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Forced vibration analysis of rock mass under millisecond delay blasting
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Abstract: The frequency spectrum analysis of blasting vibration is the basis of blasting vibration control. Based on the blasting
vibration data of the dam foundation blasting excavation of Baihetan hydropower station, the frequency spectrum analysis is
carried out by means of MATLAB. Under the action of delayed blasting of the same segment, the data at both sides of the
detonation zone are processed by the prony-reference complex exponential method. The results show that the vibration
frequencies are two sets of resonant frequencies, and the vibration of rock mass is a forced one. The two groups of resonant
frequencies are not equal. Through numerical simulation and analysis, it is found that the resonant frequency is shifted due to
the Doppler effect which is generated by the relative motion of the seismic source. On the contrary, the data processing results
also verify the feasibility of using the modal identification method to accurately calculate the resonance frequency of blasting
vibration in the case of Doppler effect. Based on this, the vibration frequency of delayed detonation is used as the fundamental
one, and then the frequency shift generated by the Doppler effect is used to achieve the directional frequency alteration and
vibration control around explosive sources.
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Fig. 2 Site layout of smooth blasting tests
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Fig. 3 Layout of monitoring points and detonating network of smooth blasting test
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Table 1 Blasting parameters of smooth blasting tests

Lz LR ZiBEA U Bild EEK
/mm /m /mm /m /kg FE/m
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Fig. 4 Measured waveforms of smooth blasting tests
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Table 2 Data processing results of smooth blasting tests

x J7 1) v J7 z J7 1)

2-5 2-5 2-5
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— 17.4 16.2

24.9 24.4 23.9
324 31.9 31.9
40.3 40.5 40.1
48.0 48.4 48.5
55.6 56.0 56.2
63.5 648 646 64.0 635 640 644 643 0644
70.2 717 71.1 71.7 7377 725 724 72.6 2.7
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o122

8.1
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48.4
55.9

1-5
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48.6
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40.0
47.9
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Fig. 6 Amplitude spectra of point No. 1

FTEL,  JE 18 RIS YU B 7 iRE F A% Gk I8 1
JiiE, HTR R EIRER42) N8 Hz B f%, R
I AAAE [ 58 JA) A SR RO I R 2 T 32l
PRzl [RINEBEHT, B RI IT7EAT LU #f R A
AP IE IS BRI T T S A S B IR BN IS R AT
2.3 EVEREBIETRMENIEL S

X S AL SE I R BB IR (LR AT, SR UERA
FEAH S ERUE 5] PR SE B SR I (18] (8] R A el i 00,
IR BN AR AL AF (5] R 1/ AR I e 2 A7 — > B S PR DB
X SE AN 3R 2 BB IR Bl (1) SRS 1) )

X T H BUR B IR S, SR SL RSB
w4, (£) P18 B A 4 g

i,(f) =] u,@e"dr (1)

Ao, i, DHEEAGL. X (D TS A

a,()ou,@) - )
P T LI A0 S s AL A B s, B

N N

i, ()2 u, )

n=1 n=l1 (3)

i, (e su, -t .
W 2 BB SRS U Rk A

VN=2pa (e @

F 2 BB R B PRATUISRAEE - IRBEA21 p

i TR, VAT HLFLEN ) 21 B 5
W% Gr=rs h=h) » JFECEFTH LI R — 5
(gu=q) » MFTEHOFL A R e 7 ey —
B (), BELMEM AR (), WL (4) AL
LAEpr

PN =A™ (5)

B BRSOV BARRE (ToiRZE) , AHARE M
FLII T I 8] (] RR AR [F) 9 A, Bl =(n—1) At , JZ0(5)



% 2 3]

WRat e, & A0 AEmRRRS R AR A 1R i S2 a8 IR sh o B 401

—-j2nfNAT

()= Wﬂz€w“ «ﬂ——ﬁmro@

4 % BARBARNI v(e) S Ky, HThoitms
FEA P =V (] 11, W2 BIERIRS V(1) K
Nty =t +(N-DA7r, HIEREREN

—janNAr |?
PO =P 11y = RN | @8 ()
S
B 1—cos(2nfNAT)
PU= U oo gy /8 = ®
Gt = A,
sin*(nfNAT)
PUN=RN a8 = O
Aaﬁ_m“wmﬂ,ﬁanﬁ@M%mm%

sin’(nf At)
W, KB T A R A, AR A,
Hf=n/At (ne Z")iF, BRES(f) BEIRAE. Fikii
B, 5 AH AR LR L ) 2 I TR [RIBE A R A, T8
LA BN R BAR S A B0 1/ A BRI — AW &
FRIUEE 1 o

3 ZEHMHNIIERBEEIRNIEIRN

KW
3.1 EX"T M SRS

T AR L AT ST A B AN, e
BT PR X N BE = B R S W B T L, T =Bl
JER I RV AR VSR 70 5

FH R 70 A wJ”J BT =B g, FredR
BRI = B HEAT AR o 5 S 06 3NN R A S i ds
BEAT B R AR S, O SN A S R
M FINex TV 70 79 v+ 5 H A I 5 55 200 25050 ELAH 9% B
., RIGTEMATLABH FIE 15 80E AT IR A . H L
1.5 mib il o852 . BLURT mAe O 5
R gl A SR RS B AN B T s

1000~ oa o ' 2o o o1 °
ftrraacecrct e{%o
BIigE B g 7l

wf P08 R L LA

L3P I | 88 & k I ST BT TR
& 12 S I I I k 18 8 2 R
& o00l o MR 1o
= i 1 HE I T O O
= Pl oanE e g
850 (| R EO T S U
W8 e RS "s*e° B IRE I
sool__ | | R N S R N S B
0 83 16.6 249 33.2 41.5 49.8 58.1 66.4 74.7 83.0 91.3 99.6 107.9
i /Mz

777 M RRRSE
Fig. 7 Stabilization of point No. 7

METHETCLE 1, 740 P9I s 27 1) R B A 2
45 21883 Hz B .

AR 2 S R, AL TR A . "2
A SIS AR R RER AR N8 Hz K BH s, o T8
X 55 = B A 45 DU B 2 1) 1477 LB 0 545 81 PR S R Ao
21883 HzMHEHUfE, KT8 HzMBEgfs. X2 RN
Bt M FLN A ) A AR R, ol 2RI A2 5 1 TR X
0T O 1 o1 P 1 e 1 e b 2 774
MW FET 1), PRk, o TR A2 A R 5 A
AR IZ B A T 2 5 8, AT 580 T BRI
M IRITE ) WA o

Xf b R AT 2w T, AREE AR
HH PR 7S I8 A 58 SR AR AR R I8 P A AR D 240 4000
m/s, FHARTE R 2 A (P HPE B 2.4 m, R IX N
L. 2R S 5 2 TR (R BE B A5 m, W3R,
FIt LA 15 2141 20 75 A0 48 P9 BRI 2 (8] 4% 31X B 7] 24 0.6
ms, FEI A2 B AL AR 6] 9 1.25 ms, 75 & (1 E IR B
AR 22, A SN T B mT LAAS HEMIS S FE I 75 /85 (1) 4iE
RN (A MR 29 °9123.6 ms (A3 T L EEAN R Bl
FEIRIA]0.6 ms) , FTLATLIN A Sk PREEHR 515 5 1)
[E] RS (8] A1 124.8 ms, B LEHRMIFR NS Hz, [AH,
FHAT P B R AL B FL IR 34N FL P I 557 11 B B8 22 3240
1.8 m, HWIESHIR, KX 7HL A I A S bR i 1 i 15
BRSNS S 1 E] BRI 1] 20°9122.5 ms, BT ASRASHA
A% 48.17 Hzo 1X 5MATLABXIEFE 75 3] (1) 45 X * 73
RS B AR 2, I AN TN A 5 T4
X, R AE R XA E A SRR E R, Somm T %
PRI AL S, TS B I A5 7300 5 R R S A 1
R 2, T ELAE SRR AR T AR e A7 AR A
BREIRRZE, (ERTHES RS HIR LB L5 R 2 (A 47
E—EMRE. N7 HRRIXEIRZE, NS UE R
T I AT S AR B (0 B8 LE

TR
ST u SeHRTE

L
?memé-
L

8 FLAMSHERE
Fig. 8 Layout of monitoring points in hole
3.2 ZEMY N EEREUSH
# L ANSY SHERL NI OFTR, AR R RER 5 4
PEREAY, PSRN A K2, AT B AL
R SATEY, SAMIFL ML A R TR B 2
[AJRE N 1) 230 ms, MUALIAEEDN3.4 m, STHSI [A]E




402 I 2019 4
N N N BN N 130 - W or . g Lea . @ L ge © oo
4200 ms. FFAERRIE A FEIAS [F) 77 1) Ab A7 B AN I I £, A A I S R JCA R I
120 L P e s ‘g i
g 90 I AP R S I A S P S
gor Pinlcd T R
5 90_ éou o Ve ° ° Poo g
I S S A I O -
70 H B H |
0 327 654 98.1 130.8 163.5 196.2 2289 261.6 294.3 327.0
Bz
(d) sl SR E
130~ g8 IR ST S 1 B H
LI N R EN A L
ol 7 o8¢ . % BN LT B B S
b Pk S TN N A
100 |- H R o ° 08 °  80° B °
(IR I T IO S . S ¢
Roop & : IO S £ -
13 ° ° °° I3 I3 oo
o- 4 F A B A
70 £ I S S |
9 ANSYS ’fﬁﬁ&iﬂﬂ)ﬁ*ﬁﬁ 0 34 68 102 136 ﬁ;(;ﬂz 204 238 272 306 340
Fig. 9 ANSYS model and layout of monitoring points (e) "6 S

F ANSYS/Ls-dynait 5 58 85 4 8455 K
b 22 RS EE, I PRCEVE 2 34T £ ik
W, Hr, prat, f2, 13, s, femads K an 10T
7No

TR ST L XA, BTCUEFL Ry
4, 77, 80153, 75, POt R, sehrab
PREERAMIESE TiX — /. WENORRESEF T LA H,
5 R TS BRI 2 2 B — B P R U

130 H N SIS % W B8
e % S, S % 4 43 &
S B N . R B ¢
UCT I S I S SRS S PUEE M G
S 100l A3 T B KIS B S B
= & ., S A T
= 90 3. B TOO S SRS .
or ok b
70 g o g 3 ]
0 344 688 103.2 137.6 172.0 206.4 240.8 275.2 309.6 344.0
B MHz
(a) "1 RS

130

R NN (TN T SRS S OO S« S
VIS S N S OOl SR DA B
IR S XS T T S BRCY
110 H ok H e, s So 8 %8 o3
b R S SN A0 IS (PR B S
- S SR ARCE BIAE SO B AN D A A
Koo & E-of £ 2 CFF %
S S B S S A A
80 8 3 o % H H 8 1 H H
77| N S S S N N T S N
0 322 644 96.6 128.8 161.0 193.2 2254 257.6 289.8 322.0
B Mz
(b) *20 SR A
130 g2 g 5 SRS & s
120 goo R g oo o o og
glor &5 8 3] A A A L
Swol § 0 ke, i O
2 iogr . i
Rk i 4 g o o3
orotober et b4 et
70 g g

e g 1

0 333 66.6 99.9 1332 166.5 199.8 233.1 266.4 299.7 333.3
AR Mz

() "3 MEaS

10 RSIRATRSE
Fig. 10 Stabilization of modal identification
B8N v+ ST R AT 1) fi/IMEL, 5 RNk
3.
R 3 FMEHIERINE

Table 3 Resonant frequencies of all points

(Hz)
W L6 T B T O A
i 344 322 333 333 327 340 327 340

St VM FLAR I 7 1 = A7 L R 2 a5, T
U IRAT R N34.4 Hz B E Ry, A K T33.3 Hz,
T2 000 55 R IR AT % 322 Hz s, HAl /T
33.3 Hz, IX@& M TIEEBE RS, BT HAFETEFLIE
30 msifiF=4E1933.3 Hz[FAEAt, A K 23 85k
LAEALE T 77 A AR RS o E T IR YR 10 328 B 20
MR, B ST sh R E T, FL KA
K, FrO 20 S AR S R R AR [FRE, BT
PR U TR S L S5 7 R, BN A AR B
PRI AT, Hp AR RE, AT 1] A5 A fr 1 3R
BRAR s AZI R ', BRI &
N IPYE I IE A3300 m/s, FHARH AR 2 [0 EE BN
3.4 m, BT LAAS B4R E0TE A A0 P AR IR 045 33 (1) B[R] Sy
1.0 ms, BT LA 1IN & S bR B2 IR S5 5 1 ) B s 1)y
29 ms, FTLLIEIRSIZ H34.4 Hz, [FFE, "2 A seprds
R BN 5 (R TR BRI 18] 931 ms, T LLEIRATIZR ~32.2
Hz, SPRCEVEACFIE S| H4E By &

XT3, "4k, FERE BRI RGT AL, W A
XF ML R B T LA, BT DU PR IEAERHIN A
RIAERTZZ), BRI R AL W R P A R A 2 )
RBE, DRI iR 4513 R A R FL AT ZE B 30 ms i 72 A2 )
#is, B133.3 HzM 5% .

SEFPORSI A, BT AERRIEA M, BT AR



% 2 3]

WRat e, & A0 AEmRRRS R AR A 1R i S2 a8 IR sh o B 403

FERTEE I A e, (H A% 3" LI A /N T e 3
ROK, WMOEAT33.3~34.4 Hz, [FH, *Sill s Fn7#
A5 VR AR A F32.2~33.3 Hz.

4 REIRENINREE

B3 2 BRI G5 S 15 4 T 74, 50 FEL S
5177 1 b MR R KSR — N I
I3, AR MR AT BRI A R

333 Hz
(*3)

322 Hz
(*2)

B 11 SEREE
Fig. 11 Frequency ellipse

EAEE MR T LS RER], DS HFLRE
AR E L (73, AL Ny R, BIRA
MR X A IRATR K T33.3 HzHIEEHfE, BN T34.4
Hz (5%, mihi T AL ORIRS" 1 AEL)
J7 1] IRANE S T B KB 34.4 Hz [P BEUss RIR
FEAML X IR A R K F-32.2 Hz (B, HhT
33.3 HzBH 1%, il THEFLAEE ORIR 5720 M
2 J7 ) LSRN AR S T A /IME32.2 Hz ) B85 1
EFEERRE, RA AL AL 7 ) R
R S RRIEEE S TE S, X T E LB T
X3k, Yih5 R SRR RO, BT AR ZE IR
SR, A EAAERZE, BT RA S SR
BRIR IO, R AR FLEE 2R/, R 2
A ZBEANTE o T AR DX M AR IS RAER LA
HURAT AL, FARZEWARAN, Al 2BEA

DRI, R P A ] ) S A 28l 7= 2 BV IR A
R, EEBHEIRT AN Z N, n] AR EERE
JE BBL AN 7 I Ab AR A, T R I ASEAS 1RO 7 2 mT
B RORN IR ERAE .

FESEBRBRA i T, AR AR IR PR T 2 SR ) 2R
Bl TR, BRI IR HE R Ty 1 ML A AR
FEIRE AL HEAT A, Sl AR MR, AT
SPGB AR ) B AR, RS IR S
BRI S [ A AR i i S B R . R, XK
FURER R BRI ARSI a4z ], — 5T e 227

JEERD IE I BRSO, 55— T 75 25 18
EZS IRV NI SUNETRS TEZ b RS N Y e
BRI, SRS BRI 22 M ALIA] B DA S AR A
7 )R R RAIR B (R AR VAR A% 21 22 e UfE, BT IR
RS R I BRI, 8 PIRARSD LRI H
i o

5 & i

SIS R G T AR A S AR b L 5 43
BE, G5 A BN 2 3 8RR 0 T SBAT, A
HLLF3 4558

(1) AR IR B B 5 O G R A P R, ek
RS, FIBLAS M 0 7 0 AR B AT A E
] DA B S R

(2) BV GEmH R R R, o TR 2 1]
TEAEAIRTIESD, AT R T P A HR e P b R T %
WHHSE, T 2 W BMSLOETE, A i
SR — MR AT 5 — R/«

()55 A KA AL b B0 7 v A0 22 3 80207 ] A
L0 L R R L A WA Rk, AT LUREHL
SRR PO 2 1 V3 R LT A AR P
TRENE B

A FEERPIE N BEREAE T 28R 311 5
rtREeR, A% He T —2ALH ) M R 5 R (R A R 7
PP, 2 AL (R BE M RN 5 1R L P4k
VAR 1 MR BIR B ST ) L AR A 5 PPV (1 LA
BE R W B A

SE -

(1] KER, BFEE, 0, 5. b EBEERSHE BRI
HERE[T]. A, 2013, 30(2): 25 - 32. (ZHANG Zhi-yi, YANG
Nian-hua, LU Wen-bo, et al. Progress of blasting vibration
control technology in China[J]. Blasting, 2013, 30(2): 25 - 32.
(in Chinese))

[2] GB6722—2014 #B# %2 4 FE[S]. 2014. (GB6722—2014
Safety regulations for blasting[S]. 2014. (in Chinese))

3] G, TMEAE. 5% THRDLRE S 224 HHE B LA 1R ).
TR, 2001, 7(2): 88 - 92. (WANG Xu-guang, YU
Ya-lun. On several problems of safety criterion for blasting
vibration [J]. Engineering Blasting, 2001, 7(2): 88 - 92. (in
Chinese))

[4] SR, YR EDREIM]. 2 M 6T ERTE B R,
1996. (FENG Shu-yu. City controlled blasting[M]. 2nd ed.
Beijing: China Railway Publishing House, 1996. (in
Chinese))



404 .

+ T B % ik

2019 4F

(5] AU, =3 7K PR 3t i SO A4 ) R 2 PR 7F 7 ().
NI, 2016, 47(22): 68 - 71. (SHI Yan-feng. Study on
application of blasting control techniques in new dam
foundation construction of Fengman Hydropower Station[J].
Yangtze River, 2016, 47(22): 68 - 71. (in Chinese))

[6] BLAIR D P. The measurement, modelling and control of
ground vibrations due to blasting[C]// Second International
Symposium Rock Fragmentation by Blasting. Colorado,
1987.

[7] ANDREWS A B. Design criteria for sequential blasting[C]/
Proceeding of the Seventh Conference on Explosives and
Blasting Techniques. New York, 1980: 173 - 192.

[8] ANDERSON D A, WINZER S R, RITTER A P. Blast design
for optimizing fragmentation while controlling frequency of
ground vibration[C]// Proceedings of the 8th Conference on
Explosives and Blasting Technique. New Orleans, 1982.

[91 MOORE A J, RICHARDS A B, LAING T J. Blasting
harmonics and controlling peak particle velocity[C]// 11th
International Symposium on Rock Fragmentation by Blasting.
Sydney, 2015.

[10] W' 5. SRR P EARBT IS NI, LA,
2012, 18(2): 54 - 59. (SHI Fu-qiang. Research and
application of blasting vibration frequency control
technology[J]. Engineering Blasting, 2012, 18(2): 54 - 59. (in
Chinese))

(1] AISCE, BEME, R0F, 55 MK it S i 2t 0
V1 [ S 5 0 U IR Y 7 E 0 BB W [0 K R B R R 2
2014, 32(9): 115 - 118. FU Wen-xuan, HE Chang-hai, FEI
Wen-cai, et al. Investigation of influence on discharge of
Baihetan diversion tunnel located in its inlet & outlet by
residual cofferdam[J]. Water Resources and Power, 2014,
32(9): 115 - 118. (in Chinese))

[12] #hwt. R-BEEEM AL AR 70 Hr[D]. B ST
K2, 2007. (GUO Shao-jin. Nonlinear oscillations analysis
of the cable-stayed beam[D]. Wuhan: Wuhan University of
Technology, 2007. (in Chinese))

(131 ZMRMS. S AT B 70 B vh J 33k 0l 1R ) T i F 9 (D).
B At B AU MR K %%, 2010. (LI Huai-peng. The

investigation of methods of harmonic excitation identification

in operational modal analysis[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2010. (in
Chinese))

[14] BRINCKER R, ANDERSEN P, MOLLER N B. An indicator
for separation of structural and harmonic modes in
output-only modal testing, #286[J]. Proceedings of SPIE -
The International Society for Optical Engineering, 2000, 2(1):
45 - 52.

(15] =@EAE, i, B 5 R TEESHEUEEUY PRCE M
SRR Rsh. WX EZW, 2015, 35(3): 493 - 498,
592. (ZHANG Guo-wen, MA lJing-hua, CHEN Zhuo.
Rejection of spurious modes obtained from PRCE based on
modal similarity index[J]. Journal of Vibration, Measurement
& Diagnosis, 2015, 35(3): 493 - 498, 592. (in Chinese))

(16] 2= W8, 530k, FeH, 55 Ao B RS)
5T A SIRENE NI M), BERAAR, 2011, 36T 2):
401 - 405. (LI Peng, LU Wen-bo, QIAO Xin-ming, et al.
Signal processing and response analysis of blasting vibration
induced by high rock slope excavation[J]. Journal of China
Coal Society, 2011, 36(S2): 401 - 405. (in Chinese))

[17] 825558, BER, BRIERE. JE TR MRS ZHHA
FkgRD. #ah 5w, 2002, 213): 1 -5 (XU
Xiu-zhong, HUA Hong-xing, CHEN Zhao-neng. Review of
modal identification method based on ambient excitation [J].
Journal of Vibration and Shock, 2002, 21(3): 1 - 5. (in
Chinese))

[18] £ ¥F, ¥ HBE MATLAB TE4RENE 5 A3 ib ) B M.
Jemt: A EKFK L H R, 2006. (WANG Ji, HU Xiao.
Applications of MATLAB in vibration signal processing[M].
Beijing: China Water and Power Press, 2006. (in Chinese))

[19] BRACEWELL R N. The fourier transform and its
applications[M]. 3rd ed. New York: McGraw-Hill, 2002.

[20] LU W B, YANG J H, YAN P, et al. Dynamic response of rock
mass induced by the transient release of in-situ stress[J].

International Journal of Rock Mechanics and Mining

Sciences, 2012, 53(7): 129 - 130. (in Chinese)



