-3445) | (1077-2267) | (890-1610) | (960-2000) | (546-2012) | (987-3045) | (516-1796) | (415-2162) | (1180-2883)
) 3 199 211 275 400
Direct shear strength | kefem®|  176.6 (130-280) | (150-250) | (175-321) | (276-501)
) 3 199.4 1199 t01.5 90.5 69 99 845 77.0 154.8
Tensile strength | keflom’|  106.0 (66-271) (53-187) | (55.0-155) | (35.0-140) (58-94) (80-118) (35.0-119) | (28.0-130.0) | (82-212)
+ Direct shear test - 217.8 1703 305
Cohesion (206-226)  |(126.0-219.0)| (259-359)
623 58.5 63.0
Int, fricti
nt. friction angle | degree (59.0-65.0) | (56.0-61.0) | (62.0-65.0)
Triaxial comp.est |, oo 169.0 181.0 131.0 203.0 164.5 1479, 2323
cohesion (120-220) | (110-240) | (87-272) | (150-270) (72-220) | (47.0:-245.0) | (149-309)
Int frction angle | degree| 4.8 489 512 570 63.0 58.8 586 59.7
(44.0-54.0) | (46.0-57.0) |  (54-61) (6165) | (54.0-620) | (52.0-63.0) | (55.2-63.0)
- Thermal tinear x10* 1289 1312 123 121 123 123 1587
expansion coefficient| /T 0.95-1.42) | (1.17-1.44) | (L16-127) | (1.17-125) | (1.15-128) | (L.13-129) | (1.566-1.607)
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Table 5. Result of in-situ shear test.

z} Item Unit Site 1 Site2
FHASIAIE ] A Aot & Aghs vrEshe 24 Shear strength | kg/em® |13.0 - 32.5] 315
oM HBAND)Y BHASEYE T3 Ao wpulyy _ Fricton angle | degree | 53 4
Table 4. Result of Plate Bearing Test.
Young's Modulus(E) Creep Factor
Test case Defor;nation(]ZD) Loading Unloading
(x10°kgflem”) . = - B - 5 1/day
(Et) (x10°kgf/em®)|(Es) (x10°kgf/em”)|(Et) (x10°kgf/cm”)
Site 1-1 1.12 1.31 1.28 1.89 - -
Site 1-2 4.57 5.73 4.52 9.19 - -
Site 1-3 0.66 1.45 0.88 2.14 0.035 83.9
Site 2-1 0.59 1.34 0.84 1.82 0.058 2.5
Site 2-2 0.49 1.25 0.82 1.60 - -
Site 2-3 0.41 1.13 0.60 1.40 - -
Table 6. The results of in-situ stress measurements.
Site Chung Samrangjin Muju Sanchung Yangyang Chungshong
Item pyung” | site 1 |site 2| site 1|site 2| site 1 site 2 | site 1 | site 2 | site 1 | site 2
Depth(m) 320 150 150 | 280 | 280 | 253 212 640 640 186 186
Direction of cavem axis N40°E | NI5°E [NIS°E [NSO°E [NSO°E [ N65°W [N65°W | N3°E | N3°E |N56°W N56°W
Vertical stress(o,, MPa) -10.65 -592 | -5.14 | -5.78 | -6.01 | -7.13 | -5.54 | -17.29 | -17.30 | -5.10 | -4.93
Ave.horz.stress‘l(uhav, MPa) -10.50 -7.79 | -591 | -6.19 | -6.45 | -8.91 | -6.94 | -13.62 | -16.98 | -6.47 | -6.16
K(0nav/0v) 0.99 132 | 1.15 | 1.07 | 1.07 | 1.25 1.25 0.79 0.98 1.27 1.25
Principal stress
01(MPa) -9.21 | -6.86 | -9.42 | -9.43 | -10.99 | -9.62 | -23.89 | -25.53 | -8.93 | -8.86
02(MPa) -7.61 | -5.16 | -4.81 | -5.62 | -8.47 | -5.50 |-12.47 | -13.59 | -5.03 | -4.83
03(MPa) -4.68 | -4.94 | -393 | -3.86 | -5.49 | -4.30 | -8.17 | -12.14 | -4.08 | -3.56
Direction of 0, 205 149 | 142511454 | 524 58.5 27.0 27.3 | 2332 ' 237.2
(dir/incl, degree) /106 | /107 |/117.0| /70.0 | /993 | /95.7 | /46.7 | /554 | /8.0 /9.9

*]1. Ave.horzstress(chav) = 1/2 - (oxtoy)

*2. At Chungpyung, the vertical(ov) and the horizontal stress (oh) could be calculated by two cases, one
—ZU -6, )and suggested equations by suzuki k(japan) used

equation( ¢,=7y-h ,
( 6,=3+0.33% ,

oy=k-0,~ i

65=5+0.32, h=320m )

was theoretical
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Fig. 2. Some types of caverns.
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EEE] Zo|7} dojxlch. Jejvt I Mx) e F
2 1.5~2.0 mE £ 2ol glch. EBES} A 27
A2 AT 3T E] SA% 85~10.0 cmB E ¥
e glout FZole BREN) FEF AN &
4 £3ER YiAET Utk

2o AA, ATE dF E HFFe AS o2 2
ok 4G AspdALe wATECL BEER HIlSln
F ZARNE EFE AR it o] o E=E
9] Zoj= 12 me} 10 mE w2 AlFEFF et 2|5}
35 &Y shiols olgHETt A ¢7) wiee] 7.5
mZolo] SEER A3t o] o HAtH2 F
I ok 3 2F 2 mo| £32E A= 10 emo]
th A% Feddas EEE Zo] 15 4 12 mE B
3tk & ol R o] 12 mB, ¥E= 15 mE
F2 Mgt ®Aetg vhdo XsksE &9 skt
HeolE 15 met 12 m EEEE AR A= AF3
=5 AAEE 1 AAEL % dedradt
o] 2 mE 7|&3t Qtk 3 dE FA % 10 cmo)
o A7 SR SAoE SRS HAH A
oh Sl A 2RSS 0Pk Table 73 Uth

=TT

Table 7. Support design pumped powerhouse caverns in

Korea.
owerhouse Chung | Samra Muiu San | Yang |Chung

ltems pyung | ngjin U chung| yang | song
Number of 1 | . | 5 |
Caverns

Rock bolt 25 10 35, 50) 15 12 12
length(m) 10 10 | 10 |10, 75] 15
Roclf bolt 16 1.2 15 5 5 ’
spacing(m) L5

Shoterete 2 | 2| 85 |10 10| 10
thickness(cm)

CP? crete Yes Yes Yes No No No
lining

Aol7] thEo] SAHAA HEe Bshel g3ky g
& Ak oS AN St FaddY wgo
2%, Ag ZRIRe BY Telm SAPEL et
2.

41 Quto| HIMY WHEMT T2IEY

Adz7)o] 498 Fye] A PAH A= o
H2 ofo] T WS A2 B o] T A
A1) S Mohrd] TH712, UholA] 47has]
712-& Mohr-Coulomb®} o} 2o]go0], gFope] 39
olelol E The whe) SRtz P el A A
g A8 T8 gute] HAPAE Ve
Y7 Slete] gRi4ze) shmetAle] Haw Heel
wet ghite] ehAde} Bolpulrl WSHES stge
o, Zobgu|e] 7lo] wet ehibe] olgted g AR
AT}. Mohr-Coulomb 7]24] 2g<] e} ool
Jeba B4 sl Fa vt BAs X
ohgl, e, tRnbaz 9 @X) Qi 27182
Z7)olt}. Mohre] W3)7)128 284 A7l P
£9] Z$ole kel YRubaz} tjAle] AARES
DELE

42 X8 Yol MY

ajops wrdae} e A e RS o
wapr] ASAE AATIN A e st
A ek o] o 7P 2agh U /ezE WX k)
WA, 271929 B4 2 BEASES § 4 3
o oute] WAL XA 9 AR AR
Aot AE % EdUlelA HeAsAEEe
AABH] 4 Qlizt] QPRBO)A A Hhet 2ol
AR opaubi AR Qe ST i Ao) Ag 4
YollAl QrajAlEo] that Alglnte AAIsE7] HEol
Azighite] QEZLS o WA AHT A sl
Z Qs

7} Qg Antc QP A SIS AXIT S0k ALE
st AlsE o] they] tie| 1 ARTE Azt
7 HE Aolg Rtk FAHOR FH el
A$ A ghite) BAALe) AEE AR glof A
W AT 0.1~039] vl Zgssch 4=k o
Sr BE ASAIE A3 doid dA el ghe 1
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2A5 025 ZE3%ch AP RQDY ARk
3 25 3 sl Q9 RMRE FHEFE
3 O o] oo Al REE T3 LA el
slod AP TR o] A7EA] gk % Faghs Asisict |
Z RQD&} Al$7AR(EwWEL) 2] B4l Bienawski
(1978)7} AQIst TAZ=HAA RQD7} 95~100%0] 2
2 o]o]| g3l ZAH|E 0.87~1.00% M) u}
2hA] o] HpH.o 2 13} 2R AAIF A 13t e Ao}
Zpo|7t A2 gict. the-2 2 Bieniawskiol 2sf) AlqtEar
Serafim & Pereirao] 23] A& A RMRFoZH
B #2] ko] s AIE Lok TARel sty A
s 1 7k (2.78~3.12)x10° kgf/em®7} "ok 18w
Q#E Q1E3PH (Emean=25 - logQ) —L e gF=
(1.50~1.95)x10° kgflem®o|c}. o] A7}A] & & 71
Ao Zhe QrezRE IS & 4 Ak ol9)ell

E FpbAag] Al Ajbstel @X] ke &
AASE A A 5t Haghe] oF 0.3 ==
2x10° kgflem’2 AAst5ch

GO oFAAe] AR AR S Al E A AA
T3 g Al o] Bl AT ojollA] A& RQDo 9
3t BHAASE olgsiqtt & AgMolA 5k 4570
et Ale] B2 5.0x10° keflom® 2t 2 gro] 157,
4.5x10° kgflem’ B} & 712 257H0|1, 4.0x105Kc}
e Z+e 10740]H WHZA] 1070 (4.5~4.0)x10°
kgflem’9] =7]o|ck EZE X|%2A7E By RQDZHO|
60~909] k& Holed, Mt ZojRH 1 ghol ¢
& AA 2R 4513 RQDFHE 8022 Hof BAY
AFE 0.625 M3t web @] B A
2 4 H2ELS 5x10°9] 0.64)91 3x10° 0.2, MY
o 7hol 87 kg/em’2] OF 0.641¢] 50 kg/em’E AH
B9t

T AL FrAEad] A giAes (53~
6.25)x10° kgflem’2A] ¥|md FAF Aok A5
A7} RQDE 75~10022 oo w2 HAASE 0.2
~ 0.82 B o7]o] g 53x10° kegffem’E 712
s @x|ehdke] ehA Al (1.15~4.74)x 10° kgf/em’
7} @ojZck ubEo] RMREEO] 66-820| 22 o] 2R
T3 1 ZRe (1.88~4.74)x10° kgflem®Z 4] RQDO]|
ot BAAT FARSIE

Hu2 AlFFUolA Elastometers o838t 13t
e (3.3~6.6)x10° kgflom’ 24| 234l Zte] 1.8%U)
olof Exlsict. o]9 o] AL gro] Aol AL A
719] Aspsgo] wol Fueiulo] SR WL o
712 53i7] 2oz ARk gekd FUAEE
ke 183 ¢ RMRZfe&2 73t ehiAle &

2|27k 1.88x10° kgflem’ S j#ZLo 2 HAstqch

ehato] 7} = Hoek-Brown }3]7]|&4]E o]R35l4,
52 T}A] Mohr-Coulombt}49] Zzkeiz} sintat
o2 BASHIT, 12l HATol) et TEYE
AE, QAT B AEAEHEES B Aestel o
M52019] FHFEE T8 ths AF7A=A|(geologic
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olte] Az Qojd SA|s|HE Fadeuag o
3HH Table 83} Zch

Table 8. Input parameters for stability analysis of powerhouse
caverns in Korea.

owerhouse
Samrangjin | Muju | Sanchung | Yangyang | Chungsong
Items
Elasticity 16 11 2.0 3.0 1.88
(x 105kgf/cm2) ) ) . ' .
Pmssfm s 020 |021] 023 0.25 0.23
ratio
Cohesion
(kgflem®) 300 |302| 50.0 50.0 66.3
Internal friction 8 495! 40 50 38
angle(degree)

* Internal friction angle at Samrangjin is tensile strength

I Table 8o AAH FHES AP HHA &
o7l Xdiztate] vl&E BAJSIH Table 99} Zth &
5 22 ¥ HAE Y BEE U £38EY B
AAlZ 9 Zopbu|= 747k 2.1x10° keflem’, 1.5x10°
kgf/em®, 0.3, 0.170]c}. E3F 2712)¢F 427 <o
%] Table 69 3} & A 37|, HhF-gE 2
719k Zgnpel, Az ARl digh Ht £S5
E9] BiK)y5-& 12 o83tk

Table 9. Input parameters ratio to intact property of powerhouse
caverns in Korea.

powerhouse
Muju | Sanchung | Yangyang| Chungsong
Items
Elasticity 0.156 | 0236 | 0.550 | 0.303
(kg f/CI’ﬂZ) . . . .
Cohesion
(kgf/cmz) 0.121 0.179 0.221 0.185
Intemal friction | o oo | 0606 | 0769 | 0.600
angle(degree)
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Table 10. Results of stability analysis for pumped powerhouse
caverns in Korea.

owerhouse !
Samrangjin | Miju | Sanchung | Yangyang Chungsong

Items

Arch settlement

8.4 8.7 5.1 9.9 4.0
(mm)
convergence 28.0 190| 54.4 550  50.0
(mm)

Relaxed zone

depth(m) 6.0 1.5 3.0 9.3 J 2.0
Rockbolt axial ‘

? 9
force(ton) ’ ? 66 43
Shotcrete stress

9 9 ?
( g/cmz) 70 111

shH gashs TS BAck 2] AlFEU AE
S0 A& 5 AHY3) ok NS FAS o oF 4
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