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Attenuation of blasting vibration in a railway tunnel
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Abstract: In order to deeply explore the propagation and attenuation law of column charge blasting stress waves or seismic
waves, and to improve the prediction model of the blasting peak vibration velocity, a theoretical study on the blasting peak
vibration velocity was carried out. First of all, based on the Heelan short-column charge theory, the concept of the equivalent
radius of action was introduced, and the attenuation equation for the blasting peak vibration velocity under the action of the
internal instantaneous excitation load was obtained. Then, the concepts of the equivalent action radius and equivalent blasting
load were applied to the theoretical derivation of the blasting peak vibration velocity. The attenuation laws of the blast-induced
vibration in cutting hole sections and non-cutting hole sections were studied, respectively. Finally, based on the dimensional
harmony theorem, the reliability and universality of the attenuation model were verified. Combined with an example of tunnel
blasting project, the attenuation laws of the blasting peak vibration velocities corresponding to different segments of detonators
and different types of blast holes were studied. The results show that the improved formula can well fit the peak velocities of
the above two types of blasting vibrations, which can accurately reflect the transmission law of the tunnel blasting vibration. In
addition, the expressions of the charge form of the improved formula under the conditions of spherical charge and columnar
charge were discussed, and the prediction effects of various fitting models were compared. The comparison results show that
using the equivalent radius of action as a fitting reference variable can comprehensively consider the influence of different
detonator positions and different blast hole types on the blasting vibration attenuation law. The reference variables of the
statistical data show that the fitting effect obtained by the improved formula is the best, which can provide a reference for

similar research of tunnel blasting vibration.

+ UFSEHEA: 2021-07-30; EEIEHEA: 2021-09-16
HLTR: HE H AR A(51878242); WL [ 4R34 (E2020404007)
F—1EE: PR (1964— ), B i, HZ, 1A J 0, srl@cumtb.edu.cn
BiEEE: 8 50191— ), 5, 54, zhaoyanlyp@163.com

085201-1


http://dx.doi.org/10.11883/bzycj-2021-0324
http://dx.doi.org/10.11883/bzycj-2021-0324
mailto:srl@cumtb.edu.cn
mailto:zhaoyanlyp@163.com

5 42 45 B8, 55 T AR BRI R SRR S s AT Y % 8 1

Keywords: blasting peak vibration velocity; attenuation equation; railway tunnel; Heelan short-column charge theory;

dimensional analysis; fitting effect

Wt 52 1 R it sl ) TR R R, TR S DM A, DR ST A AR, A B BRI B I
AN G M2 TR | SRR R A TR B AL A D 1 B TE AN Y 2 207 5, 5 A A
TR B2 % R AR SR 7 FE ARSI o DRI, I A 15 i B0 e 0 50 s Dl R A o ] 30 ) S0 ) 2 7
LAt AAEEE LY,

HA, B8R 22 AR A VA R 338 B M A8 AR | 25 5 RS 2 SRp S/ T [B] AT 37, e 8L
S K AR AL R 7 0 B AR Sl iy R AE ST I E T You S ] AR RAASEADL 2 B, F 51 B 53 T X
FERBSEAR 3 1% 166 (1 52 W) - B PR IR S A% 4 A 19 PRACER RO MY 2, BRI T S B0 ke St B o B R0
R B Fes e A, 5 B A7 AR 2 B4 IR AR S BB R P Rl 20 A U . R IE B A0 TR AT I ke 2
R R AIR B3R BE AR R, 45 AR SR IR )56 B 55 2 2 Y LU RS 2 (A7 AE M ARG &R . Qin A5
BRI =65 B IR A% U T2 05V T LA R4S il B A Mk IRl 1) BRI IR 3, il ik ANSYS/LS-DYNA #k
PEXS SIS R IEAT T BUE BN IIE . Tiang %60 AFE M BRIEIH T 58 T2, WF 7T Bk AR A 30 3 BT A <
EE BRI, 8 4 23 M A ) SR T I B D7 TR IR Sl R B 4 B 5, R AR O SR R E D AR TR
Rl 12 AT e AR TR 18 5 1 A AR 3 B 22 A B . L A1) il B 56 SR 23 A 1 053, W
Tl =S [ e TR T R AR S AL AR R 1A B e DAY AR BRR S R I T 2 Ak 3 S B T
PR B, b BUE TSR0, 1A ek T A i R B 250 5 2 A [ AT A R B 25 4 Y E /T
0.79 B, FRBER SBCRARIT o X2 W WA fe /S — e b B BEASTAL, Xof ok ot 0 41 3 15 5 AR AR iR 4 7
WEFE, PEARA 3 1 AR RSAIR 0 52 i DX B

L LTI, X AR IR S8 PR A 5 K 2 30 ek B S R (B A AU ) T AT, (LA o Al IR 3
8 BRI S AT AR A UL o ki s I Sl 28O 14 B AIF 5 T FR T A K 7 7 982 1) A it ML, A 2k 4 o A i 468 £ 14 .
AEBME L ASCh, B, AT FERRE R TR S0, 3T Heelan A 245 60 B8 (1435 20 J7 72 i A
ik, THE S ] T B T AR O I B0 ) T DA R AR 5 SR e A 4 0 A X AT I s R 20 Bl HE
FRBSAR S 0045 J7 R (4 PR 24 1 AR 3, X FEAN [RIU & 75 1 B P00 00CR

1 IBigoH

FR I it Tk B, R iR B0 B A DA ) =1 BRHIEERNRENZR AR
HIE ) S TG HE . A2 BRI L A T 1k Table 1 Prediction formulas of blasting
JT | M TE Hb T A% AR A s ), AN [R) TR AR T peak vibration velocity'*!
R B SEWHU A A2 52 WO Jy 4 0 1 o e
4 92 SRR 0 P A T 70 — o

H1 SCHK (147 AT 0. H AT, 38 % 38 5% 3E 5

S S USBM 80, 101 2 H1 0 0 (204 20 o e
T 1358 ] B 2 Langefors e Indian Institute of Standards Vi =K(Q/R)"
7 s T B 0 2 e Langefors, et a O

S 1 PRI LR B 220 A 5, Ghosh, et O e
FoP v R AR S (omes ), R AR Roy KO TR
LB (m), 0 W E K2 (ke) k. n. B @ Gupta, ctal e KR

FRMEZHL

Vb8 030, B U5 08 T R AR 2 0, JF R S e 2540 | BhiALP AR MR A B D7 X s
PR 2 e B A5 0 I Sl JBE A s g T Ay Ik, R R A 24 45 R Y S AT A, AS SCrb T ST G g p
BB 205 JEE 1) S ML, i e A 49 0 A AT R

085201-2



5 42 45 B8, 55 T AR BRI R SRR S s AT Y % 8 1

1.1 BRI

ER O I R T R 25 G A B R 7 3 B s, AT LUK AR 2 28 T Ak R R A 2 B p R e i A . 3
Tt Heelan 2538 o B 6 i 515 31 S A 23 s 7 I ST DAY 08 77 268 3 il s 37 A0 A 0k 80 114 i i 1)

WE 1 FR, BN R BRI 2K po /() YERTEL AL, 248 v, WA 25 1 N BE, WA #8375 R -

_rgpodL( G 2 >(9f(t—(L—L1)/D—R/cP)
= 4GCPR ! CPCOS 0 ot (1)
rEposinfcosOdL f (t—(L—L,)/D—R/cs)
us = (2)

2RGCS ot

A u, RS (P ) SR, ug A H
SYU1E (S W) TN, p, ALY IR RS R
T3, Aty 5 0 A7 AR OC R s ] bR R, ¢ SRR T
W], G A A BB PIBE, o g 4300 2R P I
S WAL REHEE, D AR P AL R RS, R My 4
OFE, Ly Ly 4350k LW THE B RBR, [0, L] Bk
N pCTE S (YRR VA ALY A

H P 1, A 2 AR KR U R AR I RS e,
A A . 3 )R

{u,:upsin0+uscosé?
U, = —UpCOS O+ ugsin@

R, 2)

P A s far 2

Fig. 1 The instantaneous load action of a short column

IR 2, W S A 28080 A 4 48 ) B2 v, 8 ]
v, 53R
v, =0u,/ot, v, = 0u, /0t 4
FH SCHR [19-20], S 3 A RER T DX 1Y) 35 30, T P I 7 o B 30T IX KRR A DX 349 Ay HL o B2 2 R 0 AR
SCH, DA 3 PR DX MR AR S AL R AL, S5 B P IS e 0 e A (T I 20
_ kipodL

P = &)
PCpR
Kb p WEABE, ke I EARE RE T4, H R 24605 62 0 i e (4 3 3 32y -
v= vads (6)
fig fL=X (6), AT #+
V= kz%% (7)
s by, AR E REL
Lbr R EA R, HEA @ B BEJEPEBT, 00 A Y S e B 20 s 0l R 1E Ry P,
_ "\ Po
v=k(%) o ®
K ks o AR E RE JALEE b IR Sl {2 S Y,
=t ©)
M= (8) At
i(3)" g

AP kA S AR A MR A IR

085201-3



B2 BT, A T A R T IR S L T A % 8 1

1.2 BHHE AN
A1 SCHR (211, X (10) 3E FHF AL o Bs I8 R TR b, AR H 2 4L 2 BOl g, ol nk i b
o ik, AR SO ok — Pl FH T R AR A 1) SRR D 1
12,1 F4F RAF
R I 7R 2 A 2 5, HR R BRF 3T 1980 5 A P R 2 SR A R X R DX RIS IR B0 X SEE PR il I 0 3
FEAEAL T3 IR 3 X, A0 T3 A DX 25 R R DA AL Ay st A, T 457 A9 e DX RTRBE AR DX v 11 25 1R 22 J A
JNE IR BB ™, A G ST A Ry AR, T LK Al s DX A i SR A R AT 2 A RV i S
FRIRZEZG 251 F, BB DX AR vy FIUBERE X AR 7y 43501 P

() )
ry = ((1’?;0)“)%@ (12)

e o o AN A AT B SRR SR B | Bl SRR, ol 22 1) ) 2% #FTEI’JEMWJ%LV?&E,
po FIBAWIGERE TR TT, B OAARAR SEBUR AL, B=(2-)/(1-w), poh AR L o B, B XA e 2l
AR 3~ 5 A, B XA A 2R 10~ 15 /7522

AN B L Z 1) (8 AR EL A P, 5 St FL A 4% T 3 DL VR — 1 L IR 2 Ji A~ JCBR A b 2 N
78 I 24 28 ) A T, R S B g 1) S5 28O T B A A 22 FLAR BRI R IX A B 2 2 AT Y o D
E‘L FE AL TR i FL R AR L A% A S L 3 i B A <A L A 2 R IR B A, R LR HOE 1 i

ZS AU SRR A B o XL, 5 Sy AR R A . P 2 D i LR 1) S5 A T R
ﬁlﬁlo

/,——\\
-

/——\

// Broken-zone boundary
Cutting hole / / g -~/ i Y~ |
I\ 4— / /r / A
i >0 R (0 0K
Crushed-area boundary ‘/ Nz \/ S &\/ | Equivalent action boundary

X

/ //"\\ N~ I~ / |
LSRR O A
v A N

2 FREfL AR
Fig. 2 The equivalent boundary of cutting hole blasting

122 FHFH
MR BESR A 2y 22 I CI BRI, AR5 R 2 I, SR ALBE B A0 I 2 IR0 p, A

_ pD?
Ty (13)
MORFRG R BN, M FLBE IR UG IR 2E TR R
_ pD* (d\T
P56 (Zb) (14)

085201-4



B2 BT, A T A R T IR S L T A % 8 1

HAFEG RBEBORT, A R IR 2 A R po=pe, po<peo TZIRITBLRHEOT, A
DECEF

3 4 p();pe 15

7= U= 5 p0<pe ( )
pD’ )v/y<da)2y -v)y

_ Ha 16

Po (2(y+1) a) P (16)

Kt p, WIELE R, y AYEL G REL, d,. d, 7 5IREAR 254G | AL AR, v WA SR S50 R 4K,
P FIEASARMIE S TT, WA 200 MPa.
BAA ML XTI 1) SRR 107 2K g BERR O FE R 7R A6 N
Pda = Po (%) (17)

L o WAFERIEREIE R TEMIEIX, =2+ p/(1 - p), FEREREIX, @=2-p/(1-p) -
% L AR B 221 AL ] IR 7 8 X 5 50 ML 17 280 140 2 W), 22 L ) I R A8 ) K Ay 28 iy DXL B mp Dy

n=n(9)2 (18)

P n AR B LA R
TR 2, AR BT IO ) 255 R W AT 20 -

r =2—p/ (1-p) r =2+ (1+4)
pd=npo(—) (*) (19)
Iy r

XL 3 L AR R AL (R 3), | |
A AT 4 AR P AL 0 2255 0 L Fauivalent elastic boundary
LT AE RGP L, SR04

;
Pa=2po-; (20)

e s AR AL RS
S8 n XM, 50 A F 8l 1
rq FRERLAE A 28 py AR 1y B po, AR BLAE 2

Blasting crater boundary

B 2L R FL A B AR R, T TR <
PR, K3 SERGL R
Zi LRIk, el i e R 06 1 iR 2 3R e U Fig. 3 The equivalent elastic boundary™”
TN
_ Pd
Vo = pTP
A e
iy

1.3 ERTH
R T EAER (21) AT AT, BN — ek, R A0 o A, #E T B T AR 0 06 (B AR Bl R A U
T
WERRERE B o YL o) BROHE R.CERILERIR £, B 8EREAR r VR0 52 i SR i 4R 30
ETEE/JIE—E‘HHI? FFHEH ¢ R, pﬁfj‘ﬂfﬂJ_ AT RN 53T
= (p,Cp,R,rd,E) (22)

085201-5



5 42 45 BT, A T A R T IR S L T A %8

s @, 28 (22) iTLLH 3 N TeE A E R

m=Y, m=l1, n3=2£ (23)
Cp P
M= (22) A RAFH N
Vo _y(E 1
;p_w<c§p’R) 24)
FR P AW A 2 B, Tl A5
v E \/ra\#
o —K<cgp) (%) 25)
FEXT R TR, W A B i . PSR R B | AR B o &, WIS (25) mT DARG 4R
v=K<%)w (26)

AP K AREESEL AT, 2 (26) 538 1) BA MR, BAE T AR 471k,
2 I 12

21 I#EE=E

PLsR el ki TRE rh bRl et TR A0 R A 1k BLARE 53 512 DK62+310, DK67+800, 221K 5 490 m,
T B R B Il S4B, MR B 8 T AR DX, B AR R 5 v ) s L NS, b S R b T B4
N, BRIEHZ A YE R RO R EH RN T L, SHUR E R Rz 1 oA L A+ &
At EEAWAMIME . WBCH . BERKTRE M2 LS FAHS 7 BRE 5 o BE A8 2R3 XU
SEWEAT R, T 2E X B G RS T o TR, 18] 4 R T 28 pE 38 T i P 1

RN S ER R Y AL
Fig.4 Topographic map of the underpass section of the tunnel

22 MBIAR

R 6 T 014 P A . MR A5, R P 4 T T 2 R e o, 5 RO IR Ry 2.8~3.6 mo [ 2 1
92 630 kg/m®, YU 258 4 500 m/s, HREE I IGH LR 3 600 m/s. MR TR 2825 A FLALKEZY, 1E
EE N 1 g/em®, 54 AN 32 mm, HIFLELAE R 40 mm. AR 0GB RO s 0 FL IR, BGIE FEL A

085201-6



5 42 45 BT, A T A R T IR S L T A % 8 4

3.5~4.5m. FAELEASFLAEZY N 2.7 ke, FHBIALASFLAEZY O 1.5~2.4 ke, IRAFLASFLAEEY H 2.1 ke, 4L
FAFLREZY O 1.2 kg, FENE T S A8, Bl S BAR 25 . SR T RO TR A R, T LUK ] 4%
B L By AR 8 I ], AR S AR RS0 7 A8 45 B 7 A8 A B AR 22 I [RD [R] B 422 10 S 50 ms % 8 R
FERA AR, BEEREA/NT 03 me HARZGEROLILE 2. [ 5 g b i W 1 1 £L A

®2 FEERBEKAERL
Table 2 Charges for tunnel blasting

AL J AL /m B J LA A 3P kg B R kg

AL 4.0 HI 16 2.7 432
Tl BhfL 3.5 H3 14 2.4 33.6
T BhAL 3.5 H5 17 1.8 30.6
L 35 H7 25 L5 37.5
HhL 35 HY 30 L5 45.0
JELAL 2.5 HIl 25 1.2 30.0
JEEARAL 2.5 HI13 2 2.1 42

it 129 224.1
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Fig. 5 The layout of the tunnel blast holes
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Fig. 6 Layout of the blasting vibration measurement points
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Table 3 Blasting peak vibration velocity and related parameters

PRV IR S/ (cm-s ™)

DY R FRO M /m FARGAL HhL JAafL JEARAL
H1 H3 H5 H7 H9 H11 H13
M5 27.58 1.99 1.04 1.22 1.29 1.58 0.84 0.38
M4 30.48 1.66 0.87 0.91 1.08 1.27 0.73 0.25
M3 1 36.89 1.54 0.72 0.46 0.89 1.23 0.62 0.20
M2 40.31 1.11 0.64 0.58 0.80 0.92 0.57 0.22
Ml 49.24 0.98 0.56 0.48 0.61 0.76 0.46 0.23
M5 20.39 2.33 1.20 1.61 1.68 1.95 1.25 0.70
M4 21.54 222 1.03 1.24 1.65 1.67 0.99 0.48
M3 2 25.26 2.01 0.97 1.15 1.50 2.02 1.14 0.44
M2 28.28 1.96 0.88 0.91 1.16 1.35 0.85 0.34
M1 36.48 1.55 0.89 0.80 1.12 1.28 0.69 0.26
M5 30.55 1.86 0.85 1.14 1.15 1.35 0.65 0.27
M4 36.22 1.53 0.71 0.90 0.97 1.16 0.59 0.18
M3 3 42.16 1.46 0.67 0.65 0.84 1.01 0.46 0.16
M2 50.32 1.20 0.50 0.72 0.70 0.83 0.38 0.13
M1 57.84 0.92 0.45 0.63 0.64 0.74 0.33 0.12
M5 25.01 2.02 0.98 1.19 1.24 1.45 0.68 0.30
M4 31.33 1.62 0.86 1.18 1.12 1.32 0.63 0.27
M3 4 38.54 1.49 0.71 0.93 0.93 1.09 0.51 0.18
M2 41.66 1.30 0.69 0.86 0.88 1.02 0.42 0.15
Ml 47.20 1.20 0.60 0.75 0.69 0.87 0.39 0.14
M5 29.02 1.92 0.90 1.15 1.18 1.41 0.62 0.26
M4 33.45 1.70 0.81 1.05 1.06 1.25 0.59 0.23
M3 5 38.04 1.52 0.73 0.93 0.94 1.11 0.50 0.17
M2 45.55 1.31 0.59 0.82 0.80 0.95 0.39 0.14
Ml 50.03 1.17 0.56 0.75 0.73 0.83 0.32 0.10
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ANTR) B 175 e A AR i 20 JEE R 3 (21) OB 8O R, ARSC R B2 BT 0.8202, I Bl ik 24
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Table 4 Fitting effects of equation (21) for the blasting peak vibration velocity

JuFLETY B AT R ZRE?
FiRFL Hi Via=30.205(r/R)"*** 0.942
H3 YV =10.755(r/R)™** 0.844
HS Via=13.401(r/R)"* 0.819
LETIER
H7 Vpa=11.764(r/R)* 0.947
HY Vi =10.692(r/R)**! 0.922
L HIl Vi =0.876(r/ R)" 1> 0.940
JEAAL HI3 V=3 T21(r/R)"* 0.907

P PET 8 T, R ) 288 2R A L 0F 7 ) 0L % 50 o 38 S T LA ph A ) 5 R s, nBefiz 3.5, 7, 9 A
ZEL S P B8 L X O ) B S G L 4 0 3k 52 5 A A T S A Bl BEAT RS IS R AR, ARG R B 7
0.875. X Ui, KA IR B AL A iR Bl B2 8 — AT H G 0 A T AT B9, SR AN AT LAY 27 38 5 s
A, i LA A5 B AT G TR AR R Sh sl . 28 ERTIR, SIASERUE AR r AR LS 8 5, AL
YRS T AN () B0 7 T AL 11 48 A D (LIRS, 10 L3 7 AN () 21 2R e L XS 7 1 A B 41 3k 8 P 4005
5T o

085201-10



4%

BT, A T A R T IR S L T A

o 8 44

1.0 > » Cutting hole, H1
> ® Auxiliary hole, H3
= + |
’1;:%.9912)( 3408 o gy v v ® Auxiliary hole, HS
0.5 T PP q vA Y A Auxiliary hole, H7
) .t Y=0.916X+2.287 v Auxiliary hole, H9
’t #0875 A.w . * @ Peripheral hole, H11
o ¥ [ DS @ Bottom plate hole, H13
= -;: v - X=In(r/R)
v . FA0(v,)
" ost l.? ? ® P 2 ¢
' = ° *9 ,
] - S Lo
u 4 o
-1.0} P 2ad
e e - Ve1354x41 314
Y=1.124X+1.928 ot - ’
12=0.940 e P=0907
-1.5F ’ * 9
*
1 1 1 ,.‘ bl 1 1
-3.6 -3.2 -2.8 2.4 -2.0 -1.6 -1.2
X

K8 HRBAEEIR S BRI (21) MU R

Fig. 8 Fitting curves of equation (21) for the blasting peak vibration velocity
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Table 5 Fitting effects of the blasting peak vibration velocity
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