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Abstract: On the premise of a good crushing effect, reducing the rock mass vibration above the bottom of the upward fan-
shaped deep hole by reducing the peak pressure of the shock wave at the bottom of the hole is an effective measure to protect
the superstructure. To determine the reasonable length of the air column at the bottom of the hole, the influence of air column
length on the impact pressure of the hole wall without consideration of air column coupling is studied by combining the
theoretical analysis with the field model blast experiment. Based on the theories of one-dimensional unsteady hydrodynamics
and theoretical detonation physics, the action process and propagation law of the shock wave in the blast hole in different
stages after the explosion of the bottom air interval cylindrical charge column are discussed. Considering the reflection and
transmission of shock waves at different media interfaces, the parameters of the shock wave propagating in different directions,
the initial shock pressure, and the action time of the hole wall pressure in each stage are analyzed. Thus, the calculation formula

and variation curves of the pressure on the hole wall in each stage are obtained. Six groups of twelve cylindrical thick wall
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concrete models of different sizes were designed and made, and the bottom air interval blasting model experiments were
carried out to verify the above results. The air column lengths were 200, 400, 600, 800, 1 000 and 1 200 mm. During the
blasting process, an ultra-high-speed multi-channel dynamic strain testing system was used to monitor the hole wall impact
pressure. The monitoring data are then analyzed, and the theoretical results are verified. Finally, the variation curves of the
peak pressures with the axial uncoupling factor and the variation curves of hole wall impact pressure with time and
measurement point under different uncoupling factors are obtained. Based on the dynamic compressive strength of rock,
reasonable length ranges of bottom axial air interval suitable for soft, medium, and hard rocks are determined. A field industrial
blasting experiment was carried out with the air interval at the hole bottom to verify the rationality of the conclusion. The roof
forming and the blasting pile size after the blast are observed and analyzed by photography. The research results show that the
existence of air interval significantly increases the action time of the impact pressure. The peak value of the impact pressure
decreases obviously. When the uncoupling factor is 1.5 and the length of the air column is 200 mm, the attenuation ratio of the
peak pressure at the hole bottom is 73.4%; when the uncoupling factor is 4 and the length of the air column is 1.2 m, the
attenuation ratio of the peak pressure at the hole bottom reaches 96.7%. When the air interval is greater than 60 cm, an area
with low pressure appears at the bottom of the blast hole. A reasonable bottom air interval length can not only ensure good
blasting fragmentation but also reduce blasting vibration by reducing the peak pressure at the hole bottom, thus protecting the
stope roof and other protected objects.

Keywords: bottom air gap; axial uncoupling charge; air interval charge blasting; impact pressure

Wl MR IR B ) T IEAR 2, NSRBI . T2 IBAIR A | SR FHAR 1] RVl i) AN R 45 2 24 [0 o o 98¢
WEAF TR T3 55 o FE 3T R b 1a) B AR DR ALK T, D DR FLIBE A T 1] £ AR HC A PRI 0 5, LS 23 <
R AN 45 2 2 R B A Wi/ IR B B AT BT VR 22— o AR, A AL =S AT BR A, e WP e AL 28 <
AN 5 2 245 IR gl 1) S R 5 DRSO FLE w1 T S AR L

FEBLIE 73 A« RCEASE SR B 37 X 8 25 T 1, 2 ATD x2S A TR] B S R 2 2 AT T AR R
Melniokov 5512 i i, 1523 R B 25 25 14, 23 UR BIAFAE BEA R ARM FLALBE RGP 2 1 g, S84 5540
FLALBE 8V I 1), s T 70 AL 1)L o3 A5 5544 50, BRSO, LU i S5 5 2 2 I S A, A7 28 B 1 24
I 3 DXL BB AR IR, v 17 K 2 BB R 9 A5 M T Fourney 455, Moxon 21, Chakraborty %5 Fl
Jhanwar S TEABFFE T 23 I i 2 24 FR 0 1) S LA, i 14 7 2 W Rl e 25 25 4 2 1 T A/ ML £LBE 1
18972 s 7 R SR AR TR 2 25 07 3R, B R ok Jm 8 AR A N R S A, 25 SR A e A ik
K M R AR 62 R 9 N, I3 BRI R 1 A I I U R — 2P IR 5 S ST T AN
R BRI, HES T AL ARG R 2 A TR S R AL AU AL, DA ASHE 5 2 25 RE /Mg X
Pl A DLl T R e PR e s REDIR A5 A AT SR B e, 7B 1 2 A B e 24 0 AL N — AN 2 i )
AAEAR A Sk FLIR I RO 72, A5 2 7 & Bl SR LBl SR04 S 1m0 R o 0
(ELYR 2l 32 J52 R0 24 Al 1) AN B DR R S 2R 3, LR ] P it 3 I, B 2 SO L A3, ol g e
(B 7 BAIR, e B A B PAIG; Lou 2510 SR A Starfield % i, IF5% il i 23 A 1 B 206 24 4544 25 144 T 1 L
BEN 3 734, IF ARG XS L, 74 21 173 25 Beg ik i J 0 2 A LAEE s sk AR e A T M2
L IBW A B BEIR Az gl B, MR 1 FLBE R B TR SRS Y 5 A7 ] SR A5 U121 Sx By (1] e 2 245 1 T 4
FLIY T3 0 A b AT 1 BUE RN, AR 2] AN 25185 SR e AR i iR BE AR RN A N, AR = R
B AN [ R RBCSICR 2 2 SR B R N5 R L BROR I RE 5 1t R 2 AR T pl /N s ) AR
KAy, 25 S IR) b E AT 2 oh R IS T, BE (ML AL A A 24 BB R A B 505 AR B ARVl BEE 2 A A B
Gkt A, WEFE T LIRS 1) AN R 52 24 45 A0 0 R A ) A3

AT, SRR LIRS AT B AN A 75 25 24 Y L BE o o J5 0 AT BB T 5T, 5 7E S g s A I 35 T
T (4 JERE (5 6T, -y BRSSO B o o T 7, BRAR LR 28 AN & 2 25 B AL BE nh ok JR 77 i A2 A AL
T, FHOR A 2 G PR SIS AR 18] i 23 R JEE

065201-2



%43 % PRI, 25 FLIK IR 25 FLBE whaty F D R % 6 3

| AR o shety PIRE S

1.1 R ER R STIE S
YEZGAE ML LN R A R HE TS, b U 9 A% 1
I REZSIB B[R A B, whdi PN —Fh A Btk A t
— P BT, R e B B R T P R A S R
H & BTN o e R A TR 1, i 12
WA A 2: 2 p,D,<p,D, i, KT Ry bty
U5 4 p,D, > p,D, W, R R Rl 5105 5 A A [ 1
I, SREBIG . DR SR o
S350 10 1 20, KE 245 41 55 o o e R U A 0 | x
FORAE R 11, KB E K250 BOIRZES O 12, i3 B RSB &
S Y S 2SR BOIRASS 21, A 1 RTR Fig. 1 Wave system diagram of reflected rarefaction waves
AN vt Dy R BN IR A B A EE, fyobid
DB U0 I T ) S B N By SR, AT,

21

{plODozpn(Do_”ll) (1)

P1 = proDottyg
K p MES, u AN FEE
i = (1), W7
o (=P e
Pl-Plo(l 0 >D0 (2)

e Dy Sy it P8 e ThT AR SR
454 Hugoniot 77 12, #F— 25159 90 4h v o I % I e 1 2k
_ aipio
1=b,(1-pi/p11)
Kay by NAET 1 bl 4 2505 8, i il AS DO 11 el 0 .
FEC(3) ATSRAS DB 11 A it e g, 24 b gl 15 A0 o SR T Ak, T AR ke S S s e 0 e T ) I S
KRFR, SRIPHELG A avh iy ik, AR SR TR 28 2R P A5 25 A ot o v e e B TR A 5 OC 3%
L2440 0P A L I I A T S 7 DX BT I Sl R ey, B TR S O XU B B s,
i 8 D 8 I T i DX i S RS SR KR, T A

v/ dp\ 12
Uy — Uy = jv” (_difj) dv 4)
S5 VE LGV UM DG I SR 0C 2, T — 20 RAS M B D5 117 J T T PR DG R

Vip—V a’ v vi2 v
P12 = P €Xp (_710712 - > + Tl exp (‘710*12) j O(v)exp (7 ) dv
v v Vio Vi Vio

10 10

P 3)

(%)
0) = (Yio—b)(A-v/viy) -1
[1-5,(1 —V/Vlo)]3
Ky MVEZY A0 % Griineisen I,
IR A G T B, AR ME, B LR F Murnaghan S50 2 2T (R R g0
Pra= Pu— aipty [1 _(Plz/Pn)%'il] {1 +bi (1-pio/pi1) [1 =70(1 _pIO/pll)} } 6)

@b, =Dy [1=b, (1= pio/pi)] "

065201-3



%43 % PRI, 25 FLIK IR 25 FLBE whaty F D R % 6 3

AR5 it i Hugoniot J5 2, XF 25 A BT, whli i /5 51 5 IRESH R 051008
_ Pa _7’031(,11/1’0

- 7

P T =) 2 2
Px21 — Y20020€k 21

=P : 8

P A (= pad o)yl 2 ®

) = <1 - @> Pa ©)
P21/ P2

s e Mlen 30 A i 12 Hhiz s AR N RE
il g 2 505X (9), AR rhily YAt 5 s sy e, A5 A A B A el g
P21 = P20 (ay —byty)) uy (10)
s ay Fl by 28 A BT s He 4 28 50 280
254550 (8)~ (10) Fr BT S i i 2 25, ISR & SO E T T2 b i i e g
1.2 57 EmiER
i P AE AL TP AL R I, A4 2 AL e 5 23 RO T AP G e M £ L AL Y 328 55 b D, 2 AL 1Y S 0
T RS I 1) R B B4 B A8
a2 frs, whifi e S 1A A R, S5 FUBET T B Ak, HOBET L R XG0 1,2, KB RS S
TN pe=0. po=0 Fl ug=0, X3 2 535K p,. p, Rl u,, SALBE RS, T SUSUHE R, X 3 RS S
BN pys oy Bl uye PR S RO R 2351306 2 p-u 2N
Lo . U= 3 P—Po
‘ po NA+y)p+y=Dpo
_ (11)
LY u=u - 2 P—h
! " NTEp+=Dp
A T ALBEAS K A a8 3, WSS oh i B BG4 w,=0. WAL 3 Fiom, e Mg LY 1 nT LAAS 2 5 5 0% e
BIE ST p,, [ A S i PR T FLBE R R T o

' P
P23
J Lo
LY
2
Po 1
o X o u
2 e LR S A AR I P 3 b B LRE R R - G R
Fig.2 Wave system diagram of a shock wave Fig. 3 The relationship between pressure and speed
reflected by a hole wall of a shock wave reflected by a hole wall

SR, NSl S P E X 2 IS AE TR LY I, Bl u=py(p,). R4 Hugoniot J5 2, A 45 i
I A fLRE RS R T py:

3y—1Ip y-1
P2 _ 1+yp0_11+y (12)
I+ po

065201-4



%43 % PRI, 25 FLIK IR 25 FLBE whaty F D R %6

2 KBRS

2.1 BIEREE
MALUIR R — o 2 ] aI B, AL A& TUT SRR AR, LI AR G IR
L.+1,

k
L.

(13)

e [ R RIE, [ oA TR,

R AE Je MO AL AP 3 2R AN 1] 4 Jr s, FLad s ml ok o« R LR A 7 3, MEZAAE A0 4 A MIBE A
x (R KRR, PR A ZEAT BRI AT I o ZEA iy A 25 1K 2 Bl e A B R S i S e v
BT 2z, Cx,) 1) ZE M FLRGIZ By, 2SR B0 0 15 6 U0 R (x,) 10 A5 38 3, 3k BE B ) Ay 15 2247 375 559 ook 0 368 5
AL, TE U T vy (e,t), B AT Wi BTG 2,000) WA 3, ELBINELGHFESERE, BTk A C I, e filkE
24-YE IR B, XN 2 A A RS, G S el I R 2 0c,r) AR 1) FLIE 2B s B It rh R AL,
S5 b i WO G ZE MY BE 7, (0 3B 3l X BES TR  ¢,0 1 FARSCH RS M FL AL BER) B i T ) 9728 4k
MU, TR AL A B I R 28 SRR BE I, T ANy Bt i i ke AN 2 5 AL N B9 i SR AT, AN 2 4 £L
R R T2 TR R 26, PR T O oh it 02 7o Ce,) O 0 o S SR 1 2 S DX ) 5 e
dr, S P B SR shi P E B FURRE R T R e 250 (— R RE B A AL AL A RE RO B
N TR R, o bl AT . RS AR, AN TE B AL R W R, E A AT ST AL N K 2 AR A
7R el I ) — A R B A AR o i BB T L A B SRR A R RO R IS
¥ b A R H R AR LR SRR T R R AR SR A5 FI T s g, R8N b
Feoe,t) 5 R TRAG UL Ry (x,), — WA b it 05 M B S S8 0 o iy P AR 3 Wy b = R A S A s i
S5 b BT B L 2y(x,0) 1B 3

t

t Blast shock wave
Reflected rarefaction wave

4 Reflected shock wave

Double refraction shock wave

Reflected compression waves

P4 FLIR NI BRhe 25 £L PR oty e A 0 2R PR

Fig. 4 Wave system diagram of blasting shock wave in the interval charging hole

2.2 BFLAYVKE FR
X 245 v ) A5 AL 4% B 58 — 2 ol B, R 2 TR KE SE BRI BRI ¢, PR GRS B A D, whiti ik
WEHT NG I 32 S8 53R g Fu, o BIR, A

tl = (14)
D
ISR b ) SECE X (4), 43T b i e )
a’pe
Pi (15)

T 1-b(1-p./p)
Kol a, b H S A FLKEZ A TR Griineisen 350, p, 9 — 5 4 AT LI KEZ ORI A, ol o %
S5l YAt 505 IR DR A R

065201-5



543 4 PRI, 25 FLIK IR 25 FLBE whaty F D R %6

TE ¢, B, s K E K 25 35 S W B R A R RLE S . B SR S RS AL e, AES S
LN IERT; RO vh i R AT = (12) SRA5% .
HR A5 v B (R B e Sy, 7T
l,—x

h="7 (16)

ZEAT i P R R K 24 -2 ST 9 3 B o e g e el e /N, WU R A 2 A T
ey e T

a’pe
ZEAT o AR 73 K2 S A S R DR R 2 R s U B 2 B, 22 SR SRR,
S ZE SRR IR 1 T IR (6) SR A
@l [1=(o/p)" T {14+ =pi/p) [1 =y (1 =pi/ )] }

Ps3 (17)

: 18
Pa=Ds @b—Dp.[1-b(1-pi/p)]"" "
ﬁqj:paﬂgziﬁﬂ/ﬂ%ﬂ‘}go
Xt 375 B s t, FLBE ARREDRE B 55 M 24 P o s i L s A, 2 RO B ) R A A B0,
0.98" (p. Ws/ Wr) Bd?
. -
1

Kb B R LB R, o b w0 L, W o TNT KEZG 1 FL AR 3R, s okiRos AL AL KE 25 1 L gk
H, d NIE B B, d, HBRXEZG RO IR B
ps ZoAUIE RS 7 A 1) b i e B TR, T R =X (12) SRR
H AL B R AR 5 22 R AN B I Rz dh )i, Bl A 7E— S Fe g 1A
L.\
pf:pa( ) (20)

l.+1,
A pe AR ZAFIIETT, p, ARG KE IS 7 A B A6 TR .
W5 AR R T Y, 5 DL A S v AN [T B ) SR I R TSR AR A S &, T DL TR
T MR AR S A S I 1 T, R A B30 RL s T 2k
T LA b o3 BT RIS 20 & B B i i S5 07 o 255 R RN, M AL (BR 3 ZE B ) 1 FL el 1) 45 R 9 X0 23
TSR R, AR RS S AT, TR 23 S R] B s i 1) AN 5 2 2 R R AL AL E S D 4 v
J& 77 Benpds 2, aniEl 5~6 s .

7
6 -
6 -
5 -
g g S5t
© 4t €
= o 4+
ES ES
2 3 2
O o 3
g, g8,
~ ~
1+ b
s of
1 1 1 1 1 1 1 1 1 1 1 1 1 1
=50 0 50 100 150 200 250 300 350 0 2 4 6 8 10 12 14
Time/ps Measuring point serial number
P 5 R Rl ) Al Y B 2 Pl 6 He 7Bl S A e 22
Fig. 5 Theoretical curves of pressure versus time Fig. 6 Theoretical curves of pressure versus measuring point

065201-6



543 4 REIGEI, 45 FLIFC A b 25 FLBE whifi I D1 %6

p &1 S O], KE 248 E IS FLRE R ) A8 S I ) PN s B0 B — AN 0, I PR el D R A S R0 T T G
W Y25 BRI, BB 3L E RS ks I 5 LIRS R SRR B 0 ™ A 2 I, B A AN s Y A 1R
KRR, i ik e ) BA LRI O 4 ARG, T 20 AN T R S0 Fe 0 9 2, e i A 25t 8
B AN

r L 6 mIAL, PRUKE 24 68 1615, I DAL RE R Ui T Ty B30, 4 s o 8 O A 24 Br itk A2 U2 B, o IR
TR TG R, 23 SR MK TR DR I T Y A=1.5 RIS SR 200 mm BF, (R E 1308 T 70.9%; 24
k=4 B2 SR EE R 1200 mm B, WAE R 7 5508 T 98.4%.

3 RENAIE

R A E R R L, A B I 25 S B A BT RS R BG o SR FH B AR N ) Ry AR I
AR, 3 19050 7 TR R - TS [ £ FLBE A 15 PR B A8, i Blast-Ultra i3 22 16 sh S R AR A R 4, W
T I 8 2 /= I 24 2 A5 AU AR K I 190 45 FLUBE U o5 o TR 7, 5 B 45 SR B AH EIEE .

31 &%

R R G B AR IR | RTINS R S ke B AR Bl . AR LR S AR b, RS A R BELI AR T
IO A fi R T SR AT AR R A B s SR AR 40 H g A8 TR R #8441 6 S ML, i 43 B
H TD View 34 5¢ i, &l 7~8 FiR .

Blast-ultra multichannel

impact tester PC

USB
transmission
line

Bridge
box

Detonator

Strain brick

K7 shasinfs &8 HEHRL
Fig. 7 Dynamic testing flow chart Fig. 8 The experimental system

32 #EF

T A ) 5 A AR A R BE 4
LA, ARG RS 3 emx3 cmx6 cm, #48}
Sy 42.5 38 ik PR R K Ve S TR AR VD, ot I L
KK : YD 7K=0.8 1 1.0 : 0.5, v as Bk
B, BRI E % BT RE 4 TORG IU , LAUsE/ )N 5t
BERH 7, I Sk F i 0], i/ B [ i) ) o UK T
SR R THIZ 5514, AR, IR
LGIILTT . BlE, By (k8% o AR TR I &R
O3TE Z A A0 ACHT I 2 B 80 2 SO A%
R TOK S, T A R, R 220 kK
WIARE ] o HIVER 286 5, IR ATARLr (Y
L7 it N7 L TR AR R, T UR GRS AY, ] 9~ O R
10 Fﬁ TNo Fig. 9 Strain gauge connection

065201-7



ERRE REIGEI, 45 FLIFC A b 25 FLBE whifi I D1 %6

F 10 AL R AE R
Fig. 10 Formed strain bricks

TR E T AR R L L 5 R AR AR R . P92 ELR ] B4R 40 mm 19 PVC HEZKAE, B8 SR 5 Wi A
F, 3T 12~ 14 h JriH); SMEER FHH AR 200 mmif) PVC HEK A, 24~36 h PREIBN AT, SR, W08 78 iR ¥
18~22 °C FIIREE 95% IS T, #2428 do BRI IEARIZEE SN 100 mm, b #BEEZE4 B2y 200 mm, [ 48 %
P AR e BE T A%, ] 11~ 12 IR o

Upper
blockage

Strain brick spacing

= Blockage

= Model

o Strain brick
o Tipping point
[ Air layer

Model
height

Bottom
thickness
- \ 2200 mm
Pl 11 JSERE[B T AR P12 ARG A E
Fig. 11 Thick wall cylinders Fig. 12 Distribution of strain bricks

33 TEMBIES
33.1 A2

O 725 it ) it VR R AR PN S HE A, AEBE SR S K 2 S I I S, Wl R AR M AR
B A S2~S13, JESHR I B B AT S14~S16, 4t 16 4~

IR R 2 24, ISR 28 SR BR e 25 254, LA B2 4301 oy 200, 400, 600, 800, 1 000 F1 1200 mm,
AR 024 25 G5 R AT P OCRE, 38 12 e SRATBR R I N b — R 8 U i, 048 T %, R K
FE A 300 mm, AS [RIASHR A AR A B ST L6 1. ik i b sk e 4w N T S BB X 104 (R T 24k T
PR EE VT B B A 7 88 R T3 1, 35X 1 ) 268 328 12 R B 4P e it an 151 13 i

065201-8



ERRE REIGEI, 45 FLIFC A b 25 FLBE whifi I D1

% 6 44

F1 FRETESEYEEER

Table1 Model dimensions with different uncoupling factors

ARG H %K ALK B /m 5 ] BE/mm
15 0.8 50
2.0 1.0 67
2.5 1.2 83
3.0 14 100
35 L6 117
4.0 1.8 133
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Table 2 The results of the bottom air interval

charge blasting experiments

W BEAREINE ASHERE/mm fERJ)/GPa
1 15 200 5.467
2 15 200 5.481
3 2.0 400 5352
4 2.0 400 5.605
5 2.5 600 5396
6 2.5 600 5.421
7 3.0 800 5.253
8 3.0 800 5.085
9 3.5 1000 5335

10 35 1000 5278
11 4.0 1200 5.285
12 4.0 1200 5.475
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Table 3 Pressure at each measuring point in experiment 1

RS FEALERE/mm VA 2 /s V(¥ J1/GPa
S1 600 101 5.467
S2 550 92 5.327
S3 500 78 5.221
S4 450 65 5.331
S5 400 51 5.467
S6 350 41 5.336
S7 300 29 5.197
S8 250 15 5.016
S9 200 2 4.232
S10 150 20 3311
S11 100 38 2.575
S12 50 78 1.936
S13 0 70 1.553
S14 0 81 1.449
S15 0 73 1.554
S16 0 79 1.451
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Fig. 15 Maximum peak pressure curve in the blast hole
with different uncoupling factors
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Fig. 16 Peak pressure curves with time at the same measuring point

Peak pressure/GPa

0 2 4 6 8 10 12 14 16 18

Measuring point serial number

17 S [RI S A (T g 26

Fig. 17 Peak pressure curves at different measuring points
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Table 4 Reasonable axial bottom air gap lengths for different rocks

HA PAHIHT SR /MPa BhASPUEREE/MPa 25 KK /mm G AL

L/es <20 <400 400~600 2.0~2.5
ER 0Py 20~40 400~800 200~400 1.5~2.0

T >40 >800 <200 <15

4 IGUFIRIE

g KB B PR 15451 00 15 B, 465 2 9 T 54 T 5L I W 25 3
B0, AR R, e B BRI PTG M5 SRR 40 om (0825 J7 =LA T4 25080k JF
X H B 24 P T 5 R BRS0BS54 S B0 2% 5.
S RRAR AP 18 T, AL A2 2R 0P 1920 B /%, RARI 44 FE 21 .
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Table 5 Parameters of the field experiment

A AR/ (kgm”) Bl Kihikg  Sihtke  fLBC fLAR/mm BALB/mM SCEZIKEE/Mm SIEZEKEE/m

IrBizE 0.54 79.6 672.5 42 60 298.4 214.4 84

(a) Initial (b) Inflatable

(c) In blast hole

K18 == nlfmas
Fig. 18 Photos of air spacer

Rock drilling
Fan shaped \ roadway
blast hole A\ Ore body
R boundary

]

]
/ ,/ Ore drawing
W // roadway

19 JEfLAE
Fig. 19 Blast hole layout

L — Air compartment

—

L — Detonating charge

Powdery emulsion

explosive .
P Foot line

Orifice blockage

K20 HfLae2hshtl
Fig. 20 Blast hole charging structure
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Fig. 21 Segmented initiation network of ordinary detonating tube
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Fig. 22 The roof without bottom air interval charging
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Fig. 23  The roof and blasting pile with bottom air interval charging
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