g aEn
g Shummz ¥/

REH F
Blasting Vibration Wavelet Analysis:
Theory and Applications

[ B3 F $52 K 5 HH R AL




BERZMNEESHERS AR

Blasting Vibration Wavelet Analysis: Theory and Applications

RFER =F

A2 e
N LRY



B ZEAR 4 B (CIP) M08

RBARS/MNE A TR S N A ITAEHE —KY BB R R4t , 2008.7
ISBN 978 - 7 - 81099 - 468 - 2

I. % 0. I BH—Rs—F5 N84

o EARA B 459 CIP Ui B (2007) 55 185882 5

B BB K2 e hiAL AR R AT
B : (0731)4572640  HRBUEWTS 410073
http: //www. gfkdcbs. com
HERE: X B HEEX:HK %
FEBIE BB ERITIEH
E BB K ENRI ) EN3R

Fr4.787x 1092 1/16 ER#:10.5 F¥.243 F
2008 £ 7 A% 1 S 1 IREDR  ER%: 1 - 1500 f

ISBN 978 — 7 — 81099 — 468 — 2

EH:19.00 7T



il

]

BEBHLEETREH—ARABANMBEEL LB ARG EXRARRAE, LT LAART A
P %k AB K HABGFREREFERZRN, RERFISTEFTERRI L
FRH 6B, bR R R AIR S A F 69T, '

£ B 5 %5 (USBM) F 1980 4 & A ¢4 8507 A F & (RIS507)I5 th: EmE A 3
AR LEBFRAFTRELAEELA  AALEHAELBME LR N GR EHREFRHBIR
MBEAH1.27 ~1.905 c/s, A2 JUSF 69 HF R A A (RIS8Y6 — RI9226), W T IRk 31K
BE., GHBAEARBEFRGAOHFLEY R, LEFLEBEBRREEAERNREHASH
FiBBMREEDN, RE., BAEAGHAEELEEN THRAIARTADBIRGE R, 55
EREeHAPERTRERRSBIMEGLERAERN, LLRBBEFTERFREM
ML RB AR FRIE (R AKFHRS ). EHFAB S REFHRGEZRALHRYS
BRI PIRGER, ERXTEREMBERDIRGREAIRIFA L, 4sPEER SRt
$—HBEHFE, MEXT. R. aHEFABLSEHAFRE, SRABIFE
ik, BERBEMFE, AGRRAEHRERENIVEZAFER L, AABRBRGEK
(BDI) RIFMBRIBFITILT ERLEMGMGRICIER, BT REWNT 4 H5 BDIF
WA, BHABRIBSIERREL AR SRR L —FIE, BRBEREGRFEHS.
EZHRBEFERERAAREZMENARAE, 2 L. L. Odard (1982 %) #E K45 Z4M
AR 63. 5 cm/s, ME ARRELLME (GB6722-86) PHAET RRREMRY
BB ERETRAY 2. 7~5. Scmfs, XERRAEBDLATHRAE, RETERFEZHFA
BHIBARAKKRBGBR, RTFLFARFRBELBE ST Y, Bitds 45909
TR, HHBEEY, KA —ZHEFEINF KRG,

TR SRR TR, XEXRAATASHRELILDE2F EFA G ERAXA
ETH, m&48EF (1983 4) EREETEBHRF BN PRANAKX; E. Jannou-
lakis (1999 %) E#HRHBIER T ERNAK; KELF (1998 4F) EF X7 EK
BHEHNPHERBHLYARANGAX; HTFEF (1985%F) LRKRFHEIMELEH AR
HEYH RS GREAXF, EBRZEBRFHEMF &, D. A. Andeson (1983 ).
R. M. Wheeler (1988 %), ZMIFHF (1990 %), 1T A (1996 %) NE L BB A
BEHTHEHIHE, P R. M. Wheeler £ AL — R K& 3B B LBABRI AT
BATHEM, RERFEFADAER LA R L RLEMFTRBRITSEEH G,
AT o de = 3 J A TRAATE R ARBEBAZ RS, BRI ET S EH
THMER S5 (FT) 2 Bk Ko (FFT), AERE K54 (STFT) 2 Dk 447
(WT) #98%, AP IESWELEETARSGEGIEEIRK, wTEF (1998 %)
MPLEG B ik AR, RUHF (1999 ) RAGHES D ERARK,

EEANFEFTOERETRALBER, HETFHRERFF &, XM ELILHKL N, Djod-

1



jevic (1997 %) FAM R, RERBRILENNFT G, REEELH N2, 2H3)
AFEH A FMEABIRERIN, DA CHE, LRILEFEHN—Z A AL LE
KRFMHAATT —ZREN Rk, #—F R T sHRBRS AL AT QIR

WEZERSABBBHLEANBRXSHRENHAERAN: Bk 28
B RE . RD I, BRI LEHREARY FELE, 22, ¥ T8RS HERED
HAER A M m ) B A B IR ST M B RAY A ERRANS G RARM, Bakipsh
RERHFBBHHHFBRIR. EMRF IR RBRRHLERNE, HELERDE
FHESHETRM . LERH . BAEFHE GERFRE). MRS EE 5 HHT LR
AT,

X THRER L ELH A8 % LKA F Annual Conference on Explosives and Blasting
Technique, Annual Symposium on Explosives and Blasting Research, Annual Symposium on Rock
Mechanics, Mining Engineering, CIM Bulletin, Pit and Quarry, Intemational Joumnal for Blasting
and Fragmentation, U. S. Bureau of Mines Report of Investigation, International Symposium on
Rock Fragmentation by Blasting, Joumnal of Geotechnical Engineering, Mining Engineering Hand-
book, Computer Applications in the Mineral Industry, (k%% &), (B 5+ %), (T
RE) (BB L), (BLIRFR). (BEHEFLIRFR). (55 IE) EAHA
FHT, ARE LR — X F Fide (RTARKEFR), (REAFER), (b
# Lk X ¥ %3R). Joumnal of Central South University of Technology. ¥ B .5k X % %3 |
Journal of Colorado School of Mines X F&&Fl, d» (FEHA LA FM). (HEZH).
(FEea k) ToERAZ,

AR LAEY =35

F—HoRBRBABHIENE, §AEBETLY KA RIS 15 5 #AT IR S
M, E-FRAEF RIS BBAA . HBAREE, BB WAL S FE LR
By AR M SRR 6 50 AR B R K TR AR AL AT 3R £ Ao B 38 R A

%;ﬁ‘%i%ﬁlﬁ@ﬁﬁé"ﬁﬁﬁﬂﬁﬁmﬁ%o BBt i 3 45 M) 3,k 364 60 KR bk
k. REBHDEARBBRL LR, TIHRIEFE5 505K AR IRBLR - &
e, BRI R DB R B AR R ENE,; ARk CELRFAFFaFETAL
FRENT, A1 T ESARFHEEDY, BHEI IR 5 HRH 0 BIL TN
B, BB TREBSELM N E ik, ‘

FERPRABBBARENMNE LERABEFR ., BEBBRISBEIES L FiA
BAERSN, WHERTBRBDLENH; ZOBBIRD AT RIRN IR %
MR, EHRBADDESHEALELIP AGFRERLYAART , HILEHE
A R BIR S T BRF | |

e&
2008 £ 5 B



RE: s AN BRI AT Kok, AL MBS LT
Wi, PR TR TEL TS R KL 8l TR R k5 T —
R AR RES BNRE, AERES TR, REPNRT 0 EE
S8, ARG EMOBRAAETRAT MM (B0 G, i Tk
Betb. RIBARAIE . KRR E N 54T A4 E A SRS RS R0 M ; SR T ALK
BRI 3 A0 BARIRAC, AT RS R LR BIE SR B 5 L B
TAFIRGMEETHARDM R, 3R IYHRN AR S EEAE 8 1 F] 1680 2%
By MR T ANRG LA H R TORRED L ENH S MR ; FUTd T4
FRAIT AL

(1) R8T & EARAIE ST A7 S RAE R A E B W T S x
BB EuE BT ARANGIRB BRI R,

(2) HFARA RO HHARRENE S RAMEA, 187 T RBIE R
85 LRI A . AT R S8 580 E A4 5 AR
BT IR A6 B0 AL,

(3) EHI o0 5 RARH T HHE b 3ot BLRAC IR BIRS  bUb], 35T 2
SR B 2 AR AR S A MRS IR,

(4) 2T WY EFTALFHARYUNBRRR I AB TN DR LR Y, H 8
B EARE T E T MR P 69 R AL A E B A ) R 2R AT T k4%,

(5) MFRLT (M) RMET Mok & MBI BTN F RS
S B RA 0030 5 DRI R B A |

R BRSO BEEESENN; SIAWEN; BEHE



Abstract: Blasting vibration analysis constitutes the foundation for studying the
control of blasting vibration damage and provides the precondition of controlling blasting
vibration. Based on the monitoring experiments of blasting vibration induced by produc-
tion or excavation blasts. at three open pit sites (the eastern slope in Tongshankou Cop-
per Mine, the slope near the bank of Qingshan in Gushan Iron Mine and the southern
slope of No. 1 northem quarry in Hainan Iron Mine) , the time-frequency characteris-
tics of blasting vibration were investigated by means of the wavelet and wavelet packet
analysis technique, the dynamic response of the jointed rock-mass slope to blasting vi-
bration and the prediction models to blasting vibration waveforms were studied, and the
damage mechanism of blasting vibration and the criterion for the damage were dis-
cussed. Some innovative achievements are summarized as follows:

(1) The wavelet bases suitable for the wavelet transforming and reconstructing to
blasting vibration signal were selected and the exponential atteﬂuaﬁon wavelet base ca-
pable of precisely identifying the millisecond delay time was constructed.

(2) For the first time, the multi-dominant-frequency-band characteristic was re-
vealed via the time — frequency analysis of the wavelet packet technique. The rules of
the time — frequency characteristics of blasting vibration signal varied with blasting con-
ditions, transmission medium characters and location circumstance from the blasting or-
igin to the monitoring points were ascertained.

(3) From the point of the dynamic structure response, the evolving rule of blast-
ing impact response and the producing mechanism of blasting vibration were discussed,
and the characteristics and mechanism of the jointed rock-mass response due to blasting
vibration were researched.

(4) The phenomenological characterization models for the detailed signals of sin-
gle delay waveforms and the wavelet-packet-based prediction models for blasting vibra-
tion waveforms were constructed, and its application to select the optimization millisec-
ond delay time in wave interference takes on good effects.

(5) A prelimihaly criterion for the structure building damage induced by blasting
vibration were deduced considering the different action and response effects of each de-
tailed vibration signal. The criteria of Dynamic Stress Ratio for the continuous instal-
- lations (such as slope) damage due to blasting vibration were constructed.

Key words: blasting vibration; wavelet packet analysis; jointed rock-mass slope;

. dynamic response; criterion for damage induced by blasting vibration
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SSU RFIMBX -, MEGHICLRRIIES . BT FRXE B ATAY BB R AR
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ital Audio Tape) BEH b, MIRA R THESIEM (Frequency modulation) BLHIREH HL3h
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PC200AX %31, SIR - 1000 &5 B4R i0 Rl
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1.2 F5 R
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ST T B 2 LA RIS & R e iR 35 SN R RO R B

ESLM 35S (Fourier Transform Algorithm) BRSNS EMA H TR, 5L 1965
4F Cooley J W 7l Tukey J W 72 (HLESH B8 0H B —FREEBE) — SCHR MBS BUE 0t
Z5#e (Discrete Fourier Transform) H4RIEE ¥ B) FFT 454 (Fast Fourier Transform) f5, #&
RS (BREBBRSD) STEAREE R SR BT TR KR, 1967
FHE—BET FFT BRH 55 23471 Time/Datal00 p1 3 E & Time/Data 25 7 7 % 1,
ZhHN AT LR IR SR G, B85 HP. Necolet 5 Spectrum Dynamics 7 &) A5 4k #t
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PRE(¢) € L' (R)MESEML M3 # (Fourier Transform) &% .
Flw) = Jle'i"‘f(t)dt (1-1)

- EERHEE RN TRERARERS, BrG)7E R BEMNEER E0EkXT
BB I T HESIEAI R EHLL I, Bor S S D ZE N % S A
REBEEAFRK, HIHR AR 8T A E3r 125 # (Discrete Fourier Transform) : 2858

BEEEFSL S iy o0 foors B 1A 1< o WESHE, WTFREARF 1)
RGOSR (DFD)

X(k) = F(f,) = Zfe-‘N"‘ (k = 0,1,~,N 1) (1-2)

Se T = W L, T W BA R ELE, B
(Wy)" =Wy (1-3)
Wnl; W( n+ Nk _ Wn(lH-N) (1_4)

R#EX (1-3) F1X (1-4), DFTEEFFEMA LS, FEKFEFIR DFT &
SHEREFFI DFT, NWTATSEE FFT 85, AH BV ERNE SRS TRS s8R
Hili o

FFTHEZEAT 53 NP RS B AHB (Decimation-In-Time) ¥ 1% 57 58 iy Bt
(Decimation-In-Frequency) %o XMBIE AT A FFT 4081 3K {4 K &8 43 % F #8 ik i) il B i
(DIT), 40 Matlab 785 T FHEA FFT B, CRAS IREI4MTHM: BRI

B M BN E R T AR TR, HSRRIE ()X MEEFETBAER
WERNFRRNIER BB, XEERIEX EE S 7(0) BBEI AL Xt oA 2 B P
FFT 258 F () BIBIET, B ROPRIESE i IE 3% 0 S B U B 2 A Eﬁﬁﬁﬁﬁﬂ%}%%ﬁ%%o
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1-2 BERMESHBERERE FFT TR R

1.2.2 ER{EI TR

S S A8 # (Short Time Fourier Transform) FZ:ABARIE SRS BIFE /MY
FIET[EIRR, PSS M A G — /eI RI R, AR e (8] (R R A e RS R,
BERARN

S(w,7) = ij(t>g* (w - 7)e " ds (1-5)

EXTERT, o “REFREM, ¢)BENRERM, MENE « Wk, ¢
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HAK, WHEATRBREERED. BT RRBHRBET: SERH()HE)T,
EHEHEOBRMIET, o, r RERTHFOEHFENMLE, HERRE—MFR—408
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RN EE) .

MTHRE, 7EFETES . Hanning 5 & Kaiser 145 H BOATIEE -, BHRINESK
PIRENMA R, AEBE GRS HRRR, Kaiser B, Hamning HHRME; T
IEME L PHENIAR S, HARE ST PR IR AKIR A Hanning % . Kaiser B HIEE & o

1.2.3 NETHR

NESOTERE DR/ (BIEOER) BEEEEFRATEE, A& R 4
AT BRI B AR AT TR o FEARSRS 43 B AT 5 PR ST 28 43 9 SR BRI B B [ 4 398
R, ERAMS B BRI ED FRMBEAIRRS PR, FH/DEES (Wavelet
Transform) BAXNESH BB M. HAUTERN FFT M7 2, 725503 5 i (] B
BA RIF 8RR

w

v(1)€ L*(R)

L(R)FAFHARM=E, NEREROFSEM, K FFTERI Y (0)R. K

HRIF &G
Gy = [ L)y, (1-6)

| w |
NFRE () R—NEA/NES /MK (Mother Wavelet) , #HEMAEFTBEHRB—/N
RSl X TFEEEMR, NNEFFIHR:

1 _b
?u‘b(.t)=«/m'§’(ta ) a.BER;ax0 (1-7)
T EEER, DEFIIA: '
Y, () =202 -k) - j,kE: (1-8)
MNFEBM R, HES/ MR ‘
W(a,b) = (£, =1a 1™ f)w" E=Lya (1-9)
1) = CLJRJR %Wf(a,b)q’(t =) dadb  -10

5



- 302 A AR A AS N R

KA R .
A¥/a AV

(b-aAW,b+aA¥]x [ £ wy—~AW/a,(+w+A¥)/a]

/NB AR R R AT 4SS STFT BB S O A—#E, #FOH.0AH(, + w/a),
HE BRI AEE : MEANE RS h B, K b U mE OEHEF s
5 R, T oo AMUEME DASEMN ERNAE, MEZWHE OBR, /MK
T AR R RS B K ERTHEY, N TFRERISFEESNE, EFEN
B ER R RIS EE ., KRN EFRE RN ER, TR/
BERNE S A M A R R T B SR D 4t

EZEHENERARHZRAYT, REWEHNEEZNRESHE o %ﬂﬁ&?—ﬂaﬂ b
BB BB/ RS, Ba=d), b=kayby, HFjEZ, TREK ao>1, WIRXIRIK

BEBUNEEREY; (1)

@, (1) = a;fﬂxp(‘—%‘.:ﬁ) W (aglt — kby) (1-11)
T EBL/ D # R BIURTRA :
G = [ O = (£, L -
HEHAKH:
LOREOWH RN (1-13)

C BR—NM5ESIRMER.

REMESRTTREME, B oo 7 b, RATAED, ARERIEEMFESHNEE; MRKN
WAERRmE, SAN/DEREREMER/MNEREGIES, FSERAOEERK. AT/
B AR A ALY B AR R PR, LUER AR S WEE P ReE, B a.
b IR/, B/NEERAR “T/HEE" WIigE. Bk, BERANE RIS RE
Bk, Blay=2, bo=1, BPMEXMBMRERN 2, ¥8 2k, HPMERH (Z#F /D,
Dyadic Wavelet) 4 :

W, () =22t -k) j,kEZ (1-14)

g N 2k s i = v _

Waif(k) = {f(£), ¥y (k)) = —;‘jkf(t)‘I’“(Z‘jt - k)ds (1-15)

AR B AR 0

f(e) = D Wof(k) ¥y (1) = ijyf(k)qr, (27t - k)dk (1-16)

j€z

ZHMNEAR R TR/ R BB ANE, ERMRESHEEL, XS LK
FBSRRFESETL, lﬂ%ﬁxlﬁi%%’%ﬁﬂﬂ‘l‘ﬂiﬁtﬂﬁillﬂziﬁﬁo

B R/ P RESHT IRBN M, — Mo BN RERER/N
Bk, HAUARK/NMNERMIA—MESEFERRRSR, BiFERELH
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B1# Pk

INBEAM T A B S R R SIS A R AR R/ N BTN, I MR /B
g[sua]o

SERHRBRSNE S/ N B/ N SE, ESMEE N E IR B K Morlet 7E
AHATRIEFE SR T Modet/MNEBHE™™, A 1-3 (a) FIRIHPBEER
BEE; bR RSERTES AR T Morlet NBGHITEGE, #E T —MEXR/MK
FHU | H/NE RSB U REW KME 1-3 (b). (o). (d) Bim. MWE LREHEIRS
HS 5/ ERGE S LRE, R ¢ =0.2s MEKFESIBENERERLR, &
BhA—sER, EHKER/NMNESFATIHRBERIGEESAMEE, TELEE
PR/ EROR R FAT s

1

4 2 0 2 4 T 05 0 0.5 1

(a) Morletz)¥ PRERH () TS A BENE/MNE B

-1.22

1.22

1.24

(c) MEEA KN BRRIFRES (4 MESARE MY REEBES

H1-3 SRR RN R B AR RR

kb, ARKSBERHESIIE, dTH&ENVHMEEA—#, BiLER
[ BUAEAE , L 2R 35 B B 1R S B 2 8N BOR AT 2 R

SHES AT/ IE AR RA B R IR BT R EEIE L (R)Z EIRIER /D
Bk, NEAEBE BT R X E SREI A EATHE— 2 0, X R R AT
iR, RRERE_HHEN, EESRAB, HERSPER, ERESEME, K
B4 PEREEE, BU/NEZRHA F 0 SRR A SR A PR RAR, IS PR b (6] -
Ko DEAFNTRESMTHARBHREBREEAFRYN, REBEETRURERA%F
SHRFEE. AERXNEE, XERBRTMNEAMTEAR (Wavelet Packet Analysis)o /N
AR N R S RAEME AN, TREFETSERNS, XD+

VAW ORI — 08, FFRGRIBETOIESRIFE BEN RSN, 2
7



