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Abstract

Blast ground vibration is the integrated result of body waves and surface waves. However, the contribution of various waves
and their evolution laws have not been well studied, and the concept of the influence areas of various waves is rarely men-
tioned in current studies. In this paper, using the polarization analysis approach, the seismic components and the evolution of
various waves induced by a vertical blasthole are analyzed in two case studies. Then, based on the test results, the partition
of the influence areas of various waves is discussed. The results indicate that the proportion of different seismic components
is not a constant, but rather, the dominant wave may change to another type with » (where r is the distance to the blasthole
axis), and the dominant motion directions of various waves are distinct. For a vertical blasthole, the P-wave is a significant
component in both near and far fields, and becomes the dominant wave beyond r=2.3 h (where & is the buried depth of the
explosive), furthermore its particle motion gradually rotates to the horizontal direction with r increases. The S-wave only
dominates within r=2.3 h, but its effect can be ignored when the R-wave is well developed. The R-wave is not suddenly
created but gradually grows to an identifiable feature at r=35 h, and it dominates the vertical vibration if r exceeds (43 ~45)h
(59 ~62 m/kg'?). Thus, the P-wave is a non-negligible threat to ground structures in vertical-hole blasting. Nevertheless,
the P-wave component is commonly ignored in earthquakes, where the S- and R-waves are considered troublesome. The
evolution of seismic components induced by blasting has some differences from the expectations in earthquakes.
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1 Introduction

It is well known that the total energy released by explo-
sives is never entirely used for rock fragmentation, and
much of the energy is spent in the forms of ground vibra-
tion, air blasts, flying rocks, etc. (Hagan 1979; Khan-
delwal and Singh 2007; Kuzu 2008). Among all the ill
effects, the blast vibration is always regarded as the major
concern (Khandelwal 2010; Verma and Singh 2013).
The prediction, assessment and control of blast vibra-
tion always remains a pressing issue in the past, present
and future. The three following parameters of the blast
vibration are usually used to describe the degree of shak-
ing (Singh et al 2008): peak particle velocity (PPV), fre-
quency and duration. Then, many studies on the predic-
tion methods of PPV have emerged, including the charge
weight scaling law and waveform superposition method
(Blair 2011a; Yan and Yuen 2015), or the techniques of
artificial neural network (Khandelwal and Singh 20009,
2013; Alvarez-Vigil 2012). As the response of the struc-
ture subjected to the blast vibration is frequency-depend-
ent (Dowding 1985), many researchers have also investi-
gated the frequency characteristic of blast vibration (Ozer
2008; Singh and Roy 2010; Yang et al. 2016; Zhou et al.
2016). As a result, the frequency-based PPV criterion
has been adopted in many regulations. The blast ground
vibration is the integrated result of the longitudinal wave
(P-wave), transverse wave (S-wave), and Rayleigh wave
(R-wave) (Dowding 1996). However, the contribution of
various waves and their evolution laws have not been well
studied, and the concept of the influence areas of various
waves is rarely mentioned in current studies. The blast
vibration will be undoubtedly better controlled if the wave
type is taken into account. Thus, it is imperative to make a
detailed analysis of the evolution of seismic components
induced by blasting.

The pioneer studies mainly focused on the seismic
radiation from a spherical or cylindrical explosive source
(Yi et al. 2016). Favreau (1969) provided the analytical
solution of a spherical pressurized cavity, and his solution
indicates that only P-wave is beamed out by the spheri-
cal charge. Graff (1975) proved that only P-wave is gen-
erated from a cylindrical pressurized cavity of infinite
length, which is not right for the finite explosive velocity
of the detonation (VoD). Heelan (1953) calculated the dis-
placement solution of a short column source in an infinite
medium, and declared that both the P- and S-waves are
of primary origins that are simultaneously radiated from
a finite length of charge. Jordan (1962) and Abo-Zena
(1977) subsequently criticized that the Heelan solution
has some mathematical inaccuracies. However, White
(1983) noted that the Heelan and Abo-Zena solutions
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are equivalent in the far field. Blair (2007) also tested
the range of validity of the Heelan solution by a scale-
independent full-field model. For an extended charge,
the solutions can be summed along the entire length of
the column, if the contribution of each short element is
delayed according to the VoD (Blair and Minchiton 1996).
Blair (2010) made a detailed analysis of the seismic radi-
ation from an explosive column. Various experiments
were also conducted to investigate the seismic waves
generated by cylindrical charges (Vanbrabant et al. 2002;
Trivifio et al. 2009, 2012). In addition, Gao et al. (2017)
made a brief review of the recent numerical simulation
approaches, and evaluated the effects of several typical
numerical methods in simulating the blast-induced seis-
mic waves.

This paper is an attempt to analyze the evolution of seis-
mic components induced by a vertical blasthole (see Fig. 1).
First, using the polarization analysis approach, the seismic
components and evolution of various waves induced by a
vertical blasthole are analyzed in two case studies. Then,
based on the test results, the partition of the influence areas
of various waves is discussed. The present work is of great
significance to enhance the understanding of blast-induced
seismic waves, and improve the prediction and control of
blast vibration.

2 Method to interpret the seismic
components

2.1 Waves generated by blasting

Different types of seismic waves are generated during
blasting. The first type that travels within the medium is
known as body waves. The body waves can be divided into
the longitudinal wave (P-wave), where the particle motion
is parallel to the direction of propagation, and transverse
wave (S-wave), where the particle motion is perpendicular
to the direction of propagation. With respect to the motion
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Fig. 1 Illustration of the seismic waves induced by a vertical blast-
hole
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direction of particles, the S-wave can be further divided
into horizontally and vertically polarized waves, which are
designated as SH and SV, respectively. The second type is
named as surface waves because they propagate along the
boundary rather than within the interior. It is also called
the Rayleigh wave (R-wave), as the existence of surface
waves was first predicted by Lord Rayleigh (Whitham
1999). The R-wave is commonly regarded as the cou-
pling of P- and SV-waves (Aki and Richards 2002), and
its particle motion near the surface is a retrograde ellipse.
Except for the above three types of waves, there are other
general types of waves that can be generated by blasting.
These include channel waves (via a layer waveguide or a
fracture waveguide), Stonely waves (propagating along the
interface of different mediums), refracted waves, and Love
waves (a type of SH wave). These waves are generated
under specific circumstances, so they are not considered in
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Fig. 2 Illustration of the polarization characteristics of various waves,
based on Bott (1982) and Graff (1975)

Fig. 3 Prediction of the polari-
zation directions: a up-going
wave; b down-going wave
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the present study. In addition, as few SH-wave components
are generated by an axisymmetric explosive column, we
mainly discuss the P-, SV-, and R-waves in this study. The
polarization characteristics of the P-, SV-, and R-waves
are illustrated in Fig. 2, based on Bott (1982) and Graff
(1975).

2.2 Components interpretation based
on the polarization analysis

2.2.1 Prediction of the polarization directions

As mentioned above, the main discrepancies of different
waves are the polarization directions and travel speeds in
the medium. The seismic components can be interpreted
via the polarization analysis approach, as is widely used in
Geophysics (Vidale 1986; Park 1987; Blair 1993). To iden-
tify the wave components in the collected seismic signal, the
polarization directions of different waves must be predicted
in advance. Therefore, it is necessary to clarify the relative
source-to-site location before interpreting the seismic com-
ponents. As illustrated in Fig. 3, for the up-going wave (i.e.,
the seismic source is below the observation point), particles
in the P-wave travel in the direction of quadrants 1 and 3,
while the S-wave polarizes in the direction of quadrants 2
and 4. For the down-going wave, the particle motion rotates
to a perpendicular direction to that in the case of the up-
going wave.

2.2.2 Hodogram analysis

An intuitional method to interpret the seismic compo-
nents is to plot the particle motion trajectory in the dis-
placement coordinates (i.e. Hodogram analysis). Addi-
tionally, the arrival time of each wave can also be picked
by analyzing the phase difference between the horizontal
and vertical vibrations. As the polarization directions
of various waves are distinct, the shape of the trajectory
change with the arrival of different waves. For example,
Fig. 4 illustrates the interpretation of seismic compo-
nents induced by a vertical-hole blasting. Because the
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Fig.4 Illustration of the interpretation of seismic components: a particle motion trajectory; b comparison of waveforms in the horizontal and

vertical directions

trajectory is plotted in time sequence, the arrival time
of each wave in the waveform (velocity time-history) is
time-corresponded with the variation point of polariza-
tion direction in the trajectory.

2.2.3 Procedures to interpret the seismic components

As the recorded blast vibration data is mostly velocity or
acceleration time-histories, the displacement time-histories
must be calculated by numerical integration of the original
data. To obtain the real displacement, the mean value and
other distorted signals should be removed by the baseline
correction before processing the original data (Hao et al
2001).

To sum up, the procedures to interpret the seismic com-
ponents can be concluded as follows: (1) Collection of the
original data (velocity time-histories); (2) Baseline correc-
tion to eliminate the signal irregularities; (3) Numerical
integration to obtain the displacement time-histories; (4)

Hodogram analysis; (5) Phase difference analysis; (6) Inter-
pretation of the seismic components.

3 Case study in Baihetan hydropower
station

3.1 Site description

The Baihetan hydropower station is located at the border
of Ningnan county of Sichuan province and Qiaojia county
of Yunnan province in the southwest of China. It is the
second step of the four hydropower stations (Wudongde,
Baihetan, Xiluodu and Xiangjiaba) in the downstream of
Jinsha River. The total installation capacity is 16,000 MW,
which is currently the largest capacity under construction
in the world. As shown in Fig. 5, a case study with four
vertical blastholes was conducted during the foundation
excavation of the plunge pool.

Fig.5 Site description of the case study in Baihetan hydropower station: a location of the test area; b onsite layout of blastholes
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3.2 Blasting practice and seismic signal acquisition

As shown in Fig. 6a, all blastholes were drilled at four cor-
ners of a square, the sides of which are 3.5 m long. Two
monitoring holes, numbered as 1# and 2#, were also drilled
before blasting, so as to obtain the seismic signal within
the rock mass. The installation of geophones 1# and 2# is
illustrated in Fig. 6b. Besides, a ground geophone (3#) was
placed at 70 m from the center of the square (see Fig. 5b)
to monitor the seismic signal at the ground surface. The
drilling and blasting parameters are listed in Table 1. The
charging structures are plotted in Fig. 7, where blastholes A
and B were initiated at the top section of the charge, while
blastholes C and D were initiated at the bottom section. All
blastholes were fired in the same initiation network, but the
non-electric millisecond (MS) detonators were used to delay
each blasthole. The delay time is marked in the bracket in
Fig. 6a.

Unidirectional transducers (CDJ28), which can moni-
tor the horizontal and vertical vibrations, were installed
together in the monitoring hole. The tri-axial transducer,
which can synchronously monitor the radial, tangential and
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Fig.6 Layout of the blastholes and set up of the seismic signal acqui-
sition in Baihetan hydropower station: a plan view of the blastholes
and monitoring holes; b cutaway view of the blastholes and monitor-
ing holes
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Fig.7 Charging structures in Baihetan hydropower station

vertical vibrations, was used to monitor the ground blast
vibration. The seismograph TC-4850, made in Chengdu
Zhongke measurement and control incorporated company
in China, was used to record the seismic signal. Figure 8
shows the seismic signal acquisition system in this experi-
ment. Figure 9 plots the typical seismic signal recorded at
geophone 2#. Four clear signals are separated in the time
axis. The arrival time of each signal is coincident with
the designed delay time. They represent the blast vibra-
tions induced by blastholes A, B, C, and D, respectively.
To facilitate the description, the blast vibration induced
by blasthole A at geophone 1# is numbered as 1#-A
hereinafter.

3.3 Test results analysis
3.3.1 Seismic components within the rock mass

Figure 10 shows the typical particle motion trajectories and
the associated blast vibration waveforms at geophones 1# and
2#, where u and w denote the horizontal and vertical displace-
ments, and the blue dashed line represents the arrival time of
the S-wave. As geophone 1# is located below the explosive
center (i.e., down-going wave), the particles in the P-wave
travel in the direction of quadrants 2 and 4, while the S-wave
polarizes in quadrants 1 and 3. Consequently, the horizontal
and vertical vibrations in the P-wave have opposite phases,
but those in the S-wave are synchronous. Geophone 2# is
located at the same elevation of the explosive center, so the
P-wave mainly polarizes in the horizontal direction, while the
S-wave oscillates in the vertical direction. Almost no R-wave
components can be found, because geophones 1# and 2# are

Table 1 Drilling and blasting
parameters in Baihetan

Hole diameter Hole depth Spacing Charge diameter Charge length Charge weight Stemming length

hydropower station

100 mm 6.0 m

35m

32 mm 4.5m 4.5kg 1.5m
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(b)

Fig.8 Seismic signal acquisition system: a Unidirectional transducer
(CDJ28); b tri-axial transducer; ¢ seismograph

both located within rock mass, where mainly body waves are
included. In addition, geophones 1# and 2# are near the blast-
ing source, where the R-wave is not well developed (Kuz-
menko et al. 1993; Aki and Richards 2002).

3.3.2 Seismic components at the ground surface

Figure 11 shows the typical particle motion trajectory and
the associated blast vibration waveforms at geophone 3#,
where the blue and pink dashed lines respectively represent
the arrival time of S- and R-waves. As geophone 3# is located
above the explosive center (i.e., up-going wave), particles
of the P-wave travel in the direction of quadrants 1 and 3,
while those of the S-wave travel in the direction of quad-
rants 2 and 4. Except for the P- and S-waves, the R-wave,
whose particle motion appears to be an anticlockwise ellipse,
evidently appears in Fig. 11. In other words, the P-, S- and
R-wave components are all included at the ground surface. It

1

should be pointed that overlaps among different waves can-
not be avoided. The coda of the P-wave is overlapped by the
front of the S-wave, and the S-wave is easily overwhelmed by
the slightly slower R-wave. Therefore, the letters P, S and R
merely represent the dominant wave component in the related
time zone. Figure 11 also implies that the S-wave component
here is relatively smaller than the P- and R-wave components.
This phenomenon will be further discussed in the next case
study.

3.3.3 Comparison of PPV induced by P- and S-waves

The PPV values associated with different blastholes are
listed in (see Table 4 in Appendix 1). Figure 12 compares
the PPV induced by P- and S-waves within the rock mass,
where PPV, and PPV are the PPV in P- and S-waves,
respectively. It indicates that that the contributions of P- and
S-waves to the total blast vibration are associated with the
motion direction, because all PPV ratios of PPV¢/PPVy in
the vertical direction are relatively larger than those in the
horizontal direction. Moreover, the PPV(/PPV, ratio var-
ies with the relative source-to-site location, as geophones
1# and 2# are located at different orientations of blastholes
A, B, C, and D. Thus, the proportion of P- and S-wave
components is not a constant, but varies with the location
or orientation.

4 Case study in Fengning pumped storage
power station

4.1 Site description

The Fengning pumped storage power station is located
at Fengning Manchu Autonomous County of Hebei
Province in China. The designed installation capacity
is 3600 MW. The construction of the power station is
divided into two stages. As shown in Fig. 13, another
case study with six vertical blastholes was conducted
at the floor of a geology exploration tunnel during the
second stage of the project.
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Fig. 10 Interpretation of the seismic components within the rock mass in Baihetan hydropower station: a Seismic waves at geophone 1#; b Seis-
mic waves at geophone 2#
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Fig. 11 Interpretation of seismic components at the ground surface in Baihetan hydropower station

4.2 Blasting practice and seismic signal acquisition in Table 2. The charging structures are plotted in Fig. 15. All

blastholes, which were delayed by the half-second detonator,
As shown in Fig. 14, six vertical blastholes were drilled at were fired in the same initiation network, and the initiation
the floor of the exploration tunnel. Nine ground geophones  sequence is [=II—-III—-IV—V—VI. Figure 16 plots the typi-
were installed and the distance r to the blasthole axis was  cal seismic signal recorded at geophone 1#. Six clear signals are
13.5-146.0 m. The drilling and blasting parameters are listed ~ separated in the time axis, which represent the blast vibrations

@ Springer



1966 Q. Gaoetal.

(a)

= 40 4 0.14 40 r ‘ 508
g 35 ¥ ¥ 1012 g35 V M 107

2

= 30 - * To1 = 307 . 106 &
& 25 @ PPV, i 008& 225 r X o 4 0.5 a
= 207 $ ® PPVy vos > =207 x 1045
g5t X PPVg/PPV, = Fs e PV, |{ 03Z
S 1o 1004 S0 | . . ® PPVy |{ 02 ™
s 5t o o o 1002 25| . o X PPVg/PPVp |1 01
= ° ‘ ‘ ‘ 0 0 ‘ ‘ ‘ ‘ 0

A B C D A B C D
Geophone 1#

(b)

=~ 4 4035 35 ¢ N 109
35 ¢ * . 103 g3 i * 108
= 37 « {0252 825t x 107
> L x x > x 106 >
&2 g o2& 22t 05 &
&, | PPV, 28 & - T, {os &
E s ® PPV 101557 =15 |e PPvy |® x 1042
= 1.5 [ | xpPVy/PPV, . | & S . ||xppvyppv,® 4 © 103 &
S i 01 & 2 1 s/PPVp &
N 1 [ — . @ 402
505t * R ¢ 1005 205 8 101
T 0 L ‘ : ‘ 0 0 ‘ ‘ ‘ ‘ 0

A B C D A B C D
Geophone 2#

Fig. 12 Comparison of PPV induced by P- and S-waves, where PPV, and PPV are the PPV in P- and S-wave, respectively: a PPV recorded at
geophone 1#; b PPV recorded at geophone 2#
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Fig. 13 Site description of the case study in Fengning pumped storage power station: a geology exploration tunnel; b test area and onsite layout
of blastholes

induced by blastholes I, II, III, IV, V and VI, respectively. In location (bottom section of the charge). The buried depths £ of
this section, blastholes II, IV and VI are selected to analyze the explosive in blastholes II, IV and VI are 5.0 m, 4.0 m and
the evolution of different waves, as they were fired at the same ~ 3.15 m, respectively.
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Fig. 14 Layout of the blastholes and geophones in Fengning pumped storage power station
Table 2 Drilling and blasting parameters in Fengning pumped storage power station
Hole no. Detonator location Hole diam-  Hole depth (m) Charge diam-  Charge Charge Stemming Buried
eter (mm) eter (mm) length (m)  weight (kg) length (m) depth h
(m)
I Top/bottom 76 8.0 50 6.0 12.0 2.0 5.0
11 Bottom
111 Mid-point 76 6.0 50 42 8.4 1.8 4.0
v Bottom
\% Mid-point 76 4.5 50 2.7 5.4 1.8 3.15
VI Bottom
Fig. 15 Charging structures Nonel
in Fengning pumped storage 1Ty ¥ i " N
power station .
2.0m 2.0m 1.8m Stemming
i i 2.7m §l > Explosive
0 (1 o
4.0m | § o i
Eff E I~ Detonator
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v

4.3 Test results analysis
4.3.1 Seismic components analysis

Figure 17 shows the typical particle motion trajectories
and the associated blast vibration waveforms at the ground
surface. As all geophones are located above the explosive
center, particles of the P-wave travel in the direction of
quadrants 1 and 3, while those of the S-wave travel in

the direction of quadrants 2 and 4. Figure 17 indicates
that the P-, S- and R-waves are all included, but the rela-
tive amounts of various waves are distinct. The recorded
S-wave component seems to be ignorable when compared
to the other two. In addition, this component is easily
overwhelmed by the subsequent R-wave. The other typi-
cal particle motion trajectories from near to far are also
presented in Appendix 2 (see Fig. 25). They indicate that
the motion characteristic of various waves varies with r,
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Fig. 16 Typical seismic signals recorded in Fengning pumped storage power station
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Fig. 17 Interpretation of the seismic components at the ground surface in Fengning pumped storage power station: a seismic waves at r=>5.3 h;

b Seismic waves at r=17.2 h

for example, the P-wave mainly dominates the horizontal
vibration, and the R-wave grows gradually and dominates
the vertical vibration in the far field. The detailed analysis
of the evolution of various waves will be presented in the
following section.
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4.3.2 Evolution of P- and R-waves at the ground surface

The PPV values associated with blastholes II, IV and VI
are listed in (see Table 5 Appendix 1), where PPV}, and
PPVy are the PPV in P- and R-waves, respectively. Fig-
ures 18, 19, 20 plot the evolution of PPV with #/h at the
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Fig. 18 Evolution of P- and R-waves induced by blasthole II, where
the Equivalent point means that PPV, = PPVy,, and PPV;, and PPVy
are the PPV in P- and R-waves, respectively: a horizontal radial PPV;
b horizontal tangential PPV; ¢ vertical PPV

ground surface, where r/h is defined as a dimensionless
indicator to analyze the evolution of different waves in

Fig. 19 Evolution of P- and R-waves induced by blasthole IV, where
the Equivalent point means that PPV, = PPVy,, and PPV;, and PPV
are the PPV in P- and R-waves, respectively: a horizontal radial PPV;
b horizontal tangential PPV; ¢ vertical PPV

this paper. As the recorded S-wave component is ignor-
able, only the P- and R-waves are included in the figure.
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Fig.20 Evolution of P- and R-waves induced by blasthole IV, where
the Equivalent point means that PPV, = PPVy, and PPV, and PPV
are the PPV in P- and R-waves, respectively: a horizontal radial PPV;
b horizontal tangential PPV; ¢ vertical PPV

The relationship of PPV versus r/h are fitted by the power
function, as expressed in Eq. (1).

PPV = K(r/ h)™°, (H
Where K and « are both the attenuation coefficients associ-
ated with the wave type and onsite geology conditions.
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Fig.21 Evolution of the vertical PPVy/PPVy, at the ground surface,
where PPV, and PPVy, are the PPV in P- and R-waves, respectively: a
PPV induced by blasthole II; b PPV induced by blasthole IV; ¢ PPV
induced by blasthole VI

Figures 18, 20 indicate that the evolutions of P- and
R-waves with r significantly differ from each other.
The horizontal radial and tangential PPV values in the
P-wave are much higher than those in the R-wave, and
the radial and tangential PPV decay speeds a slightly
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25 - Eq. (2), and the solution is expressed as Eq. (3).
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’ Y= 2.68x00 T = — law is widely used in the prediction of blast vibration, the
Rz =064 2 No.VI 2 . . o o
0 L AT location of the Equivalent point is also predicted in the form
0 10 20 30 40 50 of SD (Scaled distance, m/kg'’?). Table 3 lists the predicted
rih location of the Equivalent point in the vertical PPV, which

(©)

Fig.22 Evolution of PPVy/PPVy, at the ground surface, where PPVy
and PPV, are the horizontal and vertical PPV, respectively: a PPV
induced by blasthole II; b PPV induced by blasthole IV; ¢ PPV
induced by blasthole VI

is also illustrated in Figs. 18, 20. The prediction results
indicate that the R-wave dominates the vertical vibration
if r exceeds (43-45)h, or SD exceeds 59-62 m/kg”z. The
evolution of P- and R-waves also shows that the proportion
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Fig. 24 Evolution of the source-radiated waves

of different seismic components varies with r, and the domi-

s
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QJ% ic Jc i
& @ |
Q)O
Source of P-
or S-wave

Fig. 25 TIllustration of the generation range of the R-wave

nant wave may change to another type.

4.3.3 Evolution of PPV,/PPV, at the ground surface

Figure 22 shows the evolution of PPV/PPVy, at the
ground surface, where PPV and PPV, are the horizontal
and vertical PPV, respectively. It indicates that the PPV /
PPVy, ratio of the P-wave increases with r/h, while that
of the R-wave is a decreasing curve. In other words, the
particle motion of the P-wave gradually rotates to the
horizontal direction, while the dominant motion of the
ground R-wave lies in the vertical direction. The PPV /
PPV, ratio in the R-wave tends to be stable in the far
field, which is identical with the nature of the R-wave,
since whose vertical vibration is superior to the horizon-
tal vibration at the ground surface. The analysis of the
evolution of PPV,/PPVy, also shows that the dominant
motion directions of various waves are distinct.

@ Springer

5 Discussion
5.1 Evolution of source-radiated waves

The test results in the first case study shows that the PPV
in the P-wave might be higher than that in the S-wave.
This finding appears to contradict the claims of Blair
(2015), who shows that the S-wave carries more energy
than the P-wave in most cases. But we think that this con-
tradiction is caused by the difference in descriptions of
the problem: Blair (2015) focuses on the energy partition
of source radiation, whereas the present study describes
the evolution of various waves at different locations. As
shown in Fig. 23, Heelan (1953) made a vital contribu-
tion to the source radiation pattern of a short explosive
column. He declared that both P- and S-waves are of
primary origins, which are simultaneously radiated from
the explosive column. Figure 23 also indicates that both
P- and S-waves channel in certain directions, and their
amplitudes are respectively proportional to the source
functions F|(¢) and F,(¢), as expressed in Eqs. (4) and
(5). The P-wave dominates in the radial direction of the
column, while the dominant orientation of the S-wave
makes an angle of 45° with the column axis. There-
fore, the proportion of P- and S-wave components cer-
tainly varies with the location or orientation of inter-
est. Although the S-wave carries more energy from the
source, the P-wave still can have a larger amplitude than
the S-wave at a special location.

A 2V§ 2
F = 1-—=
1(@) yp GVP< 72 cos“ ¢ 4)
A .
Fy(p) = I2GVy sin 2¢), )

where A is the volume of the equivalent column cavity, and
@ is the angle between the radiation direction and blasthole
axis.

For a vertical blasthole, the evolution of the source-
radiated waves can be displayed by the source functions.
Figure 24 plots the evolution of normalized source func-
tions F(¢) and F,(¢) with r at the fictitious ground surface
(see Fig. 23). It indicates that the amplitude in the P-wave
increases with r, while the source function of the S-wave
is a decreasing curve. The amplitude ratio F,(¢)/F(¢)
decreases rapidly with r, which implies that the effect
of the S-wave is negligible in the far field. The P-wave
becomes the dominant component when r exceeds 2.3 h.
The S-wave only dominates the vibration within r=2.3 h,
where F,(¢)/F,(¢) reduces to 1.0. Thus, the source radiation
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Fig. 26 Partition of the influence areas of various waves

pattern plays an important role in the evolution of different
seismic waves.

5.2 Generation of the R-wave

For the generation of the R-wave under a buried source,
Nakano (Kuzmenko et al 1993) and Aki et al. (2002)
found that the R-wave is not suddenly created at the epi-
center but forms entirely where r> > h, and its origin
is not precisely known. But they have proven that the
generation range of the R-wave depends on the incident
angle of body waves to the ground surface. The approxi-
mate angle to predict the position of origin can be ascer-
tained by Eqgs. (6) and (7). The critical angle to determine
where the R-wave is well developed can be estimated by
Eq. (8). Figure 25 illustrates of the generation range of
the R-wave.

. ry Cr
tani, = — > ————, for source of the P-wave
h C?% - 2 ©)
P~ VR
. r Cr
tani, = n > , for source of the S-wave 7
/2 2
Cs -Cy
. r 2Cy
tanj. = = > 4/ ———, 8
Je =7, Co—Cy ®)

where, i, is the critical angle that predicts the position
of origin, j. is the critical angle to determine the position
where the R-wave is well developed, r| is the epicenter
distance associated with i, r, is the epicenter distance

associated with j., and & is the buried depth of the source.
Because Cp = \/3Cy and Cy = 0.92C for most rocks, the
critical epicenter distance satisfies r; = 0.6k and r, = 5h.
The test results in the second case study also show that a
small R-wave appears in the particle motion trajectories if
r<5 h (see Fig. 27 in Appendix 2), but it is easily found
when r>5 h. In other words, unlike the source-radiated P-
and S-waves, the R-wave is of secondary origin, which is
generated by the wave reflection at the ground surface and
gradually grows with 7.

5.3 Partition of the influence areas of various waves

As was stated above, various waves have notably differ-
ent evolution laws and influence areas. The proportion
of different seismic components is not a constant, but
rather, the dominant wave may change to another type
with r, and the dominant motion directions of various
waves are distinct. Figure 26 illustrates the partition of
the influence areas of various waves according to the
test results and the discussion in Sect. 5.2. For a vertical
blasthole, the P-wave becomes the dominant component
if r>2.3 h, and it mainly contributes to the horizontal
vibration. The S-wave is the dominant component within
r=2.3 h, but its effect can be ignored when the R-wave
is well developed. The R-wave is not suddenly created
but gradually grows with r, and it dominates the verti-
cal vibration if r exceeds (43-45)h. The two factors,
including the source radiation pattern and the physical
damping along the travel path, both play an important
role in the evolution of various waves. However, the pre-
sent partition of the influence areas merely results from
two case studies. More onsite experiments are required
in the next stage.
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Figure 26 implies that the P-wave is a non-negligi-
ble threat to ground structures in vertical-hole blasting.
However, the P-wave component is commonly ignored
in earthquakes, where the S- and R-waves are considered
troublesome. This contradiction is caused by the differ-
ences in the source pattern and source-to-site distance
scale. On one hand, an earthquake is caused by the shear
fracture of the rock plate, so the seismic source is actu-
ally a shear source. But blasting is a type of dilatation
source because the explosion energy is transmitted to the
rock mass by the expansion of gaseous detonation prod-
ucts. On the other hand, the location of interest in blast-
ing operations is usually close to the explosion source,
while the receivers in seismology are tens or hundreds
of kilometers away from the earthquake source. There-
fore, the evolution of seismic components induced by
blasting has some differences from the expectations in
earthquakes.

6 Conclusions

This paper is an attempt to analyze the evolution of seis-
mic components induced by a vertical blasthole, and the
partition of the influence areas of various waves was pre-
liminarily discussed. The present study allows the following
conclusions:

1. The evolution of various waves and their influence
areas are notably different. The proportion of different
seismic components is not a constant, but rather, the
dominant wave may change to another type with r, and
the dominant motion directions of various waves are
distinct.

2. For a vertical blasthole, the P-wave is a significant
component in both near and far fields, and becomes
the dominant wave beyond r=2.3 h, furthermore its
particle motion gradually rotates to the horizontal
direction with r increases. The S-wave only domi-
nates within r=2.3 h, but its effect can be ignored
when the R-wave is well developed. The R-wave is
not suddenly created but gradually grows to an iden-
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tifiable feature at =35 A, and it dominates the verti-
cal vibration if r exceeds (43—-45)h (59-62 m/kg'?).

3. The P-wave is a non-negligible threat to ground struc-
tures in vertical-hole blasting. However, the P-wave
component is commonly ignored in earthquakes, where
the S- and R-waves are considered troublesome. The
evolution of seismic components induced by blasting
has some differences from the expectations in earth-
quakes.

We merely analyzed the evolution of seismic compo-
nents induced by a vertical blasthole. The seismic waves
induced by other blasting sources or the blasting opera-
tions with more complex boundary conditions will be
studied in the future. The thorough separation of dif-
ferent waves will also be covered in the next stage, so
as to further reveal the characteristic of each seismic
component.

Acknowledgements This work is supported by the National Natural
Science Fund Project of China (51779190) and Hubei Province Techni-
cal Innovation Program (2017ACA102). The authors wish to express
their thanks to all supporters.

Appendix 1

See Tables 4 and 5.

Table 4 PPV within rock mass in Baihetan hydropower station

Blasthole ~ Geophone PPV, (cm/s) PPV (cm/s)
fo- no- Horizontal Vertical Horizontal Vertical
A 1# 16.72 795  1.02 3.80
24 0.53 0.61  0.17 0.36
B 1# 29.29 9.01 296 3.59
24# 3.57 1.51  0.86 1.27
C 1# 36.50 36.50 4.73 24.1
2# 1.25 1.25 030 0.82
D 1# 36.50 36.50 476 27.56
24 2.75 321 0.67 1.30
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Appendix 2

See Fig. 27.
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