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Application of liquid CO; fracturing technology in bench excavation of

utility tunnel foundation pit

CHENG Shi-bing' . HONG Zhi-xian®
(1. CRCC Harbour and Channel Engineering Bureau Group Co. , Ltd. , Zhuhai 519070, Guangdong, China; 2. School of
Resources and Safety Engineering, Central South University, Changsha 430083, China)

Abstract:In order to study the damage of rock mass caused by phase change of liquid CO; and obtain reasonable bench
blasting parameters, taking the underground utility tunnel of South Ring Road, Suizhou City as the engineering background,
based on the field test of the rock breaking performance of the DM95-2. 5 fracturing device, the explosive equivalent
conversion of the rock breaking ability of the fracturing device is carried out. And based on the LS-DYNA finite element
method, the fracturing performance was verified by 2D numerical simulation. Finally, the application of liquid CO, phase
change fracturing technology in the excavation of foundation pits was studied by 3D numerical simulation. The results show
that the effective radii of DM95-2. 5 fracturing device obtained by experiment and numerical simulation are 1. 15 m and 1. 05
m respectively, and there is good agreement between the experiment result and the numerical simulation data. The effect of
the single-tube DM95-2. 5 fracturing device can be considered equivalent to that of 0. 63 kg No. 2 rock emulsion explosive.
When using a single row of blasting steps with 2. 0 m hole spacing and 1. 5 m minimum resistance line, the cracks between
the blast holes are all penetrated, and the excavated part of the rock mass is sufficiently broken and no obvious large blocks

are generated. The blasting effect is ideal,and the research results can provide theoretical guidance and important reference
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value for the application of liquid CO, phase change technology in similar bench excavation projects.

Key words: liquid CO; ; utility tunnel; bench blasting; blasthole spacing; minimum resistance line; fracturer
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Fig. 2 Construction steps of liquid CO, fracturing rock mass

2.2 REERESW
M DMO5-2. 5 AU ZLE PE BRI 58 45 R (WL 3)

T AR, 2021,27(5) :80-89



5 5 W

T UK 45 S CO, BRI TE I HE I 5 B IT 42+ 89 T 83

A LUE 5 DMO5-2. 5 AU 34 2045 4 e L
1B/ B G AR BE WAL R RS CO, MR
TEM AL I 1 e &7 e R R IX

B3 BAFREHRLBRER
Fig. 3 Experimental result of single hole fracturing blasting
Wt 3 5 0 L 0 R A PR B 2
KRS h HRE WL B A A0 R B . 5L
() IR 70 S LR 320 1 B Y 1 2 L SR 4, EL B 55
Z R MAE RN 158 R KRG EN 1,15 m,

IARBTA 9 28X 58 42 5 0 L BT . o0 B AR i
PG A JELIA AT RS2 Hh AR L b [ A 5 T /Y CO,
SRTER S AR BEAT A A T 38 215 R 9 9 BE
AR S BUR AR K AR RS TE B R
WL B A B R KA R JE b 2R, 3R % 07 1 R
TG K 245 % T BE AT 20018 3 AR ol A 85, fR Bt T
7o
2.3 MHLHEBHUL

A B E R RS CO, ARSI B AR HLT
BB BT IZ MRS 8 B 62 T LSDYNA
A BRICEUA B J7 75 % DMO5-2. 5 B3 2445 AL,
HORERE R AT BUE B0 0E L 75 B 2 BB MERR R AL A A
5103 0T 1) A R A oF £ B 48R e 2 AT — &
SR BAER BT . W3S CO, MABREAE AR T
Yy BRI 7 15 4 T RSC(E R AL R AR X S B
CO, FH728 B 24 R i A D AT 27 2 3 i B i
HWRINEX WA CO, BEAT A A2 Y ek,
AR 3 5 B R 56 J7 2 AR BOR A CO, HR I 1
PR Y 0T A SO B T R e B IR A

http://gcbp. cbpt. cnki. net

DMO95-2. 5 RIS 54 5 5 i B B9 BE & 24 R R o
AKEZ .,

DM95-2. 5 RIS 2448 BT R 9 5 He 57 80 ik
B 25 A on L BT Y) iR J) R 350 MPas 3
FUEIRW RN 2.5 kg, WA CO, 728 2 R0 B i
HONEIH =7 B (1 S

K—1
_pV 0.101 3%
E, =1

K E, o CO, MR =AM RE & k] s p W B
BINAAR Y XS R 1, MPa; Vol 25 88 1] 25 90 W25
CO, WA, m* s K MR 4e R 40, B 1. 295,

P8 A (D L 13 8] DM95-2. 5 B g3
B IGRERE R AR 2 688. 64 k], WA CO,
FHAR S A R BE  S Em AME R TR m 1Y
Fik R

E,
T Q.
K Qo A 1 kg 2 525 A KE 245 | M I 10 8 ke
fig B 4 250 kJ/kg,

W B A2 (2) RS DM95-2. 5 B E
SLE X B A I A Y 0. 63 kg 2 A ALE
2 I B A A

3 BALAEI G AT

) X 10° (D

(2)

m

3.1 HAEMEHEREMGIE
311 MBHAH A A

DAEAARMER, LSDYNA MR ERE A
Z R AT B A T 2 R R A R A
ARSCHLR ] RHT MBS R RAE 25 A1 527 18 4 B A
FEF 00 0% 38 5 28 T2 R bk . RHT A 44 52 A 5
AT 3 e PR A T R 4 A R T R A5k T R B
AR LT, AT A 00 A A A MR ) i R R
JEE L S0 B B B A o B I AR AL . A A i
e 58 2 405 R D Fom .

p=3 %
P01 R EC D =1 W R WUE R A AT 54

D=0 B RUIA A 58 A WIR A B 3 AL T R 30 RE
1. e AR &2 D =o0. 3 Bl A SRAE & A 78

3

October 2021 | Engineering Blasting| Vol. 27, No. 5



84 THEM  ENGINEERING BLASTING 27 4
WIEEMER TN Z B, FNAEA %K« wE, 0
\%

B A % N 2 520 kg/m® . BB BT B E O
121. 8 MPa, HAq A A1 A4 2 8 R SCik[23 ] — 3K,

2)ME ARSI HAE B KR 24 1 1 25 o
FERH JWL RS b el BRI S
L2 1 6 & Ryt

Y etV £ BA — 2

p=Ad=pY R,V

eV 4

KH:AB.R\.R..0 AMEEEp HBEEIET;
V BRI IR LN BE . AR SCR I 1150
kg/m® ### 4 500 m/s 1V 2 S AFLLKEL &
RS CO, B R AR R 2 55 A
FUAKE 25 0 AR S 80N 3% 3 iR,

K3 2SERAUELMBSYE

Table 3 Parameters of No. 2 rock emulsion explosive material

S5 o/(kg+m?) BEEE v./(mes ) Py/GPa A/GPa B/GPa R, R, 19) E,/GPa
H1E 1 150 4 500 9.53 214. 4 0.182 4.5 1.0 0.15 5
DA, BEB M HRAEHE Co®E, (5)

BEALCx MAT_NULL )& XHEZY 55 A Z A =5
SR R 2L RE TR RE AN
p=Co+Civ*+Cov*+Cy0v*+(C,+Csv*+

J_iﬁ:EP:CoNCG ?‘:’*j*"l‘ﬁr%ﬁyv yg%%%ﬁﬁ*&i*ﬁg
SR, SERMBSENER 4 PR,

x4 ZEHMHSH

Table 4 Parameters of air material

28 o/ (kg m %) “ Co C

C, C; Cy Cs Cs v Vo

Ez) /(}Pa

2= 1.18 1.75X107° 0 0

0 0.4 0.4 0 1.4 1.0 2.5X10°"

3.1.2 AR

AR R Bl A BROTHE A LS DYNA Xt
A DM95-2. 5 U ECRLAE A % 0 M BB HE AT H(E A
PRFGE . O A Fo0 4 J R W, 1 i o o ik 7 6 25
R A4 9 B R B (10~ 15) R, R, Ry 2 25 2k
2wk U 1) 1A% 1 1 ok AR v AN BT e, B 7B O g
a3

AR 45 A5 78 45 g 1) X R L Ay A AE R B
(] [ o R GE A S BREE R M — 1 2 mX2 m i
1/4 Z 4 P BUE SR WL 4) , B4 H6 25 A
YEZ 2533 AR oy ML B AR M ke 25 AR 4 B ol
110 mm Hl 48 mm, AL A G E AR K, =
2.3, FERCHUNIHRIAE b 1% 1 X5 R 24 o, A58 7 ]
WV O RS 1 A A LT B A K A I ) D
FERIRU A L R PR B R . MR 53R
RAZYFRA ALELL S8k B 55 6 2 R
JH AL 1R B 9% L e e DR I A% AR T o R 3 B 4%
1E S A R

Engineering Blasting

= 3
JE RSt 5t

HA

A

N

Ry
o

= Kot

2.0

= xws
S

R¢=0.055

R¢=0.024

XFRLIH
le \

= |

2.0

Ff: mm
B 4 DM95-2.5 I ANEMAEXEHMEER
Fig. 4 Numerical model of DM95-2. 5
fracturer performance test
3.1.3 RIS
DM95-2. 5 RIS R B RE G 2 55
A7 LA KE 24 B A A v 7 AR A A 1 B RN 6 dn ]
5 T MR o A4 3 17 0 N L S04 BE mTRE 4 40 91
il 3 S DX I A A0k T Y J2 25 O A

T RN, 2021,27(5) :80-89



5 5 W

T UK 45 S CO, BRI TE I HE I 5 B IT 42+ 89 T 85

BRI 7 A O B 3 U R 4 A RN TR
I 1 2 FLBE 5 R 9 ™ A Bk B 1 35 31 200~ 300
MPa i) wfr b I , b o B 0 W {1 ) 2 K 28 AR R
JEE IS L FLRE JE] 300 0 5 AR 32 5 T B 1 FH R 2B R
BRI R PE R SRS B R IX B9IE R 0. 2 m,
e I8 e e AL O 1] SME R L B T LA ORI AR
et AR A% 9 R N 0 {1 s g B s /) o AELATY il
B R T 25 1 1 45 RN BT U0 A 5 B Y 2% 14, B
6 78 B3 T X A0 T JE W 0. 19 m 1Y TE 87 3% 3R i
X,

Pifife
4.000%10" _
3.000x107" _I
2.000x10™" —

1.000x10™"
0.000 _I

Bs5 BREJABHUKRGZE

Fig. 5 Damage cloud of single hole blasting

for DM95-2. 5 fracturer

I I A 2 ) A A 4 R e R ) I, L5
T R AR R BRI B /N . AE TR B IR 2 U X
Hb o I DTSR BN T A A S A PR R T
ABUR R PURL” (9 07 22 FE vk TR AE U0 m HR J)
YERIR AR N P2 1 22 45 1) 24 4, 3 o 0 75 3
J LR AN Z BB X R BE R 0. 465 m, EU{E AR
1B 2 AR B B SRS Bl 1. 05 m, DM95-2. 5
RS L5 ME B I 3 1K 56 75 2 1) 2 AR e K 403 1 TR
H1015 mL I EIRZE N 8. 7% . X 7 W B 2L A R
WPk REHEAT 5 A0 HE 25 2 ek i vk 2 m S, (W)
A AR 4 B0 045 B 7 P B it 00 R B (B A 0L 25 R 15
F| DM95-2. 5 RIS B AR MFEFN 1.0 m
A

i AR AL EE H660 H10T Y FE g 5 B[] 48
153 2 5T R ) B2 il 2 CUL B 6) 7T 0, FLBE W 1R

http://gcbp. cbpt. cnki. net

143 350 MPa, i K T %5 A 09 R 46 58 B, itk fL
BE S A AR 9 b o DA R R AR R 46 55 U0 B IR, X
IO DX T A A 45 B IR 100 . R A AR K F T 1
BB 0. 15~0. 25 m 45 BB I 132 IO (i s ) 45 )
KI5 Il BT R R ) pe HIRLGEE D Z 1] ) A2
FEHIZR  XF p./D ZE Ak i 2R 0017 5 bR B AN 15 31 3
IR, AR B 7 AT BT R ) W TR A AL 0 R
0~0.45 m i Bl PR R B L He 07 W (1Y) T i R
9 632.9 MPa/m., FEAMLFLH 0 0. 39 m 5 [ A Y
WA R T K25 R T 4 5 B i IX S 1
Pl 5 DX T 0 DX T g 25 4R 435 47 B AR 31 1R A %o
B o i AN TR [ S0 EB A% 1 T T W R 0B
T A R B ) A AR R AP AE R B AR )
e AR5 5 R X e AR — 235405 95
3501
300+
250+
200+
1501

100+

0 A . . . . . . ,
0.00 0.15 030 045 0.60 0.75 090 1.05 1.20
t/ms

E 6 H660 H Tk J1AfTE
Fig. 6 Time history of H660 unit

p/ MPa

350

300 P=55.962D""
R*=0.969 1

250+

200

p/MPa

150+

100+

50

0 1 1 1 1 Il L L L J
00 02 04 06 08 10 12 14 16 18
D/m

B7 BEEEHABEEOCERBXR
Fig. 7 Attenuation relationship of p. with D
3.2 ANEmBERN
3.2.1 BT s
o T 2858 AR50 R AT — A Bl A Aok
il 7 FH iR X 2 A BOR I R AR S ) BRI A S B T F

October 2021 | Engineering Blasting| Vol. 27, No. 5



86 T AR R

ENGINEERING BLASTING

2T

R AR R T B BT A AR R R 6 T
i R DX ) — i 5 T SR FH AL ARG 6 sl A C O, A
AR S Ty vk TS TS — o R R B Y D)
L CHIESER WS CO, A A WAk 20—
A1) B el i V)RS LT 25 kg A&l 8 Bs . SR
WA CO, ARy 1LY B V) FI 4 i 38 & 76 742
DA P9 A V9 R T R 1 0 A} 0 AL, $R A L S5 K
LI AR 70°~757 FLIKFE A 30~50 cm., BEIK
FAREFL AT PR 2.5 mo, HRASUR I LT, T 4 U %

|<— 14
§
|
T A
S R
o
| 0 o
70°~75° e ] “70 ~75
fe—{ 03~0s

iz m
ESs MEELANES

Fig. 8 Geometrical elements of cutting groove

TE SEBR TR o 38 5 T 42 80 AT LA [R] B A B
ZHEAM AL, LI — e L B30 vT DL AE T AR A A
REHHR T 20 B ILA . AR G B 5 i 55 (E A
FEHF R4 DM95-2. 5 5 £ 2445 1 FL ] B A0
/NMEPTZ BB S50, I B FE & By LA B
HE 3 AN M AL, 38 A UL E M L =2 ] ) 2R 805 3 19 O LA
B By e A BB I 100 A AL T) BE R AR /N IR 2k 2
A, BIEEN 3 m WA EN G B R
MEEER PR % . AR 4E DM95-2. 5 Rt R4
PE B 12 50 FIEICE A HDLAIE 5 45 SR W] 0 L s R S R Y
0 g KT 1.0 mo, 2 B R 5 B R R B R T
TS JEE B Fh i e Mu FLIATE Ly O 2.0 mo 3R/
AL — N FHE SR Y R /DL /N AT
A7 A= R A [ I 3 8 77 A DR o i B85 Y dRe /R
ULk KB f 2 A R ulUs s L4, i g 1
ANBEFE S FH TR A A s 5 W B AR 80 S e 4
3 B e ANIRBTZE R 1.5 m.

BB R BUE T AR AN 9 TR . AR R

3 B 04 S PR A B0 A5 28D g A} T RN T T SR 1 T
AR Y8 TR T A DB R TE R AR, 1

Engineering Blasting

25 555 KB 2 W) 4 R AR S K e 2 e
wiGh B A AP ITH, B A  ST Bl 558 720,
iR MK R 2 ms.

B9 SHRBEEER
Fig.9 Numerical model of bench blasting

3.2.2 BER Ko

FLEEE L, A 1.0 mo e /MEIZL 1.5 m W6
i 28 i i B 453 0 2 it T 4n 181 10 B . AL 10
ATLLE Y, K 24 e 0 5 M L R 300 5 A 52 8 o i %
1 58 2 B8 IR, M L % 2k 2 ] AT DLOUE %2 3 1] 8 19
S R G Sl AT TR R (N LB N A = LR ]
DB, L 2 18] Y A R IR B R i 2. i T BB
RS B /N RPTL BL K, Jay F3 FELN BY B R L
BN W% X e A B A K, T e AR &
HEAT R RE . AR AR b p A0 A5 (R TR R AT DLR
R AOR RAF A A B 5 57

B10 AMBRERGEEHESE

Fig. 10 Damage iso-surface cloud of bench blasting

T AR, 2021,27(5) :80-89



5 5 W

T UK 45 S CO, BRI TE I HE I 5 B IT 42+ 89 T 87

WSS G B N EB A AR B A O, DL 2 T
—0.5.—1.5.—2.5,—3.0 m J¥ &V %} =4
SEAAEAT U0 F A5 B AS [ 48K T fY) 453 405 8 I 1 B (O
B 11, 2=—0.5 m i, i1 F A s e iz 8
T3 A FR I [ B S A RS CO, AHAR BURAE H
NIRRT A L 22 8] R 52 A I L (R
Hy T s B AE R TP A Y O R, 7E T B A
P T — 0 B ey 5 A R 48 05 X3 (UL R 1)
zx=—1.5 m B}, & B #k m L0 A A B eE A L
x=—0.5m B RS, LR ELABELET S
A H TET A B AR 38 4 g BRSO R (DL
K 11b), Y 2 =—2.5 m B, B E G B R A,
BE S Hy T R0 260 d5e /N IR P 4R S L, 7 T

¢)z==2.5m

Tk 451 407 P v 2 B BNV LAY A R R 340 T
IS AR 2 0 L 3 55 3 A el T 2 A Y R
MR R (WK 11c), == —3.0 m I i #
B BT L B R 4 3 B die A, i A
BT fe /NP ZR A, P 0 mT AU 2% 230 [ el o
— W L 2 T 7 T s R R X
S, M 5y 7 A A A K FE TS B E — O R ok
R A T 0 2L b R R R AR T R i
3 X3, (H 2 M AL =2 ) () 2 a0 2 78 43 Bt (O
11d) . ZERriR. 4R H DM95-2. 5 Bl 4 CO,
B AT &5 A E W BT A B R 42 6, fL )
L, =2.0 m,/MMEHLE W=1.5 m NFLIWZS

E11 AMEERGZE

Fig. 11

L ik

-

DAL F g i 3 09 07 W e T A 2 A
DM95-2. 5 ALK CO, B 248 A0 48 $ 24 5 IR 1 fig
JIAAE T 0. 63 kg 2 55 A1 7L AL KE 25 1% B B X A
AW,

2) B 37 1k, 50 A B R 40 07 12545 B B9 DM95-
2.5 AN A CO, R AR AR BORE U 1 5 [ 43 501
HF1.15 m A1 1,05 m, ~FZNMIRER 8. 7%,
OB RAFI — B0 . o AT B A 45 SR g
TR 45 R0 JE R BT A B AR AR B A

http://gcbp. cbpt. cnki. net

Damage cloud of bench section

FE— 7 145075 2L SR 2B

3) 2 ffi H DM95-2. 5 B A& CO, B EITIZ
Lt RAFLEE L, =2.0 m, &/NEITL
W=1.5 m (L S EC]IE &5 B IF 12 B R 47
R T A8 R ik 3R W1 B S 40 7 Wk AE R T B B
H 0 FL 190 2 00 RG B0 0T & TT O TR S R 4Rt T
Sy E B SR

5 % 30K (References) :

1] BeFh. 2T BIM S4B R 0 30 T b T 25 & & R 2 i
[J]. s F2s[a] 5 TR 244 ,2018,14(6) . 1 445-1 451.

October 2021 | Engineering Blasting| Vol. 27, No. 5



88

TR

ENGINEERING BLASTING

2T

[3]

[4]

[5]

(7]

CHEN S. Urban underground composite pipe gallery
construction based on BIM and IOT technology [J].
Chinese Journal of Underground Space and Engineer-
ing, 2018, 14(6): 1 445-1 451.

Rk, A EAT. BT 255 8 EL R A R T B Y
[J1. # Rz E 5 TSR, 2018, 14(SD: 1-5.

MU Q, SHI Y Z. Study on layout method of urban
utility tunnel planning [J]. Chinese Journal of Under-
ground Space and Engineering, 2018, 14(S1):. 1-5.
N, RAS, Dy, IR T 255 8 T 92 07
Rveit 28y A1), Pl LA 24, 2019, 36(3):
61-66.

SUN SW, ZHU B Z, MA N. Analysis of excavation
method and design parameters forunderground
pipeline utility tunnel [J]. Journal of Railway Engi-
neering Society, 2019, 36(3): 61-66.

LU W B, YANG ]J H, CHEN M, et al. An
equivalent method for blasting vibration simulation
[J1.
2011, 19(9): 2 050-2 062.

W, NS, B, 45 ARLE TBM F 2R
% 35k Bl B REBEBOR R LT]. A %5 TR
%2, 2015, 34(9): 1 786-1 795.

XIE L T, YAN P, FAN Y, et al. Releasing of strain

Simulation Modelling Practice and Theory,

energy induced by excavation using drilling and
blasting method and TBM in deep tunnel [ J].
Chinese Journal of Rock Mechanics and Engineering,
2015, 34(9): 1 786-1 795.

oAk, XIE . SR, S MUV D PEFTR o0 ke 2
LB A A (], B R B, 2020, 28(2):
228-2317.

FEI H L, LIU Y. QIAN Q F. et al. Distribution of
blasthole fracture in eccentric charge under in-situ
stress[ J . Gold Science and Technology, 2020, 28
(2): 228-237.

AT, TR, U, L R/AMRSTL T & B R
SRR 3 e BIF 5T (7], b om0 8L K27 2 4, 2020,
40(2): 129-134.

ZHANG Z Y., DING F., LI H C, et al. Study on the
effect ofminimum resistance line on blasting effect of
bench model [J]. Transactions of Beijing Institute of

Technology. 2020, 40(2): 129-134.

Engineering Blasting

[8]

[9]

[10]

[11]

[12]

[13]

[14]

W, B, KA. S FLHERE X A B P
RO W R [T]. T2 |5 TR%H,
2019, 15(6): 1 889-1 894,1 902.

WU X, LIX L, ZHANG S T, et al. Model experi-
ment study on the effect of casting parameters on the
cast percentage of high bench cast blasting [ ] ].
Chinese Journal of Underground Space and Engineer-
ing, 2019, 15(6): 1 889-1 894,1 902.

TR, MBS, AFE, 5. B IR E R
R sl Jy R AT S L] MR, 2019, 36 (4):
137-145.

LEIZ. GAO Z H, ZUO Y J, et al. Research on vi-
bration propagation law and dynamic response charac-
teristics of bench blasting [J]. Blasting, 2019, 36
(4); 137-145.

T, 28 R 1L A B TR AL AR B K B R R % fige e 1 it
(1], TR, 2019, 25(6): 32-37,55.

YANG C. Solved measures and causes of boulder in
bench deep-hole blasting of open pit mines [ J]. Engi-
neering Blasting., 2019, 25(6) . 32-37,55.

FRME, ERFE, #WA, 5. WA CO, MAEZAMN
TNT 4= 5 [J]. o E %R 2280, 2014, 24
(11) . 84-88.
DONG Q X, WANG Z F, HAN Y B, et al
Research on TNT equivalent of liquid CO, phase-
transition fracturing [ J ]. China
Journal, 2014, 24(11). 84-88.
PR, EAM. W X2 UZE L CO, 4% aiil
BIRKTFRL] ] LRI T RS M CARBED,
2017, 37(4): 54-58.

HE Z H, XIA S B. Experimental study on CO, blas-

Safety Science

ting of bedding hole in Xishan coal-mining area []J].
Anhui

Journal of University of Science and
Technology (Natural science) s 2017, 37(4) . 54-58.
FEMF. WS A AR AR SRR S ALY
K DT &M P E B R, 2018,

WANG M Y. Study on crack propagation law of
liquid carbon dioxide phase transition blasting and its
application [ D]. Xuzhou: China University of Mining
and Technology, 2018.

SRAIAR, ZEER HF COMSOL Ui A 41

B ZS CO, MRS R LS RRA[T]. o %4,

ik e te.

T RN, 2021,27(5) :80-89



5 5 W

T UK 45 S CO, BRI TE I HE I 5 B IT 42+ 89 T 89

[15]

[16]

[17]

(18]

[19]

http:

2018, 49(9): 207-210.

ZHANG B L, LT H J, ZHANG X H. Parameters
optimization for hole layout of liquid CO, phase-
change fracturing technology based on COMSOL nu-
merical simulation [J]. Safety in Coal Mines, 2018,
49(9): 207-210.

KA, A&, TOLE, F. RBEZRES CO, M
SHUBE SRR R 12 LT, AR, 2018,
43(11): 3 154-3 168.

ZHANG D M, BAI X. YIN G Z. Mechanism of
breaking and fracture expansion of liquid CO, phase
change jet fracturing in low-permeability coal seam
[J]. Journal of China Coal Society, 2018, 43(11):
3154-3 168.
LI Q Y, CHEN G, LUO D Y, et al. An
experimental study of a novel liquid carbon dioxide
rock-breaking technology [J]. International Journal
of Rock Mechanics and Mining Sciences, 2020:128.
ZHANG Y N, DENG ] R, DENG H W, et al. Peri-
dynamics simulation of rock fracturing under liquid
carbon dioxide blasting [J]. International Journal of
Damage Mechanics, 2019, 28(7).

XSG, B il RIS, 9 A AR A e R B R R I
Py R AL TR R e H LT ] s E ks, 2017, 17
(8): 317-319.

DENG P, CHEN P S, ZHOU P. Application of
liquid carbon dioxide blasting technology in
foundation pit engineering of adjacent buildings []].
China Water Transport, 2017, 17(8): 317-319.
W, B4/, FRA, S WA CO, AR A BE
HIFIZHARLT]. g R CA AR 8D . 2018,
49(8): 2 031-2 038.

XIEXF, LIXB, LI QY. etal. Liquid CO, phase-

//gcbp. cbpt. cnki. net

[20]

(21]

[22]

[23]

[24]

transforming rock fracturing technology in pile-well
excavation [ J]. Journal of Central South University
(Science and technology)., 2018, 49 (08). 2 031-
2 038.

P, &AW, B, & CO, MAEBEME
SIEWCAE LRGN L], BB, 2018.35(2):
41-49.

TAO M, ZHAO H T, LI X B, et al. Comprehensive
comparative analysis of liquid CO, phase change frac-
turing and explosive rock fracturing [J]. Blasting.,
2018, 35(2): 41-49.

Wyttt 4, Tk, S8, S R T AR 6 AT = U R
SR BAEBAULT]. TR R, 202026 (6) : 28-34.
YANG S Q, WANG H B, GUO F, et al. Numerical
simulation of detonation diameters on jetting
projectile charge forming and penetration performance
[J]. Engineering Blasting,2020,26(6) :28-34.
ARER L, A BE . ) 4% 24 £ 45 T 40 40 4 M 0 4L O3 A
[J]. TR MR, 2020,26(6) :35-41.

SHAO Z S, HAO ] P. Simulation analysis of
blasting damage characteristics of slotted cartridge
[J]. Engineering Blasting,2020,26(6) :35-41.

YI C P, JOHANSSON D. GREBERG J. Effects of
in-situ stresses on the fracturing of rock by blasting
[y 2018,
321-330.

B, S, BER R, F. MERET AW E K
HR R e B (AU S [T ). MR, 2019, 36(3): 65-
75,89.
HONG Z X,

Computers and Geotechnics, 104 .

GUO C., XIONG H W, et al
Numerical study of impact of lateral pressure coeffi-
cient on decoupling charge blasting [J]. Blasting,

2019, 36(3): 65-75,89.

October 2021 | Engineering Blasting| Vol. 27, No. 5



