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Abstract

The vibration characteristics induced by different kinds of blastholes, such as presplitting blastholes, smooth blastholes,
and production blastholes, are quite different. Figuring out the vibration differences of different kinds of blastholes and the
inherent causes are of great significance for the safety control of blast vibration. In this study, taking the excavation of a dam
foundation as a case study, the inherent causes of vibration differences induced by presplitting blastholes, smooth blastholes,
and production blastholes are investigated and discussed with both theoretical analyses and numerical simulation methods. In
addition, onsite blasting experiments are conducted to verify the vibration characteristics differences. The results show that
the explosion pressure applied on the hole wall of the presplitting and smooth blastholes are much smaller than those applied
on the production blastholes. Thus, the inner blasting effects (i.e., the rock breakage and plastic zone around the blasthole)
of the presplitting and smooth blastholes are relatively weaker. On the other hand, the outer blasting effects (i.e., the rock
breakage induced by the reflection of blast waves at the free surface) of the presplitting blasthole are negligible because of
their substantially larger burden thicknesses relative to the other blastholes. Therefore, much more explosion energy of the
presplitting blasthole is converted into vibration energy than the other two kinds of blastholes. However, the vibration energy
conversion and the plastic zone development of the smooth blastholes and production blastholes are approximately at the
same level due to the balance of their inner and outer blasting effects. The measured peak particle velocities (PPVs) and
dominant frequencies induced by different kinds of blastholes show good agreement with the above theoretical and numerical
conclusions. It can be drawn that the inherent causes of the vibration characteristics differences induced by various blastholes
lie in the differences in the blasting parameters, which determine the proportions of the inner and outer blasting effects.

Highlights

e The inner and out blasting parameters of different kinds of blastholes in dam foundation blasting excavation were defined
based on the mechanisms of rock breakage by blasting.

e The blasting vibration responses of rock mass under different blasting parameters were investigated to figure out the
inherent causes of vibration characteristics differences of various blastholes.

e Horizontal smooth blasting experiment and horizontal presplitting blasting were carried out to verify the vibration char-
acteristics differences induced by various blastholes.

e We suggest adjusting the inner and outer blasting parameters of blastholes based on the distances of the structures from
the explosive sources to minimize the disturbance caused by blasting to structures.
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1 Introduction

Rock breakage and fragmentation by drilling and blasting
have been widely used for foundation excavation in pro-
jects of hydropower station, nuclear power plant, municipal
engineering, and subgrade production (Ainalis et al. 2016;
Yang et al. 2016; Katsabanis 2020). To minimize the adverse
effects of blasting vibration and to form a flat blasting pro-
file, the contour blasting (i.e., presplitting blasting and
smooth blasting) has been extensively adopted in practical
engineering (Yang et al. 2021; Lu et al. 2012). However, the
types of blastholes used in various contour blasting tech-
niques are different resulting in different blasting vibration
characteristics, which may have deleterious effects on the
stability of rock foundations and adjacent structures. There-
fore, to control the adverse effects of blasting vibration, it is
necessary to make distinction between the various blastholes
and figure out the inherent causes for their vibration charac-
teristics differences.

Rock mass dynamic response presents significant differ-
ences in the presence of different kinds of blastholes in con-
tour basting, which have gained more attention by research-
ers and engineers in recent years. Yang et al. (2016) studied
the vibration characteristics differences induced by cutting
blastholes and production blastholes in full-face tunnel
blasting excavation through onsite experiment and numeri-
cal simulation. Their studies indicated that the production
blastholes are initiated under another firing condition which
the cutting blastholes does not have, i.e. the free surfaces
created by the blast of the former delay. Therefore, when
the production blastholes are blasted, the reflection waves
become considerably stronger due to the increased number
of free surfaces, which reduce the duration and peak values
of loading pressure in the vicinity of the blasting source,
further influencing the blast vibration characteristics. Zhou
et al. (2019) conducted a series of experiments of smooth
blasting and presplitting blasting in rock well excavation to
investigate the vibration characteristics induced by differ-
ent kinds of blastholes. In their field tests, the researchers
claimed that the dominant frequencies induced by smooth
blastholes consistently decrease as the distance from the
explosion source increases, whereas the dominant frequen-
cies induced by presplitting blastholes might decrease first,
followed by a rise. Furthermore, Hu et al. (2014) investi-
gated the damage processes in high rock slope excavation
by smooth blasting and presplitting blasting using numerical
modeling with cumulative damage materials. They stated
that the production blastholes, smooth blastholes, and
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buffering blastholes have significant influences on the final
damage of the surrounding rock mass in smooth blasting.

For presplitting blasting, the presplitting blastholes are
initiated at the first row to generate presplitting cracks,
which can effectively reduce the damage induced by the pro-
duction blastholes. However, the presplitting blastholes are
adjacent to reserved rock mass, and their burden thickness
is much greater than that of production blastholes, which
increases the acting time of the blasting load. So, the final
damage of the surrounding rock mass is mainly caused by
the presplitting blastholes. Yang et al. (2012) studied the
vibration characteristics induced by production blastholes
and presplitting blastholes by regression analysis. In their
studies, they concluded that, over a distance range of 20 m to
200 m from the explosion sources, the dominant frequencies
induced by presplitting blastholes are substantially larger
than those induced by producing blastholes.

When the explosives in blastholes are fired, the firing
conditions that are sensitive to the blasting effects, such
as the burden thickness, initiation mode, free surface, and
charge structure, can be defined as blasting parameters.
Under different blasting parameters, the vibration charac-
teristics are significantly different. Sanchidrian et al. (2007)
conducted a series of experiments to compare the distri-
bution of explosion energy under different burden thick-
nesses. In their field tests, they claimed that approximately
9% of the explosion energy is converted into vibration
energy when the blastholes are initiated under a large bur-
den thickness, a value much higher than that of production
blastholes. In addition, under different burden thicknesses,
the vibration amplitude spectrums are also different, fur-
ther influencing the distribution of dominant frequencies.
Shi and Chen (2009) compared the dominant frequencies of
blasting vibration under various burden thicknesses based
on field monitoring data from copper mine blast excavation
and found that the dominant frequencies gradually decrease
as the burden thickness increases. Singh (1993) studied the
relationship between peak particle velocities (PPVs) and
distance from the blast center for various decoupling ratios.
The researchers stated that the PPV prediction equation can
be optimized by incorporating the decay factor about the
decoupling ratio. Sun et al. (2021) compared the dominant
frequencies under different charge structures and noted that
a smaller decoupling ratio leads to a larger initial value of
the dominant frequency. Sastry and Ram Chandar (2004)
studied the vibration characteristics under different initiation
modes. The experimental results demonstrate that the blast-
induced PPVs under lateral initiation by detonating cord are
much greater than those of end initiation by detonator for the
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same scale distance. Gao et al. (2019a) investigated the dis-
tribution and utilization of explosion energy under different
initiation positions in cylindrical blastholes and found that
the PPVs under end initiation are smaller than those under
top initiation.

In previous studies, most researchers believed that the
pre-splitting cracks and the quality of the explosives in one
shot determine the vibration characteristics differences of
various blastholes (Li et al. 2016; Yang et al. 2021; Abio-
dum et al. 2021). However, the quality of the explosives of
presplitting blastholes and smooth blastholes are at the same
level, and both of them are detonated without pre-splitting
cracks. But their vibration characteristics are also different
(Yang et al. 2021). Except for the pre-splitting cracks and
the quantity of explosives in one shot, the blasting param-
eters of different kinds of blastholes are also different, which
may cause differences in vibration characteristics. Neverthe-
less, few literatures can be found to investigate the inherent
causes of the vibration characteristics differences induced by
different kinds of blastholes from the perspectives of blast-
ing parameters.

The first stage of the present study was the analysis of
the definitions and differences of blasting parameters for
various blastholes. Subsequently, the influences of blasting
parameters on explosion energy distribution and plastic zone
development were investigated to derive the differences in
vibration characteristics induced by various types of blast-
holes. In addition, the FEM software AUTODYN was used
to study the dynamic responses of the rock mass under
varied blasting parameters, including the charge structure,
initiation mode, and burden thickness. Finally, onsite experi-
ments were carried out to demonstrate the vibration charac-
teristics differences induced by different kinds of blastholes
in the blasting excavation of the dam foundation.

2 Analysis of Blasting Parameters
of Different Kinds of Blastholes in Dam
Foundation Excavation

2.1 Definition of Blasting Parameters

Right after the detonation of the explosives, the detonation
gaseous products with extremely high pressure and tem-
perature fill the whole blasthole and act on blasthole wall,
generating explosion shock waves. With the combination
of gaseous products and shock waves, the rock around the
blasthole yields and breaks, forming the crushing zone and
the fracture zone (Esen et al. 2003; Shadabfar et al. 2021).
The actions of shock waves and gaseous products on the
rock mass are mainly affected by the explosion source;
thus, these actions can be referred to as the inner blasting
effects of explosives. The influencing factors associated to
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Fig.2 Bench blasting in the excavation of rock slope

the explosive source, such as the charge structure, the ini-
tiation mode, and the blasthole spacing, can be classified as
the inner blasting parameters. In addition, when compres-
sive waves reach the free surface, reflected tensile waves
are generated, causing spalling of the rock mass since its
tensile strength is far lower than the compressive strength.
The reflected waves are closely related to the free surfaces
and the burden thicknesses, which are independent of the
blasting sources; hence, the rock breakage by reflected waves
can be defined as the outer blasting effects. Moreover, the
burden thicknesses and the free surfaces can be categorized
as the outer blasting parameters. Figure 1 shows the illustra-
tion of the inner and outer blasting effects.

2.2 Review of Blasting Methods in Dam Foundation
Excavation

As the primary load-bearing structure for the hydropower
station, the dam foundation is commonly excavated by bench
blasting to control the blast-induced damage to reserved rock
mass. As shown in Fig. 2, bench blasting excavation usually
begins at the top of the rock slope, and the height of each
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bench is approximately 8—15 m. At the bottom of the rock
slope, a 3—6 m protective layer is reserved to protect the
underlying rock foundation from blast-induced damage. For
each bench of the rock slope, presplitting blasting or smooth
blasting (as shown in Fig. 3) is adopted to guarantee the sta-
bility of the excavation profiles. In addition, to deal with the
complex geological conditions of rock slope, several optimi-
zations of blasting excavation based on presplitting blasting
and smooth blasting were proposed during the construction
of Baihetan Hydropower Station (Liu et al. 2020).

For the excavation of protective layer, not only should
the blast-induced damage of the rock mass be controlled,
but a flat blasting contour is also essential to reduce the
over/underbreak. Over the past few decades, several effec-
tive excavation techniques for the excavation of protective
layer were gradually developed. Those techniques include
layered blasting excavation, horizontal presplitting blasting,
horizontal smooth blasting, and bench blasting with bot-
tom cushion-deck. To minimize blast-induced damage to
the bedrock, the protective layer is usually divided into two
or three thin layers in the layered blasting, and the height
of the layer gradually decreases with the excavation of the
protective layer. The layered blasting method is reliable for
controlling bedrock damage, but the excavation procedures
are complicated. To increase the efficiency of dam founda-
tion excavation, the bench blasting with bottom cushion-
deck method was proposed at Wanan Hydropower Station
in 1982 (Zhang et al. 2013). For the bench blasting with
bottom cushion-deck method, a cushion deck comprised of
various low-sonic-impedance materials is placed at the bot-
tom of the blastholes to protect the bedrock by reducing the
explosion energy transferred into the rock mass. However,
the excavation profiles caused by bench blasting with bottom
cushion-deck method can hardly meet the demands of practi-
cal engineering. Therefore, Lu et al. (2018) optimized the
bench blasting with bottom cushion-deck method by placing
the spherical energy-relief block on the bottom of the blast-
holes, and conducted several onsite experiments to verify the
reliability of the optimized method in reducing blast-induced
damage and controlling the shape of excavation profiles (Liu
et al. 2020; Hu et al. 2020).

Initiation sequence:

Nonel Detonating cord

Fig.3 Illustration of contour blasting of rock slope
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The contour blasting techniques (horizontal presplitting
blasting and horizontal smooth blasting) are widely used
in the excavation of protective layer. To minimize the dis-
turbance to the bedrock of the dam foundation, the contour
blastholes and the buffering blastholes are drilled along
the horizontal direction, while the production blastholes
are arranged in the vertical or horizontal direction. For the
contour blasting with vertical production blastholes, a pio-
neer slot used for placing drilling machine should be cre-
ated in advance. So, the construction process is complicated
restricting the excavation efficiency. The construction pro-
cess of contour blasting with horizontal production blast-
holes is more concise, but it is hard to control the angle of
horizontal drilling holes.

2.3 Differences in the Blasting Parameters
of Different Kinds of Typical Blastholes

As stated above, three typical types of blastholes, includ-
ing presplitting blasthole, smooth blasthole, and production
blastholes are widely adopted in different kinds of blasting
methods in dam foundation excavation. In addition, their
blasting parameters are of significant differences due to their
own roles in rock blasting.

2.3.1 Inner Blasting Parameters

(1) Charge Structures

To minimize the blast-induced damage to the sur-
rounding rock mass, explosives in contour blastholes
are axially and radially decoupled from the rock mass
(i.e., presplitting blastholes and smooth blastholes).
Unlike contour blastholes, explosives in production
blastholes are continuous in the axial direction, and the
decoupling ratio in the radial direction is substantially
lower than that in the contour blastholes. Therefore, the
blasting pressure on the hole wall of contour blasthole
is smaller than that of production blasthole since there
are more uncoupled mediums, such as air and water,
etc. The differences in charge structures of different
kinds of blastholes are shown in Fig. 4.

(2) Initiation modes

As the explosives in contour blastholes are axially
decoupled from the rock mass, the detonating cord is
always adopted to guarantee the reliable detonation of
each explosives segment. The detonation velocity of
the detonation cord is much higher than that of com-
mercial explosives. Thus, the explosives in the contour
blastholes are approximate to lateral detonation, and the
detonation wave propagates along the radial direction
of the blasthole. The explosives in production blast-
holes are fired by detonators, so the detonation wave
propagates axially along the blasthole from the site of
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Fig. 4 Differences in blasting parameters of various blastholes in dam foundation excavation

initiation. For different initiation modes, the detona-
tion processes of explosives in cylinder blastholes are
different, further affecting the blasting pressure on the
hole wall and inner blasting effects. Figure 4 illustrates
the propagation directions of detonation waves under
different initiation modes.

2.3.2 Outer Blasting Parameters

As illustrated in Fig. 4, to isolate the blast vibration induced
by production blastholes, the presplitting blastholes are
usually fired at the first row. So, the burden thicknesses of
presplitting blastholes are significantly greater than those
of production blastholes. Nevertheless, with the increase
of burden thicknesses, the clamping force of the blasthole
gradually increases, which further reduces the outer blasting
effects. Since smooth blastholes are usually initiated after
other blastholes to generate a flatter excavation profile, the
burden thicknesses are relatively small, hence enhancing the
outer blasting effects.

3 Effects of Blasting Parameters on Blasting
Vibration Responses

3.1 Theoretical Analysis
3.1.1 Distribution of Explosion Energy

The explosion energy can be divided into four parts: the
fragmentation energy, the seismic energy, the kinetic energy
used for the displacement of blast-induced fragments, and
other energy transferred in a less apparent way, such as
the energy used for plastic and elastic deformation of rock
masses, and the energy transferred into the rock mass from
the hot detonation products (Sanchidriin et al. 2007). Under
different inner and outer blasting parameters, the explosion
energy components are different. For example, when the

explosives in blastholes are decoupled from the rock mass,
the detonation pressure on the blasthole wall decreases as
the radius of the decoupled medium (e.g., air and water)
increases, hence reducing the radius of the plastic zone and
weakening the inner blasting effects. This means that more
proportions of explosion energy will convert into seismic
energy.

During the detonation of the explosives in blasthole,
there is always an unsteady detonation zone that extends
3-6 times the diameter of the blasthole before the detona-
tion shock waves reach steady-state velocities. This unsteady
detonation zone is known as the run-up distance (Leng et al.
2016). When explosives are laterally initiated by the detonat-
ing cord, the actual detonation velocity of the main explo-
sives in contour blastholes is lower than their steady-state
velocity as the existence of the run-up distance. The run-up
distance also exists in the end initiation by the detonator, but
it is much smaller than the length of the explosive column.
Therefore, it can be assumed that under the end initiation,
the explosives in the blasthole are detonated in a steady-state
velocity (Leng et al. 2016). According to the C-J (Chapman-
Jouguet) detonation theory, the correlation between detona-
tion pressure and detonation velocity is positive (Chapman
1899). Consequently, under side initiation, the detonation
pressure on the blasthole wall and the inner blasting effects
are relatively weaker, resulting in a greater conversion of
explosion energy to vibration energy.

Moreover, the outer blasting parameters, including the bur-
den thicknesses and the numbers of free surfaces, also have
a substantial effect on the distribution of explosion energy.
After the initiation of explosives, the blast-induced shock
waves attenuate rapidly in rock masses. As the burden thick-
ness increases, the intensity of the tensile stress waves reflected
from the free surface gradually decreases, and less explosion
energy is converted into fragment energy, resulting in more
large size fragments, which is disadvantageous to the down-
stream blasting operation (An et al. 2018). The numbers of
free surfaces are also closely related to the generation of the
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reflected tensile waves. Increasing the number of free surfaces
means that there are more excitation sources for reflected ten-
sile stress waves, which is helpful for weakening the clamping
force of the blastholes and increasing the consumption levels
of explosion energy for rock fragmentation and displacement.

3.1.2 Influences of the Plastic Zone on Dominant
Frequency

The frequency spectrum of blasting vibration is complex,
and a variety of parameters, such as charge weight per delay,
longitudinal wave velocity, density of rock mass, radius of
the elastic zone, and distance from the blasting sources,
all have influences on the distribution of the dominant fre-
quency. Based on those parameters, Lu et al. (2015) pro-
posed a prediction equation describing the attenuation of the
dominant frequency against the distance from the blasting
sources.

172\ #
C
f=¢—1‘jz<—j > ¢
0

0, = 374a; @
where fis the dominant frequency, £ and f are the on-site
coefficients related to the geological condition, C,, is the lon-
gitudinal wave velocity of the rock mass, Oy is the quality
of the explosives, r is the distance from the blasting source,
q is the density of the rock mass, and q,, is the radius of the
plastic zone.

Lu et al. (2015) fitted the prediction equation based on the
onsite experiment, and the results indicated that the domi-
nant frequency of onsite blasting vibration is inversely pro-
portional to the radius of the plastic zone. Moreover, the
average frequency, which is described by Eq. (3), was used
to investigate the influences of the plastic zone. The research
results also showed that as the radius of the plastic zone
increases, the average frequency gradually decreases.

i ZHA () 4
ZA(f)

where ]_‘ is the average frequency, f; is the individual fre-

quency in the Fourier amplitude spectrum and A(f;) is the

amplitude of each frequency f.
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3.2 Numerical Simulation Analysis

From the analysis of the blasting parameters in Sect. 3.1,
it is obvious that variations in these parameters will affect
the dynamic response of rock mass, leading to discrepan-
cies in blasting vibration characteristics. For various typical
blastholes in the excavation of a dam foundation, the differ-
ences in their blasting parameters concentrate on the charge
structure, initiation mode and burden thickness. Therefore,
to figure out the inherent causes of the vibration character-
istics differences induced by different kinds of blastholes,
numerical models for investigating the dynamic response
of the rock mass were established in relation to the above-
mentioned blasting parameters.

3.2.1 Numerical Models

The RHT (Riedel-Hiermaier—Thoma) material model devel-
oped by Riedel et al. (1999) was used for the rock materials
in the numerical simulation. Based on the HIC (Homlquist—
Johnson—Cook) material model, the RHT model adds the
failure surface, elastic limit surface, and remaining strength
surface to describe the variation of initial yield strength, fail-
ure intensity, and residual strength. Moreover, the influences
of pressure hardening, strain hardening, and third invariant
dependence on the damage of the rock mass are considered
comprehensively in the RHT model. The failure surface
equation of the RHT model is expressed as follows:

(62,(P.0,6) = Yiy «(PYRy(0)F e (€)

I

Yige(P) =AP* - P :pallF e (€))" 4

kP:pau = Pspall/fc

where P is the pressure, 8 and ¢ are the Lode angle and strain
rate, respectively, Y*xc(P) is the equivalent stress inten-
sity on compression, R;(6) is the angular even function on a
partial plane, P* is the pressure normalized by f,, F,..(€) is
the strengthening factor of the strain rate, P*,,; is the spall
strength normalized by f;, Py, is the spall strength, A is the
constant of the complete failure surface, N is an index of the
complete failure surface, and f, is the uniaxial compressive
strength.

Furthermore, based on the Holmquist and Johnson constitu-
tive models, the damage variable D is introduced to describe
the residual failure surface, and the damage is assumed to be
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the accumulation of inelastic strain (Wang and Zhang 2014),  Table 2 lists the related parameters of the explosives (Xie

which is expressed as follows: etal. 2017).
Based on the experiment conducted by Banadaki and
Agp Mohanty (2012), another numerical model for demonstrating
D= failure the reliability of the numerical parameters was established
) P ) ®) by ANSYS AUTODYN. Similar to the results of the labora-
failure _ D (P* —Px )D2 > ghnin K . . .
& 1 spall) = = &f tory experiment, the cracks simulated in numerical model

extend uniformly from the center of the blasthole, generat-

where D, and D, ar? 5he damage constants for describing ing the crush zone and the crack zone around the blasthole.
: ailure ; : : min ; . . . .

th? strain effe.ct, € 18 the failure stramn, & 718 t}.1e The radius of the simulated crush zone is approximately
minimum strain to reach failure, and Aep is the plastic strain 4.5 times that of the blasthole, while that of the laboratory
variation. Table 1 shows the detailed mechanical parameters experiment is 5—6 times that of the blasthole, which demon-
of the rock mass used for the numerical models (Xie et al.  gtrates the feasibility of both the numerical parameters and
2017). the numerical models.

To describe the expansion processes of the detonation prod- 3.2 2 Analysis of the Effect of Decoupling Ratios
ucts, the JWL (Jones-Wilkins-Lee) equation of state (Lee

et al. 1968) was adopted, and the relationship between the  Tg jnvestigate the dynamic response of the rock mass under
pressure of detonation products, volumes, and energy canbe (ifferent charge structures, plane strain models measuring

expressed by Eq. (6). 5 mx5 m were implemented. As shown in Fig. 5, since

the production blastholes are usually initiated individu-

0} RV 0] _ryv . @WF ally by the detonator, a single blasthole with a diameter of
Pi=All-——=— e +B||1 === |Je ™ + — . .

RV R,V Vv 90 mm was arranged in the center of the numerical model.

(6) The diameters of the explosives in the production blastholes
were set as 70 mm, and the decoupling ratios were 1.3. For
contour blastholes (i.e., smooth blastholes and presplitting
blastholes), three or four blastholes with larger decoupling
ratios are typically initiated at one shot by the detonator
cord. Therefore, four blastholes with decoupling ratio of 2.6

where P, is the pressure of detonation products, V is the
relative volume of detonation products, E is the detonation
energy per unit volume, and A, B, R, R,, and w are inde-
pendent parameters defined by the properties of explosives.

Table 1 Parameters used in the o3
RHT model for rock materials plgem™) G (GPa) Jo (MP2) b D 4 N
2.75 16.7 35 0.04 1.0 1.6 0.61
Table2 Parameters of the p(kgm™)  VoD(ms')  P,(GPa) A, (GPa)  B,(GPa) R, R, ®
explosives
1000 5000 5.15 494 1.89 3.9 1.11 0.33

Fig.5 Numerical models: a o
numerical model of a produc-
tion blasthole with decoupling

ratios of 1.3 and b numerical § §
model of contour blastholes = 3
with decoupling ratios of 2.6 7 2

<1 e | 5m

| 5m o

: :

=3

3 3

< <

v A2
Non-reflect boundary Non-reflect boundary
< Sm g < Sm g
(a) (b)
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Fig.6 Results of blast-induced
damage under different decou-
pling ratios: a decoupling ratio
1.3 and b decoupling ratio 2.6

(2)

were arranged in the model to maintain identical amounts of
explosive quantity at one shot for each blasthole type. The
diameters of the contour blastholes were set as 90 mm, and
the diameters of the explosives inside were set as 35 mm. In
addition, for each model, a gauge point was arranged 2.0 m
below the blastholes to extract and calculate the blasting
vibration energy.

To eliminate the artificial wave reflections from reenter-
ing the model, the transmit boundaries were enforced on all
surfaces. The explosive and rock mass were modeled using
Eulerian elements and Lagrangian elements, respectively,
and all the elements had dimensions of 5 mm X 5 mm. More-
over, fluid—structure interaction was adopted in the numer-
ical models, and the air was used as a coupling medium
between the RHT material and the explosives.

The results of blast-induced damage under different
decoupling ratios are shown in Fig. 6. For the single blast-
hole with a decoupling ratio of 1.3, blast-induced damage
and the cracks around the blasthole spread uniformly from
the center of the blasthole outward. When the decoupling
ratio increase to 2.6, a through crack is formed between the
adjacent holes; however, the extents of blast-induced damage
and cracks is significantly decreased. Increasing the decou-
pling ratio means a thicker air interlayer between the explo-
sives and the blasthole wall, weakening the blasting pressure
on the blasthole wall and inner blasting effects which further
led to a reduction in the blast-induced damage and the radius
of the plastic zone. Figure 7 shows the blasting pressure
curves on the blasthole wall. As shown in this figure, the
durations of the blasting pressure are similar under different
charge structures, but the peak values are notably distinct.
In the case of the decoupling ratio of 1.3, the peak value of
the blasting pressure is approximately 1.21 GPa, which is
obviously higher than that under the decoupling ratio of 2.6.

To study the explosion energy distribution under dif-
ferent charge structures, the time—energy curves of the
measuring points in Fig. 5 were calculated by time—energy
density analysis based on the wavelet transform (Lu et al.
2018). Noting that the quality of explosives for differ-
ent decoupling ratios were equal. Consequently, the total
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Fig.8 Time-energy curves under different decoupling ratios

amount of explosion energy released under various decou-
pling ratios is at the same level. The results are shown in
Fig. 8. As illustrated, the peak value of the time—energy
curve under the decoupling ratio of 2.6 is 0.61 kJ, which
is significantly higher than that under the decoupling ratio
of 1.3. When the maximum charge of each shot and the
distances from the explosion sources are at the same level,
more proportion of explosion energy is converted into
vibration energy as the decoupling coefficient increased.
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Fig. 9 Numerical models under different initiation modes

3.2.3 Analysis of the Effect of Initiation Modes

As stated above, the distribution of explosion energy is dif-
ferent under various initiation modes. To study the influ-
ences of different initiation modes on the dynamic response
of the rock mass, axisymmetric plane numerical models
measuring 5 m x5 m were conducted. As shown in Fig. 9,
the length of the blasthole is 2.0 m, and the diameter is
90 mm. Free boundaries were selected for the top surfaces of
the models, while the transmit boundaries were enforced for
the remaining surfaces to avoid the artificial wave reflections
generated at the boundaries reentering the model. Moreover,
the Lee-Tarver model (Lee and Tarver 1980), expressed in
Eq. (7) was used for the explosives under lateral initiation to
describe the nonideal detonation process. The parameters of
the Lee-Tarver model are provided in Table 3.

%:I-(I—F)”-(u—a)x+Gl-(1—F)C-Fd-Pg+G2
V.

p=—=—1
YV,

where P, is the pressure in the explosive, F is the reaction
ratio, ¢ is time, p is the compression ratio, V; is the initial
specific volume of the explosive, V, is the specific volume
of the shocked and unreacted explosive, and [, b, a, x, G4, c,
d,y, G,, e, g, and z are constants.

When explosives are initiated by the detonator at one end
of the blasthole, the explosion energy tends to gather toward
the non-initiation side (Gao et al. 2019b). So, as shown in
Fig. 10 (a), the damage radius at the top end is much larger
than that at the bottom end, and the blast-induced damage
of the rock mass around the blasthole appears to be in the
shape of an inverted triangle. Unlike end initiation, when the
explosives are laterally initiated by the detonation cord, the
detonation wave mainly propagates along the radial direc-
tion of the blasthole. Therefore, as shown in Fig. 10(b), the
damage contour under lateral initiation is uniformly dis-
tributed along the axial direction. Moreover, the equivalent
damage radius under end initiation is much larger than that
under lateral initiation. Figure 11 gives the blasting pressure
curves on the bottom, middle, and top of the blasthole wall
under different initiation modes. For the end initiation, the
start raising time and peak value of the blasting pressure at
different locations of the blasthole wall are different, since
the time and directional effects along the charge are differ-
ent. However, under lateral initiation, the blasting pressure
curves at different locations of the blasthole wall are similar,
and their peak values are approximately 0.8 GPa, which is
much smaller than the peak values of the pressure on the
top of the blasthole wall under end initiation. Therefore, the
inner blasting effects under end initiation are significantly
stronger than that under lateral initiation.

“(1=F)-F&- P

(N

Table 3 Parameters of the Lee-
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Fig. 10 Results of blast-induced
damage under different initia-
tion modes: a end initiation and
b lateral initiation
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To extract and calculate the blasting vibration energy,
a gauge point was arranged at 2 m to the right side of the
blasthole, and the time—energy curves for different ini-
tiation modes are provided in Fig. 12. As illustrated, the
peak value of the time—energy curve for lateral initiation is
1.82 kJ, which is significantly greater than 0.92 kJ for end
initiation. After the detonation of the explosives, there is a
run-up distance of approximately 3—6 times the diameter of
the blasthole before the detonation shock wave arrives at a
steady-state velocity. Therefore, the actual detonation veloc-
ity under lateral initiation is lower than the inherent detona-
tion velocity, and the initiation reaction of explosives can be
regarded as a non-ideal detonation process, resulting in the
reduction of the detonation pressure on the blasthole wall
and the radius of the blast-induced damage zone. As a result,
the proportion of explosion energy used for fragmentation
and displacement decreases, and more explosion energy is
converted into seismic energy.

3.2.4 Analysis of the Effect of Burden Thicknesses

It is a common belief that the variations in burden thickness
change the clamping forces of blastholes, thereby influenc-
ing the dynamic responses of the rock mass (Sanchidrian
et al. 2007). To investigate the influences of the burden
thicknesses, three plain strain models with burden thickness
of 2.0 m, 1.5 m, and 1.0 m, respectively, were developed.
As shown in Fig. 13, all of these models were built using

@ Springer

Non-reflect boundary

l >y
7

Sm
Fig. 13 Numerical models under different burden thicknesses

quadrilateral elements with an 5 mm X5 mm element size.
To prevent wave-reflecting effects, transmit boundaries were
applied on all surfaces, excluding the top surface. Moreover,
a gauge point was arranged at 2.0 m on the right side of
the blasthole to extract and calculate the blasting vibration
energy under different burden thicknesses.

Figure 14 illustrates the results of blast-induced damage
under different burden thicknesses. As shown in this figure,
the damage intensity of the rock mass in front of the blast-
hole increases gradually as the burden thicknesses decreases.
The reduction in the burden thickness enhances the reflected
waves from the free surface, causing intense spalling of the
rock mass around the free surface. To analyze the explosion
energy distribution under different burden thicknesses, the
time—energy curves of the gauge point were analyzed, and
the results are provided in Fig. 15. As illustrated, the vibra-
tion energy arrives at a peak value at 1.1 ms, and reduces
as the burden thickness decreases. This is due to the fact
that the reduction of burden thickness weakens the clamp-
ing force on the blasthole, and enhances the outer blasting
effect and the intensity of the reflected waves generated at
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Fig. 15 Time-energy curves under different burden thicknesses

the free surface, resulting in a greater consumption of explo-
sion energy for rock fragmentation and displacement.

4 Case Study
4.1 Site Description

The Baihetan Hydropower Station is located downstream of
the Jinsha River, a branch of the Yangtze River in Sichuan
and Yunnan Province in southwest China. The station has
16 turbines, each with a generating capacity of 1.0 GW. In
terms of generating capacity, Baihetan Hydropower Station
is the second largest hydropower station in China, after the
Three Gorges Hydropower Station. The bedrock of the dam
foundation is composed of weakly weathered breccia lava,
with compressive strengths ranging from 55 to 70 MPa.

Figure 16 shows the location of the Baihetan Hydropower
Station and the experimental sites.

4.2 Blasting Design and Vibration Monitoring

To investigate the vibration characteristics induced by dif-
ferent kinds of blastholes, a horizontal presplitting blasting
experiment and a horizontal smooth blasting experiment
were conducted in the excavation of the horizontal sec-
tion of the dam foundation. The layout of the onsite blast-
ing experiments is shown in Fig. 16. For different blasting
experiments, the arrangements of blastholes were similar,
including both the vertical production blastholes and hori-
zontal contour blastholes. Figure 17 illustrates the initiation
network in the onsite experiments. As shown, in the hori-
zontal smooth blasting experiment, the vertical production
blastholes were fired first to separate the blasting vibration of
production blastholes from that of smooth blastholes. Then,
the blast-induced rock slags were removed via high-pres-
sure water or air, and the smooth blastholes were detonated.
Table 4 shows a list of the detailed drilling and blasting
parameters, and Fig. 18 shows a plot of the typical charge
structures of production blastholes and contour blastholes.
In addition, non-electric millisecond detonators MS2, MS3,
and MSS5 were adopted to fire various rounds of produc-
tion blastholes, while MS5 and MS3 were used for contour
blastholes. To separate the blast vibration of the first two
production blastholes from the others, MS9 was adopted
inside the blue production blastholes in Fig. 17, and MS11
was adopted inside the rest of the production blastholes.

To record the vibration induced by different kinds of
blastholes, the monitoring holes marked in Fig. 17 were
drilled before each blasting experiment. The vertical vibra-
tion sensors CDJ28 made by the Chongqing Geological
Instrument Factory, China, were installed in the monitoring
holes, and they were placed at 1.0 m, 1.5 m, and 2.0 m below
the foundation surface. Figure 19 shows the locations of the
monitoring points.

=

" Presplitting blasting ’ K~

Fig.16 Layout of the blasting experiment sites at the Baihetan
Hydropower Station
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Fig. 17 Initiation networks: a horizontal smooth blasting experiment and b horizontal presplitting blasting experiment

Table 4 Drilling and blasting parameters

Blasthole type Hole diameter ~ Hole depth (m) Stemming (m) Charge weight Charge diameter Charge weight
(mm) (kg) (mm) at one shot
(kg)
Presplitting blasthole 76 10 1 2.2 32 8.8
Smooth blasthole 76 10 1 2.2 32 8.8
Production blasthole 90 3.5 1.5 43 70 43
Detonator tub Detonator cord blastholes. In smooth blasting experiment, the production
ctonator tube H .
i . | Bamboo chip blastholes were detonated at first stage, then the blast-
. Stemming . . .
Stemming ~J |1.0m induced rock slags were removed via high-pressure water or
air. Finally, the smooth blastholes were fired to generate flat
1.5m . . . .
excavation profiles. So, the vibration signals of both smooth
blastholes and production blastholes were recorded by the
B vibration sensors during the smooth blasting experiment.
32 Emulsion X 2 @ 32 Emulsion . . . . . .
mulsion ~A [9.0m The typical blasting vibration waveforms of measuring point
2m #1 are shown in Fig. 20. As illustrated in Fig. 21, the PPVs
induced by smooth blastholes and production blastholes
@70 Emulsion Detonator were approximately equivalent, 14.6 cm/s and 13.8 cm/s,
respectively, which were smaller than the PPVs induced by

(b)

Fig. 18 Typical charge structures: a production blasthole and b con-
tour blasthole

4.3 Results Analysis

In presplitting blasting experiment, the presplitting blast-
holes were fired before the production blastholes. Con-
sequently, the vibration signal transmission line in the
monitoring holes was destroyed by the flying rock debris,
resulting in the loss of the vibration signal of the production
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presplitting blastholes.

In practice, there are always 3—4 contour blastholes (i.e.,
presplitting blastholes and smooth blastholes) initiated at
the same time per delay; thus, the maximum charge of each
shot of contour blastholes is significantly higher than that of
production blastholes. As shown in Table 4, the maximum
charge per delay of the contour blastholes is 8.8 kg, while
that of the production blasthole is 4.4 kg. To avoid the influ-
ences of the maximum charge of each shot, the Sadovsky
formula (Zeng et al. 2018) was adopted to analyze the vibra-
tion characteristics induced by different kinds of blastholes.
The equation has the following forms:
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Fig. 19 Layout of the monitor-
ing holes: a contour blastholes
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Fig.20 Measured velocity—time histories induced by different kinds of blastholes at both measuring points #1

PPV = K(SD)™* 8)

SD=r/Q' ©)

where K and a are factors related to the onsite geological
conditions, r is the distance from the explosion center, and
Q is the maximum charge per delay. As shown in Fig. 17,
the recorded production blastholes were isolated by MS9, so
the r for production blastholes was defined as the distance
from the monitoring point to the center of the charge (see
Fig. 19b). Unlike production blastholes, the r for contour
blastholes was defined as the distance from the monitoring

point to the center of the contour blastholes per delay since
3—4 contour blastholes are usually initiated at the same
time (see Fig. 19a). The fitting results of the PPV against
SD curves are provided in Fig. 21. As illustrated, the PPVs
induced by presplitting blastholes are larger than those
induced by smooth blastholes and production blastholes,
while the PPVs induced by smooth blastholes and produc-
tion blastholes are approximately at the same level.
Moreover, the amplitude—frequency spectrum F(®),
available from Fourier transformation, was normalized for
better comparison, and the results are provided in Fig. 22.
As illustrated, the amplitude—frequency spectra of presplit-
ting blastholes have complex structures of double or triple
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Fig.21 PPV against SD curves of different kinds of blastholes

peak values. Unlike the presplitting blastholes, the ampli-
tude—frequency spectra of smooth blastholes and produc-
tion blastholes are dominated by a single peak. Further-
more, the dominant frequencies of presplitting blastholes
are concentrated in 50-100 Hz, which is much higher than
smooth blastholes and production blastholes.

To analyze the energy distribution against the frequency,
the vibration signals were decomposed into 11 frequency
bands (d, to d;;) by the wavelet basis function sym8. Then,
the decomposed signals were reconstructed by the Wrcoef
function (Zhong et al. 2008). Taking measurement point #1
as an example, the reconstructed signals of blasting vibration
waveforms induced by presplitting blastholes are shown in
Fig. 23. As illustrated, the spectrum of the vibration signal in
the first layer ranges from 4000 to 8000 Hz, and the spectral
range decreases by a factor of two with each decomposition.
Furthermore, the vibration energy of each layer was calcu-
lated by the following equation (Ma et al. 2022):

M
E =) ldm|" i=12-.Z (10)
n=1

— Presplitting blasthole

08 Fiv Y\ - Production blasthole 0.8 il [l -
3 —_
éO,é - -~ Smooth blasthole %0.6
% £
S04 %04
= 3
L‘< ~
02 =02

L

— Presplitting blasthole

of vibration signal, M is the number of sampling points, Z is
the number of decomposed layers, ay(n) is the approxima-
tion coefficient of the decomposed layer Z, and d,(n) is the
detail coefficient of the decomposed layer i, E, is the total
energy of vibration signal, g(t) is the vibration signal in high
frequency, ¢, is the proportion of energy in each frequency
band to the total energy.

Figure 24 presents the energy distribution against fre-
quency bands at each monitoring point. For the presplitting
blastholes, the vibration energy was concentrated in fre-
quency band d7 (62.5 Hz to 125 Hz). Similar to Fig. 22, the
presplitting blastholes dominant frequency band is higher
than those of smooth blastholes and production blastholes
at each point.

5 Discussion

In previous studies, it has been generally accepted that the
presplitting cracks, the explosive quality at one shot, and
the distance from the explosion center (Singh et al. 2014;
Torano et al. 2006; Yilmaz and Unlu 2013) determine the
vibration characteristics differences of various blastholes,
ignoring the influences of the blasting parameters to some
degree. However, in the present study, the horizontal smooth
blasting experiment and the horizontal presplitting blasting
experiment were conducted to avoid the influences of the
pre-splitting cracks. Furthermore, to avoid the influences of
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Fig.22 Comparison of the amplitude-frequency spectra of vibration signals induced by different kinds of blastholes: a measurement point #1, b

measurement point #2 and ¢ measurement point #3
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Fig. 23 Components of blasting vibration induced by presplitting blast-holes at measurement point #1

the distance from explosion sources and the quality of the
explosives, the Sadovsky formula (Zeng et al. 2018) was
adopted in the analysis of the vibration induced by different
kinds of blastholes. Obviously, only in the case of differ-
ent blasting parameters, the experimental results (Fig. 21
and Fig. 22) show that the PPVs and dominant frequencies
induced by presplitting blastholes are much higher than
those of the smooth blastholes and production blastholes,
which are both almost at the same level.

In addition to the above-mentioned factors, the blasting
parameters may also affect the explosion energy distribu-
tion and the evolution of the plastic zone, thereby contrib-
uting to the differences in vibration characteristics induced
by different kinds of blastholes. For presplitting blastholes,
they are laterally initiated by the detonation cord at the first
blast row, and the explosives are generally radially and axi-
ally decoupled from the rock mass. Therefore, the inner and
outer blasting effects of presplitting blastholes are relatively
weaker. More explosion energy is dissipated in the form of
blasting vibration, causing a reduction in the radius of the
plastic zone. In addition, the charge structures and initiation
modes of smooth blastholes are similar to those of presplit-
ting blastholes, but their burden thicknesses are smaller,
which increases the outer blasting effects of blastholes. The

explosives in production blastholes are always initiated by
the detonator at the end of the blasthole, and their decou-
pling ratios are smaller than those of contour blastholes,
resulting in a stronger inner blasting effect. Nevertheless,
the burden thicknesses of smooth blastholes are smaller
than those of production blastholes, so the vibration energy
conversion and the plastic zone development of smooth
blastholes and production blastholes are approximately at
the same level due to the balance of their inner and outer
blasting effects.

As known to all, the damage mechanisms of structures
vary with the distance from the explosion source in rock
blasting. For example, when the structures are located in the
vicinity of the explosion sources, the PPVs of blasting vibra-
tion easily exceed the allowable value, thus causing damage
to the structures (Singh and Roy 2010). As the distance from
the explosion source increases, the PPVs rapidly decrease to
a range that does not endanger the structures, and the domi-
nant frequencies of blasting vibration tend to the natural
frequency. However, when the dominant frequencies are in
the natural frequency range, resonance can easily occur and
threaten the stability of the structures (Heath et al. 2015).
Therefore, to minimize the disturbance of blasting vibration
and protect the structures, the adjustment of inherent and
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Fig. 24 Energy distribution against frequency bands at different mon-
itoring points: a monitoring point #1, b monitoring point #2, and ¢
monitoring point #3

outer blasting effects by the variations in blasting param-
eters can be conducted according to the distance from the
explosion source. For example, when the structures are in
the vicinity of the explosion sources, some optimizations,
such as reducing the burden thicknesses and increasing the
number of free surfaces, can be performed to enhance the
outer blasting effects, so that less explosion energy is con-
verted into vibration energy reducing the PPVs of blasting
vibration. Furthermore, when the structures are in the area
far from the explosion sources, it is advisable to weaken
the inner blasting effects, creating a smaller plastic zone
and increasing the dominant frequencies of blasting vibra-
tion, which is beneficial for protecting the structure from
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the resonance. In addition, all these optimizations should be
carried out in an attempt to satisfy the rock fragmentation.

6 Conclusions

Figuring out the inherent causes of vibration characteristics
induced by different kinds of blastholes is significant for the
safety control of blasting vibration. Taking the Baihetan dam
foundation blasting excavation as a case study, the blast-
ing parameters of various blastholes were analyzed at first
stage. Then, the effects of blasting parameters on vibration
responses were investigated with both theoretical analyses
and numerical simulation. It was observed that since the
explosives in contour blastholes are decoupled from the
rock mass and laterally initiated by the detonating cord, the
blasting pressure on the hole wall of contour blastholes is
substantially lower, weakening the inner blasting effects in
rock breakage. In addition, the presplitting blastholes are
initiated in the first row to form the pre-splitting cacks. Thus,
the outer blasting effects of presplitting blastholes are neg-
ligible as their burden thicknesses are larger relative to the
other blastholes. The smooth blastholes are initiated after
the production blastholes. Consequently, their burden thick-
nesses are relatively small, resulting in stronger outer blast-
ing effects than the other two kinds of blastholes.

Horizontal smooth blasting and horizontal presplitting
blasting were conducted to investigate the vibration char-
acteristics differences in dam foundation blasting excava-
tion. By analyzing the recorded vibration signals from the
onsite experiment, it was found that the PPVs and dominant
frequencies induced by presplitting blastholes were signifi-
cantly higher than those induced by smooth blastholes and
production blastholes due to the weaker inner and outer
blasting effects of presplitting blastholes. While the PPVs
and dominant frequencies induced by smooth blastholes
were roughly comparable to those of production blastholes,
due to the balance of their inner and outer blasting effects.
The findings of the onsite experiment clearly verify the
conclusions of the numerical simulation and theoretical
analysis.

The differences in blasting parameters (i.e., charge struc-
tures, initiation modes, and burden thicknesses) result in
variations in the proportions of the inner and outer blasting
effects, which are the inherent causes for the vibration dif-
ferences induced by different kinds of blastholes. In practical
engineering, it is advisable to adjust the blasting parameters
of various blastholes to change the proportions of the inner
and outer blasting effects, thereby minimizing the blasting
disturbance to the structures.
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