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ABSTRACT

Dominant frequency attenuation is a significant concern for frequency-based criteria of blasting vibration
control. It is necessary to develop a concise and practical prediction equation describing dominant fre-
quency attenuation. In this paper, a prediction equation of dominant frequency that accounts for primary
parameters influencing the dominant frequency was proposed based on theoretical and dimensional
analyses. Three blasting experiments were carried out in the Chiwan parking lot for collecting blasting
vibration data used to conduct regression analysis of the proposed prediction equation. The fitting
equations were further adopted to compare the reliability of three different types of dominant fre-
quencies in the proposed equation and to explore the effects of different charge structures on the
dominant frequency attenuation. The apparent frequency proved to be more reliable to express the
attenuation law of the dominant frequency. The reliability and superiority of the proposed equation
employing the apparent frequency were verified by comparison with the other five prediction equations.
The smaller blasthole diameter or decoupling ratio leads to the higher initial value and corresponding
faster attenuation of the dominant frequency. The blasthole diameter has a greater influence on the
dominant frequency attenuation than the decoupling ratio does. Among the charge structures applied in
the experiments, the charge structure with decoupling ratio of 1.5 and blasthole diameter of 48 mm
results in the greatest initial value and corresponding fastest attenuation of the dominant frequency.
© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

characteristic of blasting vibration and a key parameter of blasting
vibration safety criteria, the dominant frequency of blasting vi-

Drilling and blasting continues to be an essential method of rock
excavation, which is widely used in many engineering fields for its
efficiency and effectiveness, but it also brings some adverse effects
that are unavoidable and cannot be completely eliminated (Singh
et al,, 2016; Gu et al., 2017; Ma et al., 2017; Sharafat et al., 2019;
Bhagade et al., 2021). Among all the adverse effects, blasting vi-
bration is found to be the major concern that many researchers
keep following due to its influence on the surrounding structures,
sensitive devices, and people in nearby environments (Kuzu and
Guclu, 2009; Amnieh et al., 2010; Dogan et al., 2013; Hajihassani
et al., 2015; Iwano et al., 2020; Yan et al., 2020). As an important
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bration has not received enough attention than it deserves.
Therefore, more tremendous efforts should be paid to investigate
the characteristics of the dominant frequency.

The qualitative conclusions about the effects of the physico-
mechanical properties of the rock mass, the characteristics of the
explosive, and the blasting design on the dominant frequency
were drawn from several pieces of research. Zhang et al. (2020)
noticed that the distribution of the dominant frequency band is
high and wide in jointed rock masses. With the increase of the
distance from the blasting source, the dominant frequency is
attenuated (Alvarez-Vigil et al., 2012; Zhong et al., 2012; Zhou
et al, 2016; Huang et al, 2019). The dominant frequency is
inversely proportional to the charge weight (Alvarez-Vigil et al.,
2012; Zhong et al,, 2012; Yuan et al., 2017). Trivino et al. (2012)
analyzed the effects of charge length on the average frequency
in direct travelling modes of stress waves. Man et al. (2020)
investigated the frequency spectrum characteristics for different
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charge structures in underground blasting. The effects of other
parameters such as relative elevation and delay time on the
dominant frequency were also explored (Zhao et al., 2011; Li et al.,
2017; Zhang et al., 2020). The above findings pave an effective way
to extract the parameters influencing the dominant frequency.
However, those researches associated with the dominant fre-
quency are limited in qualitative analysis.

Several prediction equations were developed to help compre-
hend the characteristics of the dominant frequency quantitatively.
The prediction equation of the dominant frequency was initially
proposed by Sadovskij (Zhou et al., 2019), in which only the dis-
tance from the blasting source was considered:

1
~ klogqg 1 M
where fis the dominant frequency, k is the site-related coefficient,
and r is the distance from the blasting source to the monitoring
point.
An equation considering the shear wave velocity Cs and the
charge weight Q was proposed by Jiao (1995):
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Taking account of the effects of the peak particle velocity (PPV)
V, Zhang and Yu (2005) established a prediction equation of the
dominant frequency by dimensional analysis:

ky
v(Q1/3
— kL=
f=k r( _ (3)
where ki denotes the attenuation coefficient of blasting vibration.

Meng and Guo (2009) deduced a prediction equation of the
dominant frequency in a viscoelastic medium:
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= 4
T @s ) vk @
where k; and ks are charge- and distance-related coefficients,
respectively.
Based on the grey relational and dimensional analyses, Li et al.
(2016) developed a prediction equation of the dominant fre-
quency that includes the effects of the relative elevation:

Zero-point
crossing fo=
a

t I, W \/2'5 30 40

Time (ms)

1000
2(t, - 1)

,_.
!

Velocity (cm/s)
(=}

'
—_
!

Peak

()

vk (Q1/3 ky Q1/3 ks
f:kQ1/3 r > H) )
where k4 and ks are the wave velocity- and relative elevation-
related coefficients.

The above equations were used to predict the attenuation laws
of the dominant frequency and quantitatively illustrated the re-
lationships between the dominant frequency and the commonly
discussed parameters, such as the charge weight and distance from
the blasting source. With the development of intelligent algo-
rithms, many other prediction equations of the dominant fre-
quency were proposed (Alvarez-Vigil et al., 2012; Derbal et al.,
2020). However, those prediction equations resulting from intelli-
gent algorithms involve too many variables and are complicated
when applied in engineering practices.

It should be noted that a lack of theoretical basis may prove tobe a
challenge in applying those prediction equations. In addition, the
charge structures have an essential influence on the dominant fre-
quency, but the relationships between the dominant frequency and
the charge structures with different decoupling ratios or blasthole
diameters in open-pit blasting have not been reported. Therefore, it
is necessary to develop a concise and practical prediction equation of
the dominant frequency based on theoretical analysis, and further
adopt the developed equation to explore the attenuation laws of the
dominant frequency for different charge structures.

2. Prediction equation of dominant frequency
2.1. Definitions of dominant frequency

There are three principal means commonly used to estimate the
dominant frequency of blasting vibration. Their corresponding re-
sults are known as the dominant frequency fqg matching the peak of
Fourier amplitude spectrum shown in Fig. 1b, the average fre-
quency f obtained by calculating the weighted mean of fy through
Eq. (6), and the apparent frequency f, obtained through picking two
nearest zero-point crossings on either side of the waveform peak
shown in Fig. 13, respectively.

7 _ 2Lfidlf)
f= SSAG) (6)

where f; represents the individual frequency in the Fourier ampli-
tude spectrum, and A(f;) is the amplitude associated with each
frequency f;.

Among the three types of dominant frequencies, no single one is
inherently superior, and they are all effectively used for engineering
applications (Trivino et al., 2012; Zhou et al., 2016; Liu et al., 2019).
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Fig. 1. Schematic diagram of definition for f, and fy: (a) Typical blasting vibration waveform, and (b) Fourier amplitude spectrum.
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In a specific engineering application, the most suitable type of
dominant frequency is proposed to be carefully selected by
comparing their usefulness and applicability.

2.2. Main factors influencing dominant frequency

The inelastic zone, including the crushing and cracking zones
around the blasthole, is regarded as an equivalent spherical charge.

F(w) = [iwSa(jv)] =

reCpw/ C3 + r2w2|Sp (jw)| / (4ur?)

re[1/1? +jo/(rCp))

M(jw) = 4“/rg —(A+ Zu)wz/c[% + 4ujw/(reCp)

(11)

where 1 and u are the elastic constants of Lame, and S (jw) is the
complex spectrum of the applied load p(t).

From Eq. (10), the amplitude spectrum of the vibration velocity
F(w) is obtained as

The frequency spectrum of vibration due to practical blasting
events can be then investigated by referring to the frequency
spectrum of vibration due to blasting of a spherical charge, which is
awidely accepted method (Kuzmenko et al., 1993; Zhou et al., 2016;
Liu et al., 2019).

The theoretical solutions of the elastic waves triggered by a
spherical charge in elastic media were yielded by Favreau (1969),
and Kuzmenko et al. (1993) further deduced the frequency spec-
trum of vibration due to blasting of a spherical charge. The radial
displacement u induced by a spherical charge can be represented
by introducing potential function ¢(r,t) as

\/(Cp/re)4 +[1 = 2+ 2u)/u)](Cp/Te)*w? + [(A+ 2u) /(4w

The law of variation of the applied load p(t) is often used in the
form as

0 (t< —ty)
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where tq is the reduction time and t, is the build-up time of the
applied load p(t), respectively; and pmax is the maximum value of
p(t).

The amplitude spectrum of the applied load p(t) becomes

Sp(w) = |Sp(iw)| = aﬁ;‘ﬁ \/1 + a2 + bZ + 2aebe cos(w1) — 2[de cOS(bewT) + be COS(AewT)] (14)
(1, t) where e = ty/7, be = tg4/7.
u= wair, (7) Based on an analysis of Eqgs. (12) and (14), it follows that the

where 1 is the distance from the blasting source to the monitoring
point, and ¢t is the time.

At the boundary of the blasting source, the applied load is p(t),
then we have

S
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o(r,t) = pwr/p(s 7)e” " sin(wt)drt (8)
0
where
S:t_r—rew:(1—21/)Cp7w:\/1—21/Cp 9)
Cp (1 —=n)re (1-»)re

where v is the Poisson’s ratio, p is the density of rock, e is the radius
of the equivalent cavity, and Cp is the longitudinal wave velocity.

Through the Fourier transformation, the complex spectrum of
the displacement Sy (jw) can be written as

Sa(iw) = Sp(jw)M(jw) (10)

amplitude spectrum of the vibration velocity F(w) depends on
the parameters of the blasting effects ae, be, 7, the parameters of
rock mass 4, u, Cp, Te, and the distance from the blasting source to
the monitoring point r. The parameters of blasting effects are
primarily determined by the charge weight Q, with the geo-
metric parameters of blastholes being constant. The parameters
of rock mass Cp and p can substitute for the elastic constants of
Lame A and . Therefore, the amplitude spectrum of the vibration
velocity F(w) primarily depends on the parameters Q, Cp, p, Te
and r.

2.3. Dimensional analysis of dominant frequency

According to the analysis in Section 2.2, the dominant frequency
of blasting vibration is primarily determined by the parameters Q,
Cp, p, Te and r, and their units and dimensions are listed in Table 1.

The relationship between the dominant frequency and the five
parameters listed in Table 1 was extracted by dimensional analysis.
The parameters p, re and Cp, which cover the three base dimensions
M, L and T, were chosen as independent variables. According to
Buckingham m-theorem (Misic et al., 2010), the three independent
dimensionless terms were developed as
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Table 1

Primary parameters influencing dominant frequency and their dimensions.
Parameter Symbol Unit Dimension
Charge weight per delay Q kg M
Longitudinal wave velocity Cp m/s LT!
Density of rock p kg/m> ML3
Radius of equivalent cavity Te m L
Distance from blasting source to monitoring point r m L

— b
T =T p Cp f
my = rephClr (15)

m = rphClQ

After dimensionless computation, the three dimensionless
terms can be written as

_Jre

™ G T = Tg_p’ m3 = e (16)
Then, the dominant frequency can be expressed as
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Thus, the relationship between the dominant frequency and the
five parameters was extracted in the form as

C Q E] r §2
-5

Te T'ep Te
where £, £1, and £, are the coefficients to be determined by the later
regression analysis.

(18)
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Under the condition of spherical charge, the charge weight Q is

4
Q = 3mrepe (19)
where p, is the density of the explosive.
After substituting Eq. (19) into Eq. (18), Eq. (18) can be simplified
as

K [(Q/3\"
(8

where K and « are the coefficients to be determined by the later
regression analysis.

Furthermore, blasting seismic waves at intermediate or large
distances from the blasting source in practical blasting events are
more similar to cylindrical waves than spherical waves; hence Eq.
(20) was revised to Eq. (21) based on the theory of cylindrical waves
(Devine and Duvall, 1963).

K Q]/Z «
(%)

3. Attenuation law of dominant frequency in blasting
experiments

(20)

(21)

3.1. Site description and blasting design

As an important part of Shenzhen Metro Line #12 located in
Shenzhen, Guangdong Province, China, the Chiwan parking lot
shown in Fig. 2 was intended for parking metro vehicles. In order to
bear the weight of the metro vehicles stopping in the parking lot,

Blasting
experiment 111

Bearing platform
in construction

(b)
Reserved Reserved
rock rock

\ v4.8m \

A \

% Excavation 3 8
zone 5
v-03m y

Fig. 3. Typical illustration of foundation excavation: (a) Photo showing bearing platform in construction, and (b) Schematic diagram of foundation excavation.
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Fig. 4. Typical geological profile in the blasting experiment zone (A-A’).
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the foundation of the parking lot was designed to be in the form of a
large-scale reinforced concrete bearing platform in combination
with coupling beams. The bearing platform is 5 m high, and its top
surface is at an elevation of 4.8 m. The original ground surface of the
parking lot has a topography around 4.8 m in elevation; hence
large-scale trench excavation works for foundation construction
need to be carried out in the parking lot by drilling and blasting
method. The depth of the foundation excavation is 5.1 m, the upper
part of which measuring 5 m high is prepared for placing the
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Fig. 7. Initiation network of blasting experiment IIL
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Fig. 8. Charge structures of blasting experiment I: (a) Production blastholes, and (b)
Presplit holes.

bearing platform, and the rest is prepared for paving cushion, as
depicted in Fig. 3.

During the foundation construction, three blasting experiments
were carried out for investigating the dominant frequency atten-
uation of blasting vibration using different charge structures, and
they are blasting experiments I, Il and III as marked in Fig. 2. As
shown in Fig. 4, the rock mass in the experiment zone is mainly
composed of slightly weathered coarse-grained granite whose
quality is classified as grades II and IIl. The experiment zone pro-
vides a good foundation for exploring the effects of charge struc-
tures on the dominant frequency attenuation under approximately
uniform lithologic and geological conditions.

The initiation networks of the blasting experiments I, II and III
are displayed in Figs. 5—7, respectively. The blastholes in blasting
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experiments I, Il and Il were composed of production blastholes
and presplit holes. The production blastholes in blasting experi-
ments [ and Il were fired by downhole non-electric detonators MS9,
and those in blasting experiment IIl were fired by downhole electric
detonators with different delay times. The presplit holes in the
three blasting experiments were all instantly fired by detonating
cords. Outside the production blastholes and presplit holes in
blasting experiments I and II, non-electric detonators MS3 were
used between delays.

According to the initiation networks displayed in Figs. 5—7, the
firing sequences follow I-1 - -2 - -3 - [-4 - [-5 - [-6 — I-7
—-1-8 5 1-9 - [-10 - I-11 - [-12 — [-13 — [-14,1I-1 — [I-2 - II-
3 - 1-4 - 1I-5 - II-6 — II-7 — 1I-8, and llI-1 — IlI-2 — III-3 —
-4 — 1I-5 — 1I-6 — 1lI-7 — 1lI-8 — 1I-9 — 1lI-10 — III-11 — III-
12 — 1lI-13 — 1lI-14 for the blasting experiments I, II and III,
respectively.

The charge structures of blasting experiments I, II and III are
displayed in Figs. 8—10, respectively. The radial decoupled charge
was adopted for all blastholes, and the decoupling ratios Ry, defined
as the ratio of the blasthole diameter dj, to the charge diameter d.
(Eq. (22)), for different types of blastholes in different blasting ex-
periments are listed in Table 2. In the axial direction of the blast-
holes, continuous charge and air-spaced charge were adopted for
production blastholes and presplit holes, respectively.

_db
-2

Besides the initiation networks and charge structures described
above, the other detailed drilling and blasting parameters of the
three blasting experiments are summarized in Table 2.

The vibrations induced by the three blasting experiments were
collected by blasting vibration monitoring systems composed of
intelligent monitors Blast-Cloud and triaxial velocity transducers
shown in Fig. 11. The measurement ranges in velocity and frequency
of the blasting vibration monitoring systems are 0.0005—35 cm/s
and 5—500 Hz, respectively.

Defining the throwing direction of the blasting as the front, four
monitoring systems P—I1 to P—I4 were arranged diagonally behind

Ry (22)
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Fig. 9. Charge structures of blasting experiment II: (a) Production blastholes adjacent
to presplit holes, (b) Middle production blastholes, and (c) Presplit holes.
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Fig. 10. Charge structures of blasting experiment III: (a) Production blastholes, and (b)
Presplit holes.

Table 2
Detailed drilling and blasting parameters of three blasting experiments.
Parameter Production Presplit hole
blasthole
I 1l 11 1 1l 11
Blasthole Diameter (mm) 48 76 76 48 76 76
Depth (m) 58 58 6 55 54 5.5
Spacing (m) 1.1 22 1.5 0.5 07 0.7
Burden (m) 1.1 14 1.5
Charge Diameter (mm) 32 60 60 32 32 32
Stemming length (m) 2 2.5 2.5 1 1.5 1.5
Weight per blasthole (kg) 3.8 8-9 8 1 195 1.95
Decoupling ratio 1.5 127 127 15 238 238

the area of blasting experiment I, as shown in Figs. 5 and 12a. Two
monitoring systems, PD-I11 and PD-II2, were arranged right behind
the area of blasting experiment II, and four monitoring systems, PS-
111 to PS-114, were arranged on the right side of the area of blasting
experiment II, as shown in Figs. 6 and 12b. Two monitoring sys-
tems, PD-III1 and PD-III2, were arranged right behind the area of
blasting experiment III, and six monitoring systems, PS-III1 to PS-
I1I6, were arranged on the right side of the area of blasting exper-
iment III, as shown in Figs. 7 and 12c.

3.2. Regression analysis of attenuation law

In order to obtain authentic attenuation laws of the dominant
frequency, only direct seismic waves collected by blasting vibration
monitoring systems were selected for regression analysis of the
attenuation laws. Based on the initiation sequences of the three
blasting experiments and specific layouts of blasting vibration
monitoring points shown in Figs. 5—7 and 12, the recorded wave-
forms representing the direct waves were carefully selected and are
listed in Table 3. The typical blasting vibration waveforms are dis-
played in Fig. 13.



454 P. Sun et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 448—459

Table 3

Triaxial velocity
transducer

Blasting vibration
intelligent monitor

Selected blasting vibration waveforms for regression analysis.

Blasting experiment Monitoring point

Blasting vibration waveform

I P—I1 to P-14

Il PD-II1, PD-I12
PS-1I1 to PS-114

il PD-III1, PD-III2

PS-1II1 to PS-11I6

I-1,1-2,1-3

1I-3 to 1I-8

II-1

111-3, 1I-5, 11-7, 1I-9, 111-11, 11I-13
1I-1, -2

Fig. 11. Blasting vibration monitoring system.

The selected blasting vibration waveforms listed in Table 3 were
then divided into three groups according to their charge structures:
(i) waveforms resulting from the presplit holes whose diameter dj,
is 48 mm and Rq is 1.5, such as I-1, I-2 and I-3; (ii) waveforms
resulting from the production blastholes whose diameter d, is
76 mm and Rq is 1.27, such as IlI-3, III-5, 11I-7, 11I-9, 11I-11, 11I-13 and
II-3 to 1I-8; and (iii) waveforms resulting from the presplit holes
whose diameter dy, is 76 mm and Ry is 2.38, such as II-1, I1I-1 and III-
2. Thus, the dominant frequency attenuation laws of blasting vi-
bration using the three types of charge structures were investigated
through regression analysis.

Linear least-squares method was adopted for regression analysis
of the dominant frequency attenuation laws employing Eq. (21),
and Pearson’s correlation coefficient R was used for measuring the
performance of the proposed equation. R is the covariance of the
two variables (X, Y) divided by the product of their standard de-
viations, as given by
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where E is the expectation, uy is the mean of X, uy is the mean of Y,

E(X?)— [EXX))> is the standard deviation of X, and

ox

ay E(Y2) — [E(Y))? is the standard deviation of Y.

3.2.1. Case 1: Ry = 1.5 and dp = 48 mm

The fitting results of the dominant frequency attenuation laws in
Case 1 are presented in Fig. 14 and Table 4. The correlation co-
efficients above 0.77 were observed for all the fitting equations.
Among the three types of dominant frequencies f, f; and fg, the
fitting equations of f; have the highest values of the correlation
coefficients, all of which are above 0.87, and those of fq have the
lowest values of the correlation coefficients. Therefore, it is more
reliable to express the attenuation laws of the dominant frequency
by using f, than f and fy. Furthermore, the attenuation of f, with the
increasing distance from the blasting source is the fastest while that
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Fig. 13. Typical blasting vibration waveforms in vertical direction of (a) P—I1, (b) PD-II1,
and (c) PD-III2.
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Fig. 14. Regression analysis of dominant frequency attenuation law for Case 1 (Rq = 1.5, d, = 48 mm): (a) Longitudinal direction, (b) Transverse direction, and (c) Vertical direction.

Table 4
Attenuation laws of dominant frequency in Case 1 (Rq = 1.5, dp = 48 mm).

Direction Attenuation law of f Attenuation law of f; Attenuation law of fy
Equation R Equation R Equation R

Longitudinal _ 1067(Q1~ 0.43 0.828 4059 Q112 1.06 0.932 1541 Q172 09 0.774
f:W(T> f=qir T) fd:W<T

Transverse ~ 1148 Q12 0.45 0.875 8285 Q12 1.55 0.876 2857 Q12 1 0.808
f= Qiz\ " r fa = Qiz\ " r fa = QZ\ r

Vertical g2 (Q12\°® 0.867 2119 /Q1/2\ "% 0.87 732 (01/2\°° 0.865
7-ga(%) » e i =g

of f is the slowest. Among the three directions, the dominant fre-
quency of the transverse blasting vibration is fastest attenuated
with the increasing distance.

3.2.2. Case 2: Ry = 1.27 and dp = 76 mm

The fitting results of the dominant frequency attenuation laws in
Case 2 are presented in Fig. 15 and Table 5. The correlation co-
efficients above 0.79 were observed for all the fitting equations.
Among the three types of dominant frequencies f, f, and fy, the
fitting equations of f; have the highest values of the correlation
coefficients, all of which are above 0.85, and those of fq have the
lowest values. Therefore, it is more reliable to express the attenu-
ation laws of the dominant frequency by using f, than f and fy.
Furthermore, the attenuation of f, with the increasing distance is
the fastest, followed by fy, while that of f is the slowest. Among the
three directions, the dominant frequency of the transverse blasting
vibration is fastest attenuated with the increasing distance.

3.2.3. Case 3: R4 = 2.38 and d, = 76 mm

The fitting results of the dominant frequency attenuation laws in
Case 3 are presented in Fig. 16 and Table 6. The correlation co-
efficients above 0.65 were observed for all the fitting equations.
Among the three types of dominant frequencies f, f; and fy, the
fitting equations of f, have the highest values of the correlation
coefficients, all of which are above 0.81, and those of fg have the
lowest values. Therefore, it is more reliable to express the attenu-
ation laws of the dominant frequency by using f, than f and fj.
Furthermore, the attenuation of f; with the increasing distance is
the fastest, followed by fy, while that of f is the slowest. Among the
three directions, the dominant frequency of the transverse blasting
vibration is fastest attenuated with the increasing distance.

4. Comparison with other prediction equations

In order to further demonstrate the reliability and applicability
of the proposed Eq. (21), the other five equations, including Eqgs.
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Fig. 15. Regression analysis of dominant frequency attenuation law for Case 2 (Rg = 1.27, d, = 76 mm): (a) Longitudinal direction, (b) Transverse direction, and (c) Vertical direction.

Table 5
Attenuation laws of dominant frequency in case 2 (Rg = 1.27, dp, = 76 mm).

Direction Attenuation law of f Attenuation law of f, Attenuation law of fy
Equation R Equation R Equation R
Longitudinal _ 1099(Q!” 041 0.869 1789 (Q12 0.79 0.879 1431(Q172 0.74 0.856
f= W<T> fa =52 (T) fa = W(T)
0.41 0.86
Transverse _ 1454 Q12 0.827 2388 Q1/2 0.852 2016 Q12 0.823
f= QiZ\ r fa = Qiz\ " r fa = QZ\ r
Vertical B 874 (Q1/2 0.34 0.816 1414 Q172 075 0.884 939 (Q1/2 0.57 0.795
() » - () “-a(7)

(1)—(5), were chosen for comparison. Due to the best reliability of
the fitting equations employing the apparent frequency f, among
the three types of dominant frequencies, the regression analysis of
the other five equations was conducted using the apparent fre-
quency f,, and the same collected data in the previous three cases
were used. Complete results of the correlation coefficients of all the
five equations (Eqs. (1)—(5)) as well as the proposed equation (Eq.
(21)) in three cases are presented in Fig. 17.

As shown in Fig. 17, the correlation coefficients of the six
equations vary enormously in the same case and direction; for
example, the correlation coefficient of Eq. (2) in transverse direc-
tion for Case 1 is 0.08, which is far less than that of Eq. (21) with the
value of 0.88 under the same condition. The correlation coefficients
of the same equation in different cases or different directions also
show a wide variation; for example, the correlation coefficient of
Eq. (5) in the vertical direction for Case 1 is 0.89 while that for Case
2 is only 0.5.

All correlation coefficients of Eq. (21) are larger than 0.81, and its
largest correlation coefficient reaches 0.93, which is superior to

other prediction equations. There is no other equation whose cor-
relation coefficients are all larger than 0.6 in all cases and di-
rections. As a result, Eq. (21) has the best performance in predicting
attenuation laws of the dominant frequency compared with the
other five equations and can serve as a good predictor for dominant
frequency attenuation of blasting vibration.

5. Discussions on dominant frequency attenuation for
different charge structures

Since Eq. (21) proved to be reliable and superior in predicting
the dominant frequency attenuation, further studies about com-
parison of the dominant frequency attenuation for different charge
structures were conducted based on Eq. (21). The relationships of
the dominant frequency f, with both charge weight Q and the
distance from the blasting source r with different charge structures
are plotted in Fig. 18.

As shown in Fig. 18, the dominant frequency decays with the
increasing distance under the constant charge weight in all cases.
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Fig. 16. Regression analysis of dominant frequency attenuation law for Case 3 (Rq = 2.38, d, = 76 mm): (a) Longitudinal direction, (b) Transverse direction, and (c) Vertical direction.

Table 6
Attenuation laws of dominant frequency in Case 3 (Rq = 2.38, d, = 76 mm).

Direction Attenuation law of f Attenuation law of f; Attenuation law of fy
Equation R Equation R Equation R
Longitudinal I 126 (Q1/2 0.52 0.802 395 Q1/2 0.814 . 163 (Q1/2 0.92 0.652
“Qoiz\r 2T o2\ r d = oiz\r
0.7 1.79
Transverse P 202 (Q1/2 0.85 L 1157 /Q1/2 0.86 P 283 Q1/2 0.82
o2\ 2Tz d ~ o2\ r
Vertical I 120 (Q172 0.53 0.832 600 Q12 1.54 0.838 - 365 (012 1.36 0.785
“o2\ r 2 T2\ r d = qiz\r

As high-frequency blasting seismic waves decay more quickly than
low-frequency ones do (Hustrulid, 1999), the decay level of the
dominant frequency largely depends on the initial dominant fre-
quency originating from the blasting source. Near the blasting
source, the dominant frequencies in Case 1 are the largest with the
values of over 150 Hz, and the dominant frequencies in Cases 2 and
3 are intermediate and the smallest with the values of 50—250 Hz
and 0—100 Hz, respectively. Accordingly, the dominant frequency
decays most quickly with the increase of the distance in Case 1,
while the dominant frequency decays most slowly in Case 3. Similar
results are observed for dominant frequencies in different di-
rections. The initial dominant frequencies in the transverse direc-
tion are the largest, and those in the other two directions are
smaller, which results from the strong movement confinement
near the blasting source in the transverse direction but weaker
confinement in the other two directions. Accordingly, the dominant
frequency decays most quickly with the increasing distance in the
transverse direction, while the dominant frequency decays more
slowly in the other two directions, consistent with the results in
Section 3.2.

Within the distance of 30—40 m, the dominant frequencies in
the three cases decay rapidly. Beyond the distance of 40 m, the
dominant frequencies in the three cases range from 0 Hz to 100 Hz,
most of which are below 50 Hz, and they decay smoothly. Also, the
influence of the charge weight on the dominant frequency atten-
uation within the distance of 30—40 m is greater than that beyond
the distance of 40 m. In general, the influence of the charge weight
on the dominant frequency is rather small compared with that of
the distance from the blasting source.

According to the above analysis, the relationship of the domi-
nant frequency attenuation with the distance for different charge
structures is quite different, and it follows that the higher the initial
dominant frequency is, the faster the dominant frequency decays
within a certain distance. Within the distance of 30—40 m from the
blasting source, the initial dominant frequency for the charge
structure with Rq = 1.5 and dp, = 48 mm is the highest and thus the
dominant frequency decays fastest, while the initial dominant
frequency for the charge structure with Rg = 2.38 and dj, = 76 mm is
the lowest and thus the dominant frequency decays most slowly. To
sum up, the smaller blasthole diameter or decoupling ratio leads to
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the higher initial dominant frequency and the corresponding faster
attenuation of the dominant frequency. Also, the blasthole diam-
eter has a more significant influence on the dominant frequency
and its attenuation than the decoupling ratio does.

7 (m)
(@)

6. Conclusions

Through the theoretical and dimensional analyses, a prediction
equation was proposed to predict the dominant frequency atten-
uation. Three blasting experiments in the Chiwan parking lot were
then carried out to measure the reliability of the proposed equa-
tion. Based on the proposed equation, the applicability of the three
types of dominant frequencies was compared, and the effects of
charge structures on the dominant frequency attenuation were
explored. Within the scope of this paper, the following conclusions
can be drawn:

(1) The dominant frequency of blasting vibration is primarily
determined by the charge weight, longitudinal wave velocity,
rock density, equivalent cavity radius, and distance from the
blasting source to the monitoring point. The proposed pre-
diction equation of dominant frequency considering those
parameters is in the form of Eq. (21).

(2) The apparent frequency f, proved to be more reliable to ex-
press the attenuation laws of the dominant frequency. The
reliability and superiority of the proposed equation using the
apparent frequency f; were verified by comparison with the
other five prediction equations. The attenuation of f, with the
increasing distance from the blasting source is the fastest,
while the attenuation of f is the slowest.

(3) The dominant frequency decays with the increasing distance,
and the decay level is primarily based on the initial dominant
frequency originating from the blasting source. Within a
certain distance, the higher the initial dominant frequency is,
the faster the dominant frequency decays. The influence of
the charge weight on the dominant frequency attenuation is
rather small compared with that of the distance from the
blasting source.

(4) The dominant frequency attenuation mainly occurs within
the distance of 30—40 m, and the dominant frequency de-
cays smoothly beyond the distance of 40 m. The initial
dominant frequency of the transverse blasting vibration is
most prominent due to strong movement confinement, and
the corresponding dominant frequency attenuation is the
fastest.

(5) The smaller blasthole diameter or decoupling ratio leads to
the higher initial dominant frequency and the faster atten-
uation of the dominant frequency, and the blasthole diam-
eter has a more significant influence on the dominant
frequency attenuation than the decoupling ratio does.
Among the studied three types of charge structures, the
initial dominant frequency for the charge structure with

r(m)

Fig. 18. Attenuation laws of dominant frequency for different charge structures: (a) Longitudinal direction, (b) Transverse direction, and (c) Vertical direction.
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Rq = 1.5 and dp = 48 mm is the highest, and the corre-
sponding dominant frequency attenuation is the fastest.

It is important to note that only three cases of charge structures
were included in this paper to investigate their effects on the
dominant frequency attenuation, and it is necessary to carry out
more blasting experiments for further study.
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