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ABSTRACT    Blast-induced  vibration  produces  a  very  complex  signal,  and  it  is  very  important  to  work  out
environmental problems induced by blasting. In this study, blasting vibration signals were measured during underground
excavation in carbonaceous shale by using vibration pickup CB-30 and FFT analyzer AD-3523. Then, wavelet analysis
on the measured results was carried out to identify frequency bands reflecting changes of blasting vibration parameters
such as vibration velocity and energy in different frequency bands. Frequency characteristics are then discussed in view
of  blast  source  distance  and  charge  weight  per  delay.  From analysis  of  results,  it  can  be  found that  peak  velocity  and
energy  of  blasting  vibration  in  frequency  band  of  62.5–125  Hz  were  larger  than  ones  in  other  bands,  indicating  the
similarity  to  characteristics  in  the  distribution  band  (31–130  Hz)  of  main  vibration  frequency.  Most  frequency  bands
were affected by blasting source distance, and the frequency band of 0–62.5 Hz reflected the change of charge weight per
delay.  By  presenting  a  simplified  method  to  predict  main  vibration  frequency,  this  research  may  provide  significant
reference for future blasting engineering.
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 1    Introduction

Drilling and blasting play an important  and positive role
in  the  fields  of  mining  and  civil  engineering  [1].
However,  blasting  can  have  some  negative  effects  on
both  mine safety  and the  surrounding environment,  such
as  airblast,  noise,  vibration,  and  flying  rocks.  In
particular,  blasting  vibration  can  be  the  most  important
factor influencing the safety of civil structures [2–4].
Because  blasting  vibration  is  very  complex  and

contains  many  vibration  components  of  different
frequency  bands,  researches  on  the  influence  of  blasting
vibration  have  been  limited  to  theoretical  analysis,
measurement  test  and  numerical  simulation  for  blasting
vibration signals [5–10]. Up to now, measured signals of

blasting  vibration  have  been  analyzed  by  using  Fourier
and  wavelet  transforms,  and  many  studies  have  focused
on  determining  time−frequency  characteristics  for
blasting  vibration  signals.  Since  a  Fourier  transform
consists  of  a  sine  wave  and  its  harmonic  wave,  it  has
localization  characteristics  in  a  single  frequency  space.
Fourier transform can analyze characteristics of signals in
time-, space-, and frequency-space but it can’t be used in
two-dimensional time-frequency space. To overcome this
disadvantage,  Dennis  Gabor proposed a  short-delay time
Fourier  transform,  that  is,  the  Gabor  transform  in  1946
[11]. The Gabor transform overcame the disadvantage of
Fourier  transform  to  a  certain  degree;  however,  it  could
not smoothly solve a time-frequency localization problem
because the size of the time-frequency window was fixed.
In  practice,  frequency  and  time  resolutions  have  to  be

constantly  high  for  analyzing  signal  components  of  low
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frequency  and  high  frequency.  This  problem  could  be
solved  by  changing  the  size  of  window  in  response  to
frequency  changes.  Morlet,  a  geophysicist  from  France,
proposed  the  concept  of  wavelet  transform  in  the  early
1980s  [12].  With  a  detailed  study  on  Gabor  transform
method, he proposed the concept of the “Morlet wavelet”
by clarifying the commonality and distinction relating to
an  original  Fourier  transform  and  a  short-delay  time
Fourier  transform,  and  analyzing  their  features  and
functional  fabrics.  Frequency  resolution  reduces  when
analyzing  signal  components  of  high  frequency,  while
time  resolution  reduces  when  analyzing  signal  compo-
nents of low frequency. Therefore, the analysis results for
the local features of burst signal by wavelet transform are
different  each  other,  so  the  wavelet  transform  has  been
used  to  detect  components  of  burst  signals  or  to  process
edge  signals.  The  local  feature  of  wavelet  transform  in
time-frequency  space  can  be  widely  used  in  the  field  of
signal processes. In particular, it is suitable to process and
analyze signals of which delay time is short and changes
quickly [13,14].
On the other hand, the waveforms of vibration induced

by blasting of explosive, and consequent signals incident
upon  a  structure,  reflect  the  blasting  vibration  intensity.
Analysis  indices,  such  as  peak  vibration  velocity,  main
vibration  frequency,  energy  density  and  so  on,  are
obtained  from  the  waveform,  and  then,  the  vibration
intensity  and  blasting  efficiency  can  be  estimated.  Main
vibration frequency depends on the nature of  the ground
and  will  decrease  as  the  propagation  distance  increases
[6].  The  proportion  of  high  frequency  bands  in  the
blasting  vibration  energy  decreases  with  increase  in  the
amount of an explosive charge. The higher the explosion
velocity of explosive is, the more obvious the change rate
of ground vibration energy in high frequency band is.
Some researchers have applied wavelet analysis theory

to the signal process of blasting vibration to determine the
delay  time  of  short-delay  blasting,  and  suggested
variation  characteristics  of  blasting  vibration  frequency
[2,3,15,16].  Ainalis  et  al.  [14]  analyzed  time-frequency
distribution  characteristics  of  blasting  vibration  to
determine  their  main  frequency  and  peak  vibration
velocity. Besides, wavelet analysis has been widely used
to  understand  the  frequency  characteristics  of  blasting
vibration  by  estimating  vibration  energy  characteristics
applied  to  civil  structures,  identifying  time  errors  during
blasting, appreciating vibration characteristics of geologi-
cal structure and so on [17–22].
In  this  study,  the  characteristics  of  the  vibration

velocity and energy in different frequency bands and the
characteristics  of  the  main  vibration  frequency  in  an
arbitrary  blasting  condition  were  predicted  by  wavelet
analysis  for  vibration  signals  induced  by  blasting  of  an
inclined shaft.  First,  the blasting vibration signals during
excavation  of  the  inclined  shaft  in  carbonaceous  shale

were  measured  using  a  vibration  pickup  and  FFT
analyzer.  Then, wavelet analysis on the measured results
was  carried  out  to  identify  frequency  bands  that  reflect
changes of blasting vibration parameters such as vibration
velocity and energy in different frequency bands.

 

2    Research method

 2.1    Wavelet transform

f (t)

f (t) ∈ L2 (R)

A wavelet  transform is  a  signal  processing  tool  with  the
ability  of  analyzing  both  stationary  and  non-stationary
data, and to produce both time and frequency information
with  a  higher  (more  than  one)  resolution.  The  wavelet
transform  is  used  to  represent  the  arbitrary  time  signal

 of linear combinations of wavelet functions [11,12].
For  the  scale  a  and  time  variable  b,  the  continuous
wavelet  transforms  of  the  signal    and  its
inverse transform are defined as [14,18]:
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where    is  the  scalar  product  of    and

,    is  the  complex  conjugate  function  of

.

a = a j
0, b = ka j

0b0 ( j ∈ Z,a0 > 1)

For  the  wavelet  transform,  because  many  signals  are
discrete  sampling  signals  of  which  length  is  limited,  a
continuous  wavelet  transform  should  be  discretized.
Therefore,  reconstructed  formulae  of  a  discrete  wavelet
transform corresponding to   
can be written as follows:
 

WT2 j f (k) = ⟨ f (R) ,ψ2 j (t)⟩ = 1
2 j

+∞w
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f (t)ψ∗ (2 jt− k
)
dt, (3)
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ψ j,k (t) C j,k

f (t)
where   is the discrete wavelet transform,   is the
coefficient  of  discrete  wavelet  transform  and    is  the
constructed signal.

f (t)A blasting vibration signal   can be analyzed by the
Mallat algorithm, which decomposes and reconstructs the
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wavelet transform, as follows:
 

f (t) =A1 (t)+D1 (t)
=A2 (t)+D2 (t)+D1 (t) = · · ·
=AN (t)+DN (t)+DN−1 (t)+ · · ·
+D2 (t)+D1 (t)

⇒ f (t) = AN (t)+
N∑

i=1

Di (t). (5)

AN (t) = D0 (t)If  , Eq. (5) is
 

f (t) =
N∑

i=0

Di (t), (6)

Ai (t) Di (t)

f (t)

where   and   are respectively signal components
of  low  frequency  and  high  frequency  bands  of  blasting
vibration signal   in the wavelet decomposed layer of i
grade; N  is  number  of  total  decomposed  layers,  and  i  is
number of each decomposed layer (i = 0,1,2,…,N).
A  wavelet  transform  of  a  blasting  vibration  signal

allows us  to  see  the  vibration  characteristic  according to
duration  of  vibration  signal  components  of  different
frequency  bands.  If  blasting  vibration  signal  f (t)  is
decomposed  into N  layers,  the  total  energy  of  vibration
signal can be calculated as follows:
 

E =
+∞w
−∞

f (t)2dt =
N∑

i=0

+∞w
−∞

Di(t)
2dt+

∑
m,n

+∞w
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Dm (t) ·Dn (t)dt.

(7)

Thus,  in  each  frequency  band,  the  energy  of  blasting
vibration signal is calculated by
 

E0 =

M∑
n=1

|AN (n)|2, (8)

 

Ei =

N∑
i=1

M∑
n=1

|Di (n)|2, (i = 0,1,2, ...,N) (9)

AN (n)

Di (n)

where    represents  low frequency band components
of blasting vibration signal obtained by wavelet transform
to  N  layers,  and    represent  high  frequency  band
components  of  the  i  layer  of  the  decomposed  blasting
vibration signal.
Therefore, the total energy of blasting vibration signals

is defined as follows:
 

E = E0+Ei, (10)

E0

Ei

where    is  the  energy  of  the  low  frequency  band
component  of  the  blasting  vibration  signal  obtained  by
wavelet  transform  to  N  layers,  (cm/s)2.  And    is  the
energy  of  the  frequency  band  component  of  i  grade,
(cm/s)2.

 2.2    Blasting vibration measurement

The  measuring  system  of  the  blasting  vibration  consists
of a vibration pickup CB-30 and FFT analyzer AD-3523.
Vibration  pickup  CB-30,  of  which  the  characteristic
frequency is 30Hz and sensitivity is 0.17 V·cm−1·s−1, was
manufactured  in  Russia,  and  FFT  analyzer  AD-3523
(Fig. 1)  was  manufactured  by  A&D  CO.LTD  in  Tokyo,
Japan.
The  surrounding  rock  is  carbonaceous  shale  with

uniaxial  compressive  strength  of  about  35  MPa,
containing  many  cracks  between  layers  and  is  very  soft.
The vibration pickup was set up on a side wall away from
the  driving  face  of  inclined  shaft,  so  that  the  axis  was
parallel to the shaft, as shown in Fig. 2.
Blasting vibration signals were measured whenever the

vibration pickup was fixed in one site and the driving face
was  advanced  by  blasting.  The  results  obtained  from
different  condition  of  charge  weight  per  delay  and
blasting source distances are shown in Table 1 and Fig. 3.

 

3    Predicting frequency characteristics of
blasting vibration signals

 3.1    Analysis of measured signals

In  order  to  find  frequency  characteristics  of  blasting
vibration  signals,  a  wavelet  transform  was  used  to
analyze the measured data. The MATLAB function sym8
is commonly chosen for the analysis of blasting vibration
signals.  Because  characteristic  frequency  band  of
common structures was 3–15 Hz, the number of wavelet
decomposed layers was chosen to be N = 5 to ensure that
the  band belonged to  the  minimum frequency band.  The
sampling  frequency  of  measured  blasting  vibration
signals  was  1000  Hz,  so  the  signals  included  frequency
components  of  0−500  Hz  in  accordance  with  the
sampling theorem of Shannon [11].
As the number of decomposed layers of blasting vibra-

tion  signals  was  5,  on  the  basis  of  signal  decomposition
theory of Mallat algorithm, the signal was decomposed to
six  frequency  band  contents  (i.e.,  0–15.625,  15.625–
31.25, 31.25–62.5, 62.5–125, 125–250, and 250–500 Hz).
 

 
Fig. 1    Vibration pickup CB-30 and FFT analyzer AD-3523.
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The frequency band contents  of  blasting vibration signal
1  obtained  by  wavelet  transform  using  MATLAB  is
shown in Fig. 4.
Peak  vibration  velocity  (Vmax)  and  energy  (E)  of

frequency  bands  on  ten  measured  signals  are  shown  in
Figs. 5 and 6.
Attenuation  of  peak  vibration  velocity  (Vmax)  and

vibration  signal  energy  (E)  with  increase  of  blasting
source distance (R) in each frequency band are shown in
Figs. 7–10.
Also, in order to consider attenuation of peak vibration

velocity  and  vibration  signal  energy  in  each  frequency
band according to charge weight  per  delay,  three signals
at  the  similar  distances  from  the  blasting  sources  were
chosen  from  Table 1.  Then,  Qstep−Vmax  and  Qstep−E
diagrams  were  compared  with  each  other,  as  shown  in
Figs. 9 and 10.
It  can  be  seen  from  Figs. 5  and  6  that  peak  vibration

velocity  and  vibration  signal  energy  have  the  largest

values  in  62.5–125  Hz  of  the  frequency  band  and  the
main  vibration  frequency  is  also  within  this  range.  With
increase of the distance to blasting source, peak vibration
velocities  of  the  signal  components  in  most  frequency
bands decreased, except in frequency bands (125–250 Hz).
That  is,  the  influence  of  blasting  source  distance  change
for  peak  vibration  velocity  could  be  seen  in  most
frequency bands,  as  shown in Figs. 7 and 8.  The  increa-
sing tendency of peak vibration velocity with increase of
charge  weight  per  delay  was  identified  from  velocity
curves  of  other  bands  in  the  frequency  bands  of  0–
15.625  and  31.25–62.5  Hz,  as  shown  in  Fig. 9.  The
proportionality  of  charge  weight  per  delay  and  vibration
signal energy was well reflected in the frequency band of
0–15, 15.625–31.25, and 31.25–62.5 Hz (Fig. 10).
To  ensure  frequency  bands  corresponding  to  influence

factors  of  blasting  vibration,  the  differences  of  the
tendency curves for 31.25–62.5 and 62.5–125.0 Hz from
the  other  four  curves  indicated  in  Figs. 9  and  10  were
considered as follows; firstly, characteristics of influence
factors  such  as  charge  quantities  and  blasting  source
distance might not be completely reflected in the bands of
31.25–62.5  and  62.5–125.0  Hz,  and  secondly,  some
discrepancies  exist  in  assessed  factors  of  blasting
vibration with change of influence factors.

 3.2    Determination of main vibration frequencies for
predicted waveform of blasting vibration

Once waveform of  blasting vibration is  correctly  predic-
ted,  not  only  damping  and  frequency  characteristics  of
blasting vibration for rock mass and feature of explosion
source can be predicted and considered, but also damage
and injury induced by blasting vibration can be prevented
in  advance.  Blasting  vibration  signals  directly  measured
in situ can be considered as a function reflecting features
of  rock  mass  and  blasting  conditions,  such  as  physical

 

 
Fig. 2    Measurement condition and setting state of devices.

 

  

Table 1    Measuring data of blasting vibration
signal blasting source

distance, R (m)
charge weight
per delay,
Qstep (kg)

total charge
weight (kg)

peak vibration
velocity,
Vmax (cm/s)

1 2.0 0.2 0.2 5.7471

2 2.0 0.2 0.2 4.1420

3 4.6 0.2 0.6 2.5353

4 5.2 0.4 1.6 4.4471

5 5.2 0.4 1.6 4.2353

6 8.4 0.4 0.4 1.7918

7 8.4 0.2 0.4 1.9524

8 13.9 0.3 0.6 1.1941

9 13.9 0.6 0.6 1.5100

10 14.6 0.6 3.2 1.8770
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and  mechanical  properties  and  geological  structures,
propagation properties  and the quantity  of  explosive and

so  on.  Therefore,  it  can  be  seen  that  predicting  the  blast
vibration  waveforms  under  different  conditions  by  using

 

 
Fig. 3    Waveform of measured blasting vibration. (a) Signal 1; (b) signal 2; (c) signal 3; (d) signal 4; (e) signal 5; (f) signal 6; (g) signal 7;
(h) signal 8; (i) signal 9; (j) signal 10.
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Fig. 4    Blasting  vibration  contents  of  six  decomposed  frequency  bands:  (a)  blasting  vibration  signal;  (b)  0–15.625  Hz  frequency  band
content; (c) 15.625–31.25 Hz frequency band content; (d) 31.25–62.5 Hz frequency band content; (e) 62.5–125 Hz frequency band content;
(f) 125–250 Hz frequency band content; (g) 250–500 Hz frequency band content.

 

 

 
Fig. 5    Peak vibration velocity of blasting vibration components in each frequency band.
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the  primitive  function  of  the  actual  measured  blast
vibration  signal  better  reflects  the  accuracy  of  the
prediction  and  the  characteristics  of  the  blast  vibration
waveforms  compared  to  the  method  for  predicting  the
waveform by  the  synthesis  of  harmonic  waves  based  on

the vibration propagation theory.
In  this  paper,  the  theory  for  signal  decomposition  and

reconstruction  of  wavelet  transform  was  applied  to
predict the waveform of blasting vibration. First, by using
the theory for signal decomposition of wavelet transform,

 

 
Fig. 6    Energy of blasting vibration components in each frequency band.

 

 

 
Fig. 7    R−Vmax diagram of blasting vibration signal components
in each frequency band.

 

 

 
Fig. 8    R−E diagram of blasting vibration signal components in
each frequency band.
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blasting  vibration  signal  selected  as  primitive  function
was  decomposed  to  signal  components  of  several  frequ-
ency  bands,  and  then,  wavelet  coefficient  in  each  band
could  be  obtained.  Blasting  vibration  signal  selected  to
primitive  function  can  well  reflect  all  conditions  and
features such as rock mass, blasting conditions and so on.
Therefore,  wavelet  coefficients  for  each  frequency  band
in  different  conditions  were  predicted  by  normalizing
wavelet  coefficients  of  primitive  functions  and multiply-
ing  them  according  to  Eq.  (11),  below,  considering  the
vibration  damping  features.  Then,  wavelet  coefficients
are  predicted  by  the  theory  for  signal  reconstruction  of
wavelet  transform,  and  signal  components  of  blasting
vibration in each frequency band could be predicted using
the  coefficients.  Finally,  the  waveform  of  blasting
vibration was predicted.
The damping coefficients of kj and αj for ten signals of

blasting vibration were determined by Eq. (11), which is
already  well  known  equation  for  calculation  of  blasting
vibration velocity, as summarized in Table 2.
 

v j = k j

(
3
√

Q
R

)α j

. (11)

k j

α j

α j

As shown in Table 2,  it  can be found that the value of
  tends  to  increase  when  the  frequency  of  blasting

vibration  components  is  high,  while  blasting  vibration
intensity decreases rapidly with increase of the frequency
band  of  blasting  vibration  component  (i.e.,  the  value  of
),  indicating  that  damping  degree  of  blasting  vibration

intensity  is  defined  by  the  value  of  .  Therefore,

 

 
Fig. 9    Qstep−Vmax  diagram  of  blasting  vibration  signal
components in each frequency band.

 

 

 
Fig. 10    Qstep−E  diagram  of  blasting  vibration  signal
components in each frequency band.

 

 

 
Fig. 11    Normalized wavelet coefficients.  (a) 0–15.625 Hz; (b) 15.625–31.25 Hz; (c) 31.25–62.5 Hz; (d) 62.5–125 Hz; (e) 125–250 Hz;
(f) 250–500 Hz.

 

  

Table 2    Damping coefficients and characteristic equation of blasting
vibration components in each frequency band
frequency band (Hz) k j α j characteristic equation

0–15.625 1.9345 0.6491 v1 = 1.9345
( 3√Q

R

)0.6491

15.625–31.25 1.1966 0.2652 v2 = 1.1966
( 3√Q

R

)0.2652

31.25–62.5 1.7815 0.3251 v3 = 1.7815
( 3√Q

R

)0.3251

62.5–125 5.8268 0.6005 v4 = 5.8268
( 3√Q

R

)0.6005

125–250 5.3260 0.8898 v5 = 5.326
( 3√Q

R

)0.8898

250–500 2.6116 0.7932 v6 = 2.6116
( 3√Q

R

)0.7932
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k j α j

attenuations  of  blasting  vibration  signals  are  different
from  each  other  in  all  frequency  bands  and  discreteness
of    and    are  comparatively  large.  Meanwhile,  it
should  be  noted  that  curves  simulated  from equations v4
and  v5  listed  in  Table 2  are  slightly  different  from
measured  curves,  even  if  these  equations  were  obtained
from the  tendency curves  for  62.5–125 and 125–250 Hz
on  the  basis  of  measured  data.  Consequently,  Eq.  (11)
seems  not  to  ideally  reflect  the  characteristics  of
frequency bands between 62.5 and 250 Hz.

k j α j

The  signal  components  of  blasting  vibration  of  six
frequency  bands  (i.e.,  0–15.625,  15.625–31.25,  31.25–
62.5,  62.5–125,  125–250,  and  250–500  Hz),  and  their
wavelet  and  sampling  coefficients  were  obtained  by
selecting  signal  1  to  the  primitive  function  and
performing  wavelet  transform  (Fig. 11).  The  wavelet
coefficients  in  each  frequency  band  for  nine  waveforms
of  blasting  vibrations  except  signal  1  were  predicted
using  sampling  wavelet  coefficients  and  damping
coefficients  of    and    for  blasting  vibration  in  all

frequency  bands  listed  in  Table 2.  Then,  the  predicted
waveforms were compared with measured waveforms of
blasting vibrations, as shown in Fig 12.
The  main  vibration  frequency  was  determined  by  the

wavelet  transform  for  predicted  waveforms  of  blasting
vibration signals again, and the result was compared with
those of measured waveforms, as shown in Fig. 13.
It  can  be  seen  from  Fig. 13  that  the  predicted  curve

agrees  with  the  measured  curve,  as  the  relative  error  of
main vibration frequency is 4.63%.

 

4    Conclusions

It  is  very  important  in  blasting  engineering  that  blasting
results  and  structure  situation  are  correctly  predicted  by
analyzing  blasting  vibration  signals  obtained  in  different
conditions in situ.
This paper suggested a method for analyzing frequency

characteristics  of  blasting  vibration  measured  in  an
 

 
Fig. 12    Comparisons  between  predicted  and  measured  waveforms.  (a)  signal  2;  (b)  signal  3;  (c)  signal  4;  (d)  signal  5;  (e)  signal  6;
(f) signal 7; (g) signal 8; (h) signal 9; (i) signal 10.
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adjacent  drift  during  driving  and  blasting  of  an  inclined
shaft,  and  for  predicting  them  in  different  blasting
conditions.  Main  vibration  frequency  can  be  confined  to
the frequency band for which blasting vibration intensity
and energy are the largest. Almost of all frequency bands
reflected  the  variation  of  blasting  source  distance,  while
the frequency band of 0–62.5 Hz reflected the variation of
charge  weight  per  delay.  By  performing  wavelet
transform  for  blasting  vibration  signals  selected  as
primitive  functions  which  can  reflect  physical  properties
of rock mass, blasting conditions and so on, the frequency
characteristics  of  blasting  vibration  in  the  adjacent  drift
could be predicted with changes of charge quantities and
blasting source distance.
In  this  paper,  the  signals  of  blasting  vibration  were

analyzed in the conditions limited to a kind of explosive
and geological structure,  a limited amount of charge and
distance.  However,  it  should be noted that  the frequency
band wasn’t determined by reflecting various situation of
charge  quantities  and  blasting  source  distances,  and
frequency characteristics  of  other  bands  wasn’t  analyzed
enough  because  the  frequency  range  is  too  wide.  Thus,
future  work  will  focus  on  interpretation  of  frequency
characteristics  of  blasting  vibration  for  a  wide  range  of
charge  quantities  under  different  explosives  and
geological  structures,  in  order  to  contribute  more
practically  to  study  and  practice  of  the  blasting  process
and associated environmental protection.
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