B ol
2023 4F 12 A

o
CARSOLOGICA SINICA

i

5 B Vol.42 No.6

Dec. 2023

TITE, Mk %, Bl 55, R TR AR X IR 5 Rtk se s i I e B s o dr (D). W LA, 2023, 42(6): 1282-1293.

DOI: 10.11932/karst20230610

EHTE IR K R E SRR A RIRB AR L EEE T

IHE AR, S REE EMA, SREM’
(1. P& EEHIETARNE, =& L 650000; 2. K& KFAKFE, BBE B% 710064;
3. WL IR AR A TR E], 3T A 310030 )

0 E YRR N TSR R AR DI B N A R DR R — R AR R O B GE L S S
MRS E TR o IR ITREIE 15 55 ¥ 1 I 5 22 A BES , 2R5 oR N BRI 50 5 MBI J7 vk, 2 T 0 B2 B,
A 37 AN T P8 A5 S U A CTOA R ¥ L 0 0 ) i 742 4 R B B 3 SR R A, S 1 B 0 5 R 1) AN [ 7
VA e 522 4 B R T 28 55 SR T FLAC 3D Bt 57 35 o A [m) £ B 9 ] 5 1% G 1) 4 1 ¢ 22 4 g
EBERY, BT IE AR IR B I %, 20 b 1 A 200 I s 3 RS X i B 22 4 R 64 e L1
AP . SRR BE TE 15 PR 1) A [a] 52 1 31 15 F) i St 22 4 B 8 249 B L 200001 3 ) K T R i 3
RS B9 38 RT3 K, 23 52 Wi R B2 AR B/l e [ 2 900 > 1 K s > i R 5 45 5 1 245
SR AR LA 22 T 81U 73 A £ S 1 I S22 A B PO 2% 55 R S5 K T S MR N T B o B T R 56

Ik I 5t 22 2 L U ASE Y ) PR %

KR AAERE; IR AR, o T S, BUEA R E3SR 88, W50

FE 4SS U452.11 XEEFRIZED: A
XEHS:1001—4810 (2023) 06—1282—12

0 5l §

VAR AR S o v BB R A R LS R B
BIEAEZ 5L, AN 9 S DX B0 i )2 v i
WORE A KRR R, T S iR R R, b
W EAEAW R X R O SRR,
TE B KA K B X AE bR IE, Rl %G8 f 2f A W
AL EUR AT, AR R AR A R AR, S5 R, B
FRPEFERICE, PR T AR IE R I8 [ 5 5 251
FIRSAE , IR 8 R B A A, A BN v S g I
FR I B AR B HEAT T

EWIRS T A AR, "R AEY, Hi FEBURHIE 7]
G R FESALE | 2 FE IRV LG 78 R,

FF R (35 R AR 55) #7 IR A8 (OSID ):

FEHYW R Z R RN, WL AR F L TRE
Pofr 8 e ey o O T BI85 9 T i -2 4 IR g ) AL,
KR5S PR TR B X ™, #ear s
A ST R T RN (AT, 4 A
S B E AR ST A [ 7 5 i I Xof ok 3 245 40 1) 5%
Wi s SRAEAT R SR E BRS 5 Schwarz A2 B L ST
TR RE R 7 95 T2 Fe /N R BE R S R, O T 9
PEDC ST 8BS T T 55 2 e/ INE B () A T
R oA o S 3 s B AL AT T AR TR Y
W PR ) % ik S L B 0 35 S0 A% 3 %) 5% W 5 U ¥
ST RN AR F HE ST T A R E RS I R S
B AR V) 2 4 B g 1 A 2k 2R A S AR A, A 50
T T S PR TR R Y 2 A R R N S E e AR

BEBhI H .« v E kRS S A B AR ST T & 10 H (KLTZ-KX01-2020-009)
W—VEERA: EE1973—), B, S TR, FZAFA + 58 TR M5 . E-mail: 188358056@qq.com,
AR TRAZ40 (1989 —), 3, i, YFIR, =BT RRTE S~ TRE 7 I 1995 . E-mail: 870133597@qq.com,

ks A #1: 2022—12—26


mailto:188358056@qq.com
mailto:870133597@qq.com
https://doi.org/10.11932/karst20230610

Fak Holl

EITEAE: MR AR X BE A S R R SRR I 22 AR B A0 1283

R ALLAN [ 5 50 A7 RH 25 0 0 M 07 ik, SR T S22
RJRFERPER, I TR R S R e 4R R
(Y FTOMAS AL KA AT/ N = WA VA BRI, Sl A
BROCTT LM T FE/K IR 32 T B A & 120 P [ 52 7%
FIIEE X A48 A R, Sad i BB (57 4% R 1 IX A
Tt AT B R E Bl /DB R IBBE . Zf LR, &
5 R E B2 R B A RE RS, (B T
WIS 22 OB X DG FE R T A 7K R R PR T X g
A2, XoF T SR AN~ SE BRI I A F e 4500, A
SORE T JE A 13 ST B g T8 A 52 08, E T R 5 g 1
SRR HE RS IS

ST, LA B e PH o R S B, B TR TR
JEE RS 1 R 6 T R A AN R R AL A A i B 4
B T 2 2, X s A R R AT IE A2 o, SRR
FLAC 3D #4337 AH W A B A , A5 2 A ] 38 457
VeI 5 R TR Y I S22 A R, T e [ U
ST e 22 A R R TN A 5, SR AT S R N
T PH % B T A v L6 A i SR 22 4 B T AR T Y
B R s I, AN L TR IS 5 MR 4

1 ETEEEPHNFEE

A A5 W ] 5 R T TR] 1 e B
S G AT 3 M, INES A ) 2 o AT 2 TR K
IR 23 2 T R B THURRS 0 B R S s e 7K = Y
/N EEIRETRA N A SCIEHIEM Bt —22%
L& TR ST ROV R /N2 A R A Stk AT T
AL, iz 2O BAE M o

FE BT AR A T AR

(1) IR 5 B T8 ) fr) B K o J2= 58 B, JCAT AT
RTINS S FE L e R ISR DD iU RS N g LN i 1]
SRPEIR, REZRSZHLIRIY /15

(2) 29 057 % 3 TOURT sl JES R, 7K i _E %
i) 2 T B G A 1] A9 4 BE R T BR G B, 25 I R £
B S S AR T T A O 1] A R R
ThEIHE

(3) 2 % 3 -5 ¥ ) () B K o T2 B B 800, K
FCART AL N T B R B

(4) Kt 2 K T g % B 7K o T2 8 52 i 8 16k 14
A i 280 FHAERE |5

G)itFd T, ABEE AR AR T, A%
JEEEF T

VIR Ny SRR R N, 25 R T R S
i H ALK 7 By TRl s, 25 iR O L
T B K 2 B SE A 2S5 1 N S KA e L e
VD AN FLA A% 38 N7 ) 1 FE B I AN 25 s T
R RIVE s 25 R N R B S5 RE A5 A5 338 N ) 1Y
FEIEYIT, 12 7 3 v N ST SR A 18 2 R
SR Z A8 A 2, W R % B A R RS
Hanr:
g =0.45x2""yw )]
w=1+i(L, —5) )
s o B G ) #5012 58000 A T, kPas y
IR E A R E R, KN-m; AN A SRS LKSF
AT 35307 S BT BRI DN 1) (9K, my w2y 15 R AL
ML, < SHF, 0.2, 245 < L, < 140, i 0.1,
1.1 WA FRETRAR
> 70 7KV T S T R T T IS, e o TS 1
IK S 2 T AR R P i [ S B2 e AR (BT 1) o /iR b
VERTH fF 48 220 R KA 3 A i E J2 H E AT
Hoyh BIE WK E D) pLl s 5 W BEA e Tl g0

[EEEERRNAE
;}”“iﬁﬂ ihq
poh A

|
4

?

=

u.\\\ili' EAREERE 'f*‘/t/ prqtyStyh .
P il ITRRRRERRRRIN
ARREERRRR EnmmmnEEmeaag
/-/ , I B
s\

L -

B 1 AR T BB AR Y (AR R
Fig. 1 Simplified model of karst cave at the top of tunnel
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Fig.2 Simplified model of karst cave at the bottom of tunnel
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Fig. 3 Simplified model of karst cave at the side of tunnel
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Fig. 4 Calculation model of karst cave at the top of tunnel

HAABCE SRy 24920 B 4% el [l PR AR, SR B R AR
ARGBIRL, LA 025 SHURR PR IE 2 R P Y
AN AL HEAT A, VAT 7K H AR 31 B A A [) T4
TEVE IR N BEAT 3R [l 4, 150 N SE B 2 8ok 1
P o B L A i B, B S AT S
it A2 ¥ 321 5 29 SR, TR B Tt I 32 B 3 B Y BRI
PRI B T HE R BE A 200 m, B TR R A R, AR
3 % R AR T G R A% V2 7 A Y
71, Rt oK SF 197 7 26 A5 10 5 (I s g 28 2805k
0.8), FEIA I A PR [ Tt I 2 P Ay AR ALK I

®1 BRTEVYENZSH

Table 1 Physical and mechanical parameters of cave filling
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Table 2 Level value of each influence factor
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1 m1 5 0.8
2 m2 10 1.2
3 V1 15 1.6
4 V2 20 2.0
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Table 3 Value range of each factor of surrounding rock level
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Table 4 Scheme and results of L,(4") orthogonal test

P FA A FIRKEP R HARD RFE=Te Il A AR B

- MPa m - S/m S,/m S/m
1 1 0.8 5 1 1.1 1.1 1.0
2 I 12 10 2 1.5 22 1.3
3 I 1.6 15 3 1.9 35 1.4
4 I 2.0 20 4 25 438 1.6
5 12 0.8 10 3 1.9 1.9 1.4
6 12 12 5 4 1.7 1.9 1.4
7 12 1.6 20 1 2.6 4.4 1.8
8 12 2.0 15 2 33 52 2.0
9 V1 0.8 15 4 29 2.8 22
10 V1 1.2 20 3 2.9 4.0 23
11 V1 1.6 5 2 2.7 3.4 2.1
12 V1 2.0 10 1 4.0 5.6 2.4
13 V2 0.8 20 2 43 4.1 3.1
14 V2 1.2 15 1 42 52 3.0
15 V2 1.6 10 4 4.8 6.0 3.0
16 V2 2.0 5 3 5.1 5.8 32
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Fig. 6 Analysis of critical safety distance of karst cave at the top of tunnel

FLAC3D 6.00 FLAC3D 6.00 FLAC3D 6.00
2019 Ttasca consulting| [22019 ftasca consulting 102019 ftasca consulting
group, Inc. oup, Inc. group, Inc.

Zone state by any Zone maximum shear Zone displacement

‘magnitude

7185 1E-03

(Calculated by: Constant]
2936 76106 I

25
=3
==

&
o

s
oL

Shear-p tension-p
Tension-n tension-p
Tension-p

ﬁ

e
rrnT

I B DN
i
it

2Sasasas
22333333
==
=
o

101
Sos
it
=8
i
8

Lot SE =
5 006 k<00
Zone displacement

vectors
[Maximum: 0.007 185 0
Scale: 236.197

—

(a) BRI A (b) B T3 534 & (OFZESS A
E7 ARATRERDIESREEEST

Fig. 7 Analysis of critical safety distance of karst cave at the bottom of tunnel
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Fig. 8 Analysis of critical safety distance of karst cave at the side of tunnel
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Table 5 Range table of critical safety distance
S/m Sy/m S/m
WNE  mE oW wR BA W we S S 51 IR 231
gHA KIEP HED D00V myla KEP HED D000 gA kIEP figD )
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K, 950 1030 1220  11.80 1340 1330 1570  14.90 6.60 800  8.10 8.50
K, 1250 120 1230 11.80 1580 1730 1670  15.20 9.00 830  8.60 8.30
K, 1840 1490 1230 1190  21.10 2140 1730 1550 1230 920  8.80 8.20
k, 1.75 255 2.65 2.98 290 248  3.05 4.08 133 193 1.93 2.05
k, 2.38 258 3.05 2.95 335 333 393 3.73 1.65 200 203 2.13
ks 3.13 3.00  3.08 2.95 395 433 418 3.80 225 208 215 2.08
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Fig. 9 Change curve of critical safety distance (The karst cave is

located at the top of tunnel.)
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Table 6 Variance table of critical safety distance
g S/m S,/m S/m
S il sl W RE Ml sl sl W2 Fil sl sl R
YA KEP  HED 4 YA KIEP H&ED 4 YA KEP H#AED 4l
SS 18.092  3.612 0.552  0.003 12.767  18.567 3.902 0.272 7.095 0.315 0.185 0.015
df 3 3 3 3 3 3 3 3 3 3 3 3
MS 6.031 1.204 0.174  0.001 4.256 6.187 1.301 0.091 2.365 0.105 0.062 0.005
F 6031 1204 174 - 46.77 67.99 14.3 - 473 21 12.4 -
WEE B e e - e T A - WTE S 2 Al -

T Foos(3, 3)=9.28, F (3, 3)=29.46, Hr: SS-g4 2V, df- A HHJE, MS-#4 5825
Note: F5(3, 3)=9.28, F0,(3, 3)=29.46; SS: Sum of Squares, df: degree of freedom, MS: mean square deviation.
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Ao S, R IR A T RS 8 TR A I A 4 00 2S5 a, b,
c, dNTEEZRE I s (L3R 4) XX (25)
TTR A, I A5 TOUER v TR A% O T bR T8 1) 4 4 B 0 7
WA
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0.314InD-0.193 (26)
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S, =N(1.208¢"** +1.091 P> - 2.068 P+
0.314In D —0.193) (27)

o N R BWUETEE 1.2~1.5; AN FEA B0,
BUA G 1~4, BARSEE W3 3; PR K %, B
{H YL 0.8~2.0 MPa; D&y ¥ 1) 4, HU(E 5 [l 5~
20 m,
[ 3, A 7 V8 I T o T DG 30 R S B ik 1 5
VRTI4TN AR AL 43 3 A
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T ALY A .
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A 57 F U425 b 3 19 T35, 95T ELAR B D = 8 m,
R A8 7K 7 26 i B TS IR N K R R p =

0.5 MPa, 5 [ [ #A7K He fie KT 3k 1.0 MPa. % Btk il
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IV, %I AR A =3, I E 1 280k 0.8, 4l
LA RN ARl i = R Y 2 S
B 7R o VTR BT B LA R AT A
q = 81.18 kPa, ‘K& IE RN = 1.3,
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Table 7 Physical and mechanical parameters

of limestone in the karst area
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Fig. 12 Water leakage from the initial support of the tunnel
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Abstract

karst cave to ensure the stability of the surrounding rock and support. If the distance between the tunnel and the filled

If the tunnel construction work is done in the karst area, the tunnel shall keep a certain distance from the

karst cave with high water pressure is short, it is easy to cause the instability and damage of tunnel face or the
circumferential surrounding rock, thus resulting in karst water inrush, mud inrush, collapse and other disasters.
Especially, the karst cave concealing around the tunnel is often difficult to be accurately predicted. Therefore, the study
of the critical safety distance between the karst cave and the tunnel plays a vital role in the evaluation and prevention of
disasters caused by concealing filled karst cave. Studies on the critical safety distance between tunnel and karst cave

can be divided into qualitative research, semi-quantitative research and quantitative research. Qualitative research, such
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as judging the influence degree of karst cave on tunnel through numerical analysis, is generally conducted to
comprehensively analyze the factors affecting the stability of structure for water burst prevention and obtain the
empirical critical safety value. Semi-quantitative research mainly focuses on theoretical calculation, which can be
roughly sub-divided into three types: simplified beam slab model based on strength theory, catastrophe theory model
and the model of crack tension-compression shear based on fracture mechanics. Mainly focusing on numerical
simulation, quantitative research is conducted to set up multiple groups of numerical tests for calculation, and to obtain
the calculation model of safety distance through linear regression.

The safety distance between the tunnel and the filled karst cave can be explored by theoretical calculation and
numerical simulation test. Based on the bending and shear strength theory, the mechanical calculation models of the
filled karst cave at the top, bottom and side of the tunnel are established by using the fixed beam model at both ends.
Meanwhile, the self-weight of the internal filler and the pore water pressure are taken into account. Given the influence
of the surrounding rock pressure above the karst cave on the waterproof rock stratum, the critical safety distance
between the tunnel and the karst cave can be explored, and the calculation formula of the distance in different
circumferential positions can be deduced. However, this formula does not consider the excavation effect of the tunnel
and the process of support, nor can it reflect the changes of the displacement, stress and plastic zone of the surrounding
rock. Therefore, it is difficult to obtain a universal formula to express relationship. It is necessary to supplement the
predicted safety distance with the help of numerical simulation.

In this study, the numerical model of the critical safety distance between the filled karst cave and the tunnel at
different circumferential positions was established by FLAC 3D software. Based on the method of orthogonal
experimental design (a total of 48 numerical test schemes), the stability of surrounding rock has been evaluated by the
distribution range of plastic zone of surrounding rock caused by tunnel excavation. If the plastic zone connects the
tunnel with the karst cave, the distance between these two indicates that the surrounding rock is unstable, and thereby
the critical safety distance can be calculated. The results of critical safety distance under different working conditions
were also analyzed by range analysis and variance analysis. Besides, the law and significance of three influencing
factors—the level of surrounding rock, the water pressure in karst cave and the karst cave size—on the critical safety
distance were explored. Through the nonlinear multiple regression analysis of the orthogonal test results, the prediction
formula of the critical safety distance between the filled karst cave and the tunnel at different circumferential positions
was established respectively. The results show that the critical safety distance increases with the increase of
surrounding rock level, pressure of karst cave water and the karst cave size. The comprehensive influence degree of the
three factors can be ranked from the strongest to the weakest as follows: the surrounding rock level, the pressure of
karst cave water and karst cave size. Finally, the research results were applied to Yangzong tunnel project to verify the
rationality and applicability of the prediction model of critical safety distance. The results show that the safety distance
predicted based on the strength theory is relatively conservative, and the predicted results based on the numerical test
are close to the reserved distance. The predicted results have a certain reference for the project of karst tunnel with

water abundance.

Key words Kkarst tunnel, critical safety distance, strength theory, numerical simulation, orthogonal test, regression

analysis
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