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TN KK, N FEHRos /o R Ko Jo SHEN R U /o7
Shy B T B D B ) R A ) B A A BRAEL, FE 45 5 Zhang 5500 i 2 ZESE0T 45 HY R SR AE
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3000, ARG 45 R a6 2 From, Horbe L 9 GBS, K, S A2 B G PR R 8K, o B BC R FE 0 T,
O T N A TR L o 75 BB B AN [R] P 2R S BR 46 B [ 6 38 3 e A A3 /N, A8 T S B Y, o 4
FIPE R B9 FEBRAEARICH 2, 11 A1 110, Htl, 56T Re & 5B, IR % 08 [ A 2 R | Mt R | isE I R
55 S8RV I 2R 0 BRI S By AR
R<?2 No rockburst
2<R< 11 Weak rockburst

11 <R< 110 Moderate rockburst (13)
R>110 Intense rockburst
F1 REWBESESMEHE
Table 1 Measured data for rockburst at Tiantaishan tunnel™!
No. L/m oiMPa v K, o./MPa o/MPa
a1 02 g3

108 16.15 8.14 4.27 130.21 11.55

TSES 150 19.23 10.51 3.16 0.28 0.68 141.13 13.68

271-350 20.22 12.53 3.58 169.52 15.14

500-550 40.57 24.12 12.36 192.15 18.86

TSE6 350 23.65 10.87 4.02 0.28 0.68 175.65 17.26

500 35.86 21.44 15.61 184.27 18.34
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£2 XEWEEERLERRS

Table 2 Simulated results for rockburst at Tiantaishan tunnel****

Deformation brittleness Strength ratio method of .
Level of . . This work
No. L/m coefficient method surrounding rock
rockburst
K, Rockburst proneness  o./omax Rockburst proneness R Rockburst proneness
108 Weak 3.1 Weak 8.1 Weak 0.8 No
TSE5 150 Moderate 2.7 Weak 7.3 Weak 2.7 Weak
271-350 Weak 2.7 Weak 8.4 Weak 1.5 No
500-550 Moderate 2.8 Weak 4.7 Weak 7.6 Weak
TSE6 350 Weak 7.4 Weak 1.4 No
500 Moderate 5.1 Moderate 11.6 Moderate

23 S5 EN

Ry — 2 06 UE FE T i D B A A R 0 e R A R L S L A R DL R AT SR, A IR A
TRy M B P U5 E.Hoek ¥4 . Russenes F 85 . RIS L2 BB 38 1 F5 . 28 - B 0 8 DA B ASHIE 5% b 2
B 7 R AV e P ) B, Ko — S g TR e TR SIS ) R A T A P R TR R BRI BRI S R e B AR
HATRE LA AT, Hor T 3Rk f e 85, TR RoR ™8 7 3, MR FoRa EmR S, VRN LB
R e R 3. K3 KR 4 s . Ho,, o BUE S BEIR E MR 140 A BUAEDY, IR45 4 Ho Ry
W B R M #b 72

(1)E.Hoek H| &
O max /0 = 0.34 Level |
Omax /0 =0.42 Level II (14)
O max /0 = 0.56 Level IIT
O max /0 > 0.70 Level IV
(2)Russenes | #j¢
og/o. <0.2 No rockburst
02<0y/0.<0.3 Weak rockburst (15)
03 <0y/o.<0.55 Moderate rockburst
oy/o>0.55 Intense rockburst
(3) RIS LLI 2 ot o 3 4]
AR RN E 25 A2 X Russenes HIHa 04T 1 2lcdk, 15 DLUT A Al 4
oylo.<0.3 No rockburst
03<0y/o.<0.5 Weak rockburst (16)
05<0y/o.<0.7 Moderate rockburst
oglo> 0.7 Intense rockburst
(4) %Ki ) 9
o. /o, >14.5 No rockburst
55<o0. /o, <145 ‘Weak rockburst (17)
25<0. /o, <5.5 Moderate rockburst
o.Jo<2.5 Intense rockburst

A1 3 F13E 4 AT 1. (1) R H E.Hoek 4 . Russenes H 3 A1 — B 11123 i % 18 J40 95 Fr J0 /2 i 52 6. P
S5 5 5R FUUA R 0 BT , B E Hoek I8 T HI 5 1 6 105 1 U OB 1= T Russenes FI 45 1 — BB 1L 28
i % T8 s (2) >R A - B 305 B ) 1 o 4 A G AR v e vh AR R, R TR LA R BB
T, 10 IH H A R MEBG R ISR T E.Hoek F| 4 . Russenes J 3 A1 — B 1L 23 6 b5 8 F B 5 (3) R ABFIE#2EH
) R AL ) P 0 T AR . T A A R BB S bR R AR I R L TP AR A R BRI R, (B
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T 5 FUA A5 G A ) RIS o i LA, AR BT A 41 A9 TE A ) 5 YRS E A AR ] s T A
4 BRI, ELEA b5 00 8 e A S PR DA — B, HAT S A R A AR S T o
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Table 3 Initial data for rockburst analysis in some engineering®**"

. . Buried Stress/MPa
No. Engineering K,
depth/m o o) o3 O max o
o 9.00 8.44 4.50
1 Jinping I 400 18-70 50-70 0.34-0.72

35.00 17.50 10.80

1200— 38.00 32.40 19.00

2 Jinping I 55-108 110-120 0.76
ping 2500 71.00 67.50 35.50
Headrace tunnel for 25.80 12.90 351

3 Tianshenggiao Il 130-760 30 88.7 0.75

hydropower station 2580 2052 12.90

Headrace tunnel for
4 Taipingyi hydropower 400 31.40 15.70 10.80 62.6 130-180 0.75

station

20.00 18.75 10.00
5 Qinling Railway Tunnel 1600 105 95-130 0.75
40.00 37.50 20.00

Linglong Gold Mine, 50.00 27.00 25.00

6 . 1000 82-114 138-197 0.75
Shandong Province 60.00 30.00 27.00
7 Erlang Mountain road 770 53.70 26.85 20.79 41.46 64.9 0.75
34.33 21.33 17.17
Dongguashan Copper Mine,
. 790-850 34.33 22.95 17.17 105.5 132.2 0.75
Tongling
57.20 28.60 10.80
Underground caverns of 27.30 13.65 8.64
: 250-320 42-54 82.3-207.5 0.80
Pubugou hydropower station 21.10 10.55 6.75
Diversion tunnel for Yuzixi 45.00 22.50 16.20
. 250-600 90 170 0.80
class I hydropower station 30.00 15.00 6.75
Tai-Jin Expressway Cangling 59.50 29.75 8.10
11 300-756 48.9 150 0.75
Tunnel 59.50 29.75 20.41
F LA B3 A mT R, ASBIE S A ST B o AR A e 141 L No rockburst
[ Weak rockburst

12 } [ Moderate rockburst
[ Intense rockburst

FAHE T ST, T S0, RE RS 450 B M S 8 )51
Z’”‘iﬂi{ﬁTIﬁﬁfﬁIﬂiﬁ*Eﬁ%i& RF W J AN

O, ZUPE A A B . A, XA
58 T HE PRILIRZ 1 B2 AR, e T
HRATRA SR EREMENR . R M
PR 2R 55l BB DR 2R, X o 4 T 00 DA 5 B AT B
PEFN R 09 TR 3 P, 0 SR FH BB AU A

Number of rockburst

I

E.Hoek Russenes Erlang Gu-Tao This work

TR T TR 5 O 3 UL T 4 M7 LA 49 Criterion
EEE XL, 3 RI[RL AR 45 o

Fig. 3 Comparison of rockburst results with different criteria*!
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F 4 BEEIRSHFUNEE R
Table 4 Verification of prediction results of typical rockburst™!

Erlang .
E.Hoek Russenes . Gu-Tao This work
Mountain road
No. o¢/MPa
Level of Level of Level of Level of Level of
Threshold Threshold Threshold
rockburst rockburst rockburst rockburst rockburst
. 50 0.36 Weak Moderate Weak 5.56 Weak 0.4 No
' 1.40 Intense Intense Intense 1.43 Intense 10.6 Weak
5y 5060 0.50 Moderate Moderate Moderate 2.89 Moderate 137.9 Intense
o 0.46 Weak Moderate Weak 1.55 Intense 569.9 Intense
23.8 Moderate
3 3.7 0.34 Weak Weak Weak 3.44 Intense
98.8 Moderate
Weak— Weak— Moderate—
4 9.4 0.35-0.48 Weak 4.14-5.73 6.2 Weak
Moderate Moderate Intense
Weak—
1.11 Intense Intense Intense 4.75-6.50 7.7 Weak
5 7.0 Moderate
0.81 Intense Intense Intense 2.38-3.25 Moderate 61.7 Moderate
6 70.10.0 0.59 Moderate Intense Moderate 2.76 Moderate 90.9 Moderate
’ ’ 0.42 Weak Moderate Weak 3.94 Moderate 31.2 Moderate
7 8.0 0.64 Moderate Intense Moderate 1.21 Intense 56.6 Moderate
8 16.4 0.80 Intense Intense Intense 3.85 Moderate 24 Weak
Weak— Weak— Weak— Weak—
0.20-0.51 3.01-7.60 17.3 Moderate
9 59 Moderate Moderate Moderate Moderate
' Weak— Weak— Weak— Weak—
0.26-0.66 3.90-9.83 8.1 Weak
Moderate Moderate Moderate Moderate
3.78 Moderate 12.5 Moderate
10 11.3 0.53 Moderate Moderate Moderate
5.67 Weak 2.4 Weak
28.9 Moderate
11 8.0 0.33 Weak Weak Moderate 2.52 Moderate

68.3 Moderate

3 ERRmEEFENRES R

BB 7 vk TR B 32 0 T2 TR 9 400, 5 B3 B s R S A L, B R AL
HA et nTEE vt SR, J2HIL B sl 3047 W () A 25 #h 78 R0 58 358, [7] B 255 Pl A AR G
W R, 0] A e S e T AR S PR A I

AT LAHR BE T oK fL vl 4751 7K BE T AR FE, 8 4 = 2 B O BUE R L #2F 3DEC X HL 36 UE 7 4 it
FEEE BB AT AT P, I XF A B 5 v 4 H 0% R AT 1o A S0 0 A 7 o 8 e R P A 35 SR S E AT — 4
N 1 254 TR M T TR A b I K 5 2 LB T A R B AL o0 BT, B9 TR M T TR T2 P 8h
YEFI T B 1 3 25 i o A
30 HERBRINFAREN

BRBE T oK B vl 4% 51 K B T 1 R ARV 142, 24 T2 & K9+728 FrBERT, K9+742~K9+766 1 Bt i fil]
T RE B HEEE AL K A T AR R EOE 4), AR KT 2 me i B A R R BRI s B A 4
gE T, BB A e g g %R B B A R B T, KRB, 475 | AR R W7 R A S R o MK HE R
S W 000 ¥ b 1 i 45 R, A2 B i ) KPR e, ELR L AR WL 5, o oL oy o RORAE
Foxo .z T HAE x. .z T RBIIERN T, T Ty T ERITF x0 po z BEEL 5 p. 20 x TP J) .
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Direction of
W' 3% headrace tunnel <:| drift driving E
?.__._,___‘_._,__‘_.,,,,,,,,,,,,,,

K9+728 K9+801 K9+810
|

IExcavation heigh
lof upper section
3
[o)

| 4# headrace tunnel

$._ _________________ T $

N 5 == 1
Drainage hole /v\ TBM branch tunnel

| 3" brunch tunnel for maintain |
?._ ___________ / _4_._,_77777777,,,,?
Intense rockbrust occurred @ Rockburst 3 No excavation

from the south side wall to the arch angle 1 Excavation

Kl 4 45K BRI A A R R K5 4751 KB T if R~

Fig. 4 Rockburst location of 4” headrace tunnel Fig. 5 Dimension of 4* headrace tunnel®"
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Table 5 In-situ stress state of rockburst section of 4* headrace tunnel

Buried depthym  oy/MPa  o,/MPa o /MPa Txy/MPa Tyz/MPa  7,./MPa
1900 —49.81 —51.68 —58.09 —15.00 —1.23 =7.17

SR 1 = 4 B BT RAEL o3 M7 07 1K A gl g 2 (RN, Sy 1 ORAIEAS AU R BB RT E, RE S LS S e
A2 T L, AR 25 2 R BRI RR R 425 14 S WA L TR FE 0 2 BE A R T K L s B3 LA o
M, VAR IH BRASEALTHS Br 7™ A i 30 B0, S R TSR R 1] 1< 100 m, ' [6] = 80 m, 2 [6] 9 60 m,
BRI 6 7, el A B A AN 7 B

Ko Hufein L7 475 A B IR s D) sz

Fig. 6 Numerical model Fig. 7 Monitoring points position of 4" headrace tunnel

B F3 T, S (8 5 e Y sl s b I s i
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0.05, fe/NP UL AR 500 Hz; 1% B R B 3 [
TR R 1 Ay B i 58.09 MPa( B3z 52 ) 4 =
FLH, PR T LS R R g )
KR 2 A B SR, BRI AR 0 B R RS X
R AR AL 1) L Y ) I B S A DA S B GEINERIE L Sy
B A UL B0 T 7= A 10 o B R S, A AR A AR Fig. 8 Free field boundary
25 [ T B 3 Ml 14 29 SRR, IR 8 s

Free field
T
Free field

H
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Fig. 9 Blasting load curve

fi=(oy—03)—2ccosp— (0 +073)sing (19)

Kb e NER T, o WEESM .

T D) P I 45 2 5 B 1) Jee R o 85 A KR T Jek R PR BSORE R 7, 2 — A 5 A e SR G Y 3 B
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Table 6 Physical and mechanical parameters of rock

E/GPa v ¢,/MPa ¢/MPa e ¢ /(%) W)
27.62 0.256 34.36 9.87 29.93 39.93 29.20

34 BRE®BRSH

1 & 4RI, 4751 K RS 5 48 & AR FE TR = % F IS 720 80 m YL I . BT Z2 R L F & B
B, O 2 347 B A B IS OF 428 5 8.5 m, ULIET S) 5t & A T A, DR i e BRO J X sk A o ) 43
(K9+765 Bt ) #4753 #r o

FERE B, 38 5 X 3DEC 844 #E4T R &, >R H FISH Fi 2 4 5 153 pR B0k S B (2) |
K (7)RL(12) (38, I A T B SR BT AR B o AT AR I AR (A A 40 45 SR 0 1
PEANFE b Xt 25 R A0 ) M R AT IEAR, W] 10~ &1 18 i, Horp: [ 10, & 11, & 14 5 18] 16 2 BRI 78 MR 1
FEH 1 ms J5 1504 = & o

(1) e B AL R 43 B

H & 10, & 11 FNEL 12 w0, i = P25, 320 70 22 /M 248 TP e TR = A7 LS | HEIE K 4t IR
A, TR 3 S o 1 490 Sy Bk ) T A 00 320 % B B RS A7 TR O et 2 b s B T R K 2L, Rl 13
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Ao BN ZE R RAH Z A AR 2 2 LR | HEIE SRR, 2 — 2R S A 0 B T, 6 0
T 2% Fe RARLAR ) S A A BE AR BR e 22 W S M o 45 5 P B 748 B % 70 A = B R B, A2 8 T2 4 3)
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HUGE B, S ECA R BUA R T SR EORASIE BOIR

Elastic strain

Stress/MPa
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MJ-m?) 32.50
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I 25.00 25.00
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Fig. 10 Distribution of elastic strain energy density
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Contour maps of principal stresses difference

Fig. 11
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= 19.60
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Fig. 12 Spatial and temporal distribution of

Fig. 13 Bulging cracks at right spandrel of
elastic strain energy density

4" headrace tunnel™*"!

occurred at vault, spandrel, side wall
and bottom corner

Excavation [
boundary

E 15 B sbos g ey

Fig. 15 Schematic of on-site rockburst areas'*"
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Fig. 14 Schematic of rockburst simulation
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Fig. 17 Rockburst criterion thresholds of K9+765 section Fig. 18 Schematic of rockburst block ejection
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Rockburst Proneness Criterion Based on Energy Principle

SUN Feiyue', FAN Jungi’, GUO Jiaqi'”®, SHI Xiaoyan®, LIU Xiliang'”,
ZHU Binzhong', ZHANG Hengyuan'
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Abstract: The study of rockburst criterion is one of the most critical scientific problems in the rockburst
research, and it is also the key to predict the occurrence of rockburst. Firstly, based on energy principle, rock
strength and overall failure criterion, the classification evaluation system of rockburst intensity of rock under
compression and tension is established. Secondly, the accuracy and applicability of some typical rockburst
engineering cases in China are tested by using the existing classical rockburst criterion and the rockburst
proneness criterion proposed in this study. Finally, based on the No.4 diversion tunnel of Jinping I
hydropower station, the secondary development of 3DEC numerical simulation software is carried out by
using FISH language programming, and the result analysis is carried out on the incubation mechanism and
evolution law of rockburst geological disasters in deep underground engineering under three-dimensional
stress conditions. The results show that the criterion comprehensively considers all kinds of stress state of
surrounding rock unit, and reflects the integrity, mechanical, brittleness and energy storage factors in the
process of rockburst initiation. Three grading thresholds (2, 11 and 110) are proposed for the four grades of
no, weak, moderate, and intense rockburst. The rockburst proneness criterion based on energy principle is
used to predict and evaluate the typical rockburst cases, the results of which are basically consistent with the
actual situations of rockburst, and has good effectiveness and engineering applicability. The research results
provide a new approach for accurately predicting the rockburst proneness of deep underground engineering.

Keywords: rock mechanics; rockburst; rockburst proneness criterion; rockburst classification
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