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Abstract

Hydropower construction in China is ushering in another new period of development, and
large-scale underground cavern groups are mostly adopted in these projects. Moreover, these un-
derground caverns are generally located in the high mountain-canyon areas which have complex
geological conditions. And the rock mass is of special nature, which makes the problem of sur-
rounding rock mass stability in stepped excavations prominent. There are a number of methods to
study the stability of surrounding rock mass, in which the numerical simulation method is effi-
cient, convenient and flexible. And the numerical calculation method of FLAC 3D based on fast La-
grange analysis is an effective method to analyze the stability of surrounding rock. In this paper,
the FLAC 3D numerical simulation method is used to study the stability of large underground ca-
vern groups by stepped excavation in a setting of a hydropower plant in western China. And the
main investigation work and results focus on the following: 1) Three different excavation se-
quences programs were developed, and FLAC 3D software was used to simulate the stepped exca-
vation process. 2) The results were analyzed and the deformation of the surrounding rock mass,
the stress distribution and the variation range of the plastic zone are summarized. At the same
time, the key monitoring parts in the excavation process are put forward. 3) The calculation re-
sults are compared in order to evaluate the rationality of different excavation sequences pro-
grams, and the optimal excavation scheme is selected.
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Figure 1. Schematic diagram of the excavation sequence
plan for the section of the cavern group
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Table 1. Rock mechanical parameters
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Figure 2. 4# grid division diagram of unit
workshop
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Figure 3. Number and location of key points
of excavation
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Table 2. The final displacement values of key points in the main pump room and outlet valve room (unit: mm)

T2 ZHAEZAFRERE, HAREXRSFLMUBEER: mm)

THZETT% 1 TH2TT% 2 TH2T7 % 3
PN o
KPR BEMK KA Re BEMK K2 BEMK
ZB01 —0.589 —1.733 —0.576 —1.694 —0.351 —1.627
ZB02 -5.360 —1.81 —5.343 -1.730 —5.244 —1.606
ZB03 4.088 0.127 4.079 0.115 4.437 0.122
ZB04 —6.506 —1.479 —6.475 —1.414 —6.439 —1.247
ZB05 5.682 0.926 5.657 0.897 6.066 0.892
ZB06 -6.973 —1.464 —6.915 —1.420 —6.934 —1.233
ZB07 6.489 1.109 6.455 1.075 6.895 1.054
0

e ZB08 —7.457 —1.441 —7.325 —1.422 —7.378 -1.215
ZB09 7.042 1.280 7.007 1.242 7.457 1.220
ZB10 —8.267 —1.042 —7.926 —-1.178 —8.206 —0.988
ZB11 8.275 0.918 8.237 0.875 8.727 0.767
ZB12 0.000 0.000 0.000 0.000 0.000 0.000
ZB13 7.546 0.948 7.470 0.907 7.947 0.707
ZB14 —-1.533 1.485 —1.581 1.397 —2.140 1.313
ZB15 5.783 1.334 5.683 1316 6.042 0.990
CS01 —4.422 —1.325 —4.430 —1.230 —4.450 —1.280
CS02 —5.098 —1.366 —5.125 —-1.275 —5.041 —-1.197
CS03 —3.458 —-0.173 —3.499 —-0.094 —3.724 —-0.231
E;E CS04 —5.703 —-1.101 —5.762 -1.013 —5.689 —0.838
CS05 —-0.671 1.218 —1.047 1.323 —1.644 1.169
CS06 —2.237 0.446 —2.304 0.520 —2.556 0.716
CS07 —0.899 1.704 —0.978 1.781 —1.460 1.827
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Ang.: 22.500
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Magfac = 0.000e+000
2:3148¢-005 to 1.0000e-003
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4,0000e-003 to 5.0000e-003
5.0000¢-003 to 6.0000e-003
6.0000e-003 to 7.0000e-003
7.0000e-003 to 8.0000e-003
8.0000e-003 to 8.8207¢-003

Interval = 1.0e-003

Itasca Consuiting Group, Inc.
Minneapolis, MN USA

Figure 4. Plan 1 total displacement cloud map
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Minneapolis, MN USA

Figure 5. Plan 2 total displacement cloud map
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Itasca Consulting Group, Inc.
Minneapolis, MN USA

Figure 6. Plan 3 total displacement cloud map
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Figure 7. The final displacement curve of key points in the main pump chamber and the outlet valve

chamber
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Table 3. Stress change table of key points around the main pump room of each staged excavation plan (unit: MPa)

3. BEOMFERREREZFAARBRNNZNRERNL: MPa)

FEE Hb Eupg E vz EYI7
RE KBS I FR1D OFER2 R3O FEL FR2 HE3I HEL OHE2 HE3 FHE3
ol —1369 -13.17 -13.17 -1931 -1925 -19.17 -21.95 -21.95 -21.83 2231
LI ZB01
63  —0.798 -0.805 -0.805 -1.172 -1.193 -1208 -1.353 -1357 -1374 -1.387
ol  —1825 -17.89 -17.89 —2027 -20.08 —19.85 -21.32 -21.48 -2091 —21.43
g 7po3 03 —1337 -2.834 -2.834 -1.159 -2.604 —2.605 —1.102 -2.577 -2.550 -2.541
bl ol  —1245 -1220 -1220 -12.07 -11.65 -11.50 -1234 -12.15 -11.76 -12.004
7B 03 —1.502 —0.948 —0.948 —0913 —0428 —0419 —0.872 -0426 —0.389 —0.384
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Continued
ol —7235 -7.468 -7.468 -3.120 -3.012 -3.013 -3.022 -2.996 —2.982 —2.950
807 o3 0.009 -0.092 -0.092 -0.099 0.130 0.112 0.057 0.059 0.019 0.088
7809 ol —7.725 —8.082 —8.082 -3.123 -3.075 -3.042 -3.019 -3.016 —2.968 —2.952
o3 -0.033 -0.122 -0.122 -0.260 -0.319 -0.182 -0.191 -0.245 -0.189 —0.168
=i ZB11 ol -8.705 -9.061 -9.061 —4.118 —4.056 —4.036 —-3.017 -3.043 -3.007 —2.946
euE ] o3 —4.943 -5.001 -5.001 -0.618 —0.662 —0.683 0.008 0.013 0.004 0.045
ol —-9.221 -9433 -9433 -1290 -1347 -13.63 0.244 0240 0.270 0.234
ZBI3 a3 —5.508 —5481 —5481 -5.021 -5.149 -5.149 0.593 0579 0.564 0.468
7B15 ol —-12.72 -13.11 -13.11 -1442 -15.06 -1520 -5.572 -5.460 —5.180 —4.926
o3 -3.509 -3.531 -3.531 -3.898 -3985 -3972 0.170 0.011  0.170 0.005
ol —-13.69 —-1495 -1495 -13.04 -14.04 -1454 -1421 -13.61 -14.99 —14.30
B0z o3 -2.163 —-0.617 -0.617 -1.557 —0.115 -0.195 -1.660 0.086 —0.189 —0.067
ol -11.23 -12.04 -12.04 -6.833 -7974 —8.308 —7.174 -7.056 —8.089 —7.555
ZB04 o3 —-1.941 -2553 -2553 -—1.185 —1.677 -1.693 -—1.154 -1.566 —1.631 —1.627
ol -10.25 -9.504 -9.504 -—2.845 -2.905 -2.924 -2.820 -2.789 -2.849 —2.823
2806 o3 -0.166 0.010 0.010 0.093 0.119 0.080 0.111 0.146  0.150 0.127
T ol —-13.02 -11.80 -11.80 -3.016 —2.915 -2.908 -3.054 -2.854 -2.893 —2.828
g ZB08
a3 —0.125 -0.049 -0.049 -0.001 -0.002 -0.002 -0.186 —0.056 —0.106 0.045
ol -10.97 -10.67 -10.67 -0.214 -0.816 —0.825 0.229 0.237  0.183 —0.311
ZBI0 a3 —4.481 —5.042 -5.042 0494 0370 0373 0419 0338 0317 0.274
ol -7.421 -6223 -6223 -8.623 —8378 —8.243 -19.63 -21.09 -18.76 —20.06
iz 03 -3.033 -3320 -3.320 -2.537 2459 -2381 -0.788 -0.659 -0.670 —-0.890
ol -8.591 -9.503 -9.503 -—1142 -—-1236 -12.71 -29.20 -29.59 -31.01 —29.45
ZBia o3 —6.486 —5.829 —5.829 5476 -5246 -5.094 —4.430 -4.764 —4.641 —4.482
Table 4. Stress change table of key points around the outlet valve chamber of each staged excavation plan (unit: MPa)
T4 BRI REKBERLRER RN NRENERA: MPa)
YN iy, B Evavi2 £V
(AT KA W OFR1 HR2 OFE3 HEL O FE2 ORI OHEL KR HE3I HES
B3 cs01 —-22.85 —8.820 8820 —17.67 —12.02 —-8.146 —13.18 -13.33 -7.517 —12.20
o3 -6.171 —-6.038 —6.038 5309 —4.125 5252 —4.503 —4.589 —4.590 —4.520
ol —-1831 —8932 8932 2388 —19.14 8574 2421 -23.14 -799 -21.66
503 o3 -3397 -6.194 —6.194 —2.682 —3.101 —4.630 —2.580 —3.198 -3.660 —3.452
i ol —-4.074 -9.092 -9.092 4490 —8.012 -9.194 5979 —6314 -8436 —6.678
ki 505 o3 -0.111 —-6.632 —-6.632 —0.162 —-3.406 —-5.747 —-0310 -0.226 —4.557 —0.092
CS07 ol -17.09 -9.761 -9.761 —-13.80 -10.64 -10.66 —10.33 -10.18 -10.75  -9.726
o3 -0.606 —6.436 —6.436 0.057 -5.107 -5.840 —-0.266 -0.359 -5.067 —0.610
ol -1097 —-8923 8923 —8.631 —-9.077 8599 —8.603 —8.655 —8236 —9.389
502 a3 —-2.643 —-6.193 —6.193 2273 2535 5348 -2.151 2170 -4.827 —2.205
T ol -3.590 -9.641 —9.641 —3.788 —14.74 9939 4344 —-4300 -9.788 —4.661
ki 504 o3 -0.358 —-6.261 —6.261 —-0.394 —6427 5441 0459 -0.489 —-4.760 —0.420
€506 ol -25.64 -9.175 9175 2847 -10.54 9385 —-28.74 2857 -9.053 -27.04
o3 —-3383 -6.736 —6.736 —3.905 —5.673 —6.224 —4.185 —4.200 -5.736 —4.175
Y. RBRRCAN 0, BN .
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Figure 8. gy, 03, cloud map after excavation of the main plan one
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Figure 9. gy, 03, cloud map after excavation of the main plan two
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Center: Rotation:
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Contour of SMin

Magfac = 0.000e+000

Gradient Calculation
-2.9041e+007 to -2.7500e+007
-2.7500e+007 to -2.5000e+007
-2.5000e+007 to -2.2500e+007
-2.2500e+007 to -2.0000e+007
-2.0000e+007 to -1.7500e+007
-1.7500e+007 to -1.5000e+007
-1.5000e+007 to -1.2500e+007
-1.2500e+007 to -1.0000e+007
-1.0000e+007 to -7.5000e+006
-7.5000e+006 to -5.0000e+006
-5.0000e+006 to -2.5000e+006
-2.5000e+006 to -1.9033e+005

Interval = 2.5e+006

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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Figure 10. oy, g3, cloud map after excavation of the main plan three
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Figure 11. 0, 03, final value change curve of main pump chamber and outlet valve chamber
E 1. ERESHKBE 0. oy REETLHIL
HIE 11 TR, ERNJHEAR FEONER ). =M, R ERE RN )M A2,
Hla s, H I a2 W R B AT A RE M It BLBCR I RN e s R BN I K OB ZB14, o
PJHE-29.5 MPa Ji ki, o3 ¥94E—4.5 MPa fif1; FiK oy BUKIIAZ BTN ZBO1. 1% ZB03 5 ZB12, 3422
MPa 7iti; 44 ZB10 5 ZB13 HIE/INIHLL A o
SMIHETTA, KRR B AR A — 3, BUEMZEAR: o) BORKZ L CS06 1 il
i CS03, 733)ik 3 KZ)-28 MPa f1-23 MPa.
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Step 9888 Model Perspective
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Center: Rotation:
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ltasca Consulting Group, Inc.
Minneapolis, MN USA

Figure 12. Plan 1 surrounding rock plastic zone range
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Figure 13. Plan 2 surrounding rock plastic zone range
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Figure 14. Plan 3 surrounding rock plastic zone range
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Table 5. The volume change table of the plastic zone around the cavern of each step-by-step plan (unit: m*)

%5 ENLHEARBEFLDEEXFREURENM: n')

P Wik S HE= TR=
FEE  HKEE it FEE  HKEE it FEE  HKEE it
1 1007.54 374.96 947.02 947.02
2 665.05 744.13 662.13 662.13
3 1431.98 762.62 1363.01 1363.01
4 3141.68 923.34 2743.68 321.61 2674.98
5 3889.01 1097.60 3766.12 807.56 3358.84
6 4018.67 1097.61 5116.28 3853.48 809.73 466321 3473.48
7 3684.34 352.09
8 3949.50 668.64 4618.14

% 5 RS2 R B XA T LU, FETC S &4 = FOr 2y, AR —1E
I ZIRPE X ARFA L H 7K ) = 8 1 XA AR 8 4 X R AR AR R, 7 R R = I S T X AR AR B/
XoF Ji ] B R BN
Table 6. Comparison of the depth of plastic zone in the main pump room of the three excavation schemes (unit: m)
6. ZHAEHREREEMXFELLE A m)

CIRCVED PIRCYIE Y F¥ETE3
B Suki RiisuE: RS Suk Rk B Suki sk
IIPEIX RS 5.6 1.7 52 7.5 5.1 6.6

EHR=E

M1 6 B At S 7 NER PR XR L LU A Y, JH205 R — BRI oK, TR = =50l
LR, 207 E R XGE R B, MR BEAEhER, TR ZEXTEE BN, s
Bl

5.4, INGS

SMITZ T R E A R SRR B, TR AT REE AR HIEE N TS R BONEE,
BIF277 R BT R =i, Bl .

1) TR TiR=I AR AN T =/

2) TR TR TR A ARG ZE AN K

3) TR TTRZFABEX B 77 R/

4) E— TRy 6 AT, TTR=E5 8T, TR ZBHEU, WA L.

6. &t

T BUE R MR A B AR 2 R RS BAR TREREAT 20, ARAEEE S M THATEN R
GBI, SEHEE G KB TRMME, N2 DR ARt P FER IR, B PG a3k st X
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X LA AR AT 2T %
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