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Abstract: The safety assessment and control of large-diameter pipelines under tunnel blasting at
ultrasmall clear distances is a significant problem faced in construction. However, there has been
no reference case for the quantitative comparison of the disturbance degree of surrounding rock by
using two blasting schemes of non-electric detonator design and electronic detonator design under
a similar total blasting charge consumption. In this study, the blasting test was carried out based
on the engineering background of drilling and blasting methods to excavate the tunnel under the
water pipeline at a close distance. The peak particle velocity (PPV), stress, and deformation responses
of the pipeline under the two construction methods of non-electric and electronic detonators were
comparatively analyzed. The PPV can be remarkably reduced by 64.2% using the hole-by-hole
initiation of the electronic detonators. For the large-diameter pipeline, the PPV on the blasting side
was much larger than that on the opposite side because the blasting seismic wave propagated a
longer distance and attenuated more rapidly, owing to its greater cavity vibration reduction effect.
The PPV of the electronic detonators decayed more slowly than that of the non-electric detonators.
The cumulative damage caused by consecutive hole-by-hole blasting using electronic detonators
was less than that caused by simultaneous multi-hole initiation using non-electric detonators, with a
reduction of about 50.5%. When the nearest peripheral holes away from the pipeline are detonated,
the cumulative damage variable D and damage range increase rapidly. The PPV, dynamic tensile
strength, and cumulative damage variables were used to evaluate the safety of the pipelines.

Keywords: tunnel blasting construction; millisecond vibration reduction; vibration response; cumulative
damage; safety evaluation

1. Introduction

The blasting method offers a high degree of flexibility and notable cost-effectiveness in
excavating hard rock tunnels, such as urban subways, highways, and high-speed railways.
When an urban tunnel passes through an underground pipeline at a close distance, it is
prone to cause blasting damage to the pipeline because of inadequate blasting vibration
control technology. The underground pipelines, due to their limited internal space and deep
burial, make it almost impossible to monitor the explosion response effectively. Moreover,
owing to the influence of many factors, such as the pipeline itself, stratum properties, and
blasting construction methods, research on blasting vibration damage mechanisms and
safety evaluation control of pipelines is more complicated.

Currently, some scholars use the theory of explosion stress wave propagation [1], the
Winkler model [2], and the Timoshenko beam model [3] to make the vibration response
calculation of a pipeline under blasting consistent with an actual situation. However, the
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calculation process is complicated and inconvenient for engineering applications, and the
influence of many factors cannot be sufficiently considered. Numerical simulations have
been widely used in engineering blasting because of their high efficiency and low cost. Yan
et al. [4] and Mohsen et al. [5] concluded that the displacement and vibration velocity of the
pipeline explosion side are larger than those of its opposite side and determined that the
part of the pipeline with an incident angle of 0–45◦ is a vulnerable area. Zhou et al. [6–10]
studied the vibration and stress responses of cast iron, high-density polyethylene, reinforced
concrete, and steel pipes, and the different interface types of pipelines under blasting using
a numerical simulation method. A dynamic failure mechanism of a pipeline, owing to
blasting under different conditions, was put forward. Guan et al. [11] studied the vibration
response characteristics of circular, horseshoe, and rectangular pipelines and concluded
that the parts of pipelines vulnerable to damage were significantly different for different
shapes of pipelines. Qin et al. [12] observed that the maximum values of stress and
vibration velocity were not located at the same position. In addition, the experimental
method mainly used a dynamic strain and blasting vibration velocity test system to test
parameters such as the axial and circumferential strain, pressure, and vibration velocity;
however, this test is more suitable for shallow-buried pipelines. Francini et al. [13] obtained
the relationship between the allowable stress of the pipeline, explosive charge, and wall
thickness of the pipeline by monitoring the blasting operation. Anirban [14] and Mane [15]
conducted a dynamic response test of pipelines under surface explosions and found that
a protective device made of polyurethane material or the addition of geotechnical foam
around the pipeline can effectively reduce explosion damage and deformation. Based on
an open-pit deep-hole blasting test. Jiang et al. [16] conducted an analysis of the vibration
characteristics caused by blasting on pipelines at various burial depths and proposed
safety control standards for pipeline vibration velocity. Other scholars have studied the
influence of steel large-diameter pipelines on resistance to dynamic disturbance. Patnaik
et al. [17] studied the underground blasting performance of X70 grade steel pipe pipeline,
calculated the anti-explosion load performance of pipeline thickness, internal pressure, soil
type, carbon fiber cloth thickness, and other factors, and summarized the safety area of
underground pipeline against underground explosion load. Mahgoub et al. [18] studied
the impact of earthquakes on large-diameter culverts built with corrugated steel plates. It
is found that the widely used equation evaluation method significantly underestimates
the destructive effect of earthquakes. Davis et al. [19] studied the damage effect of large-
diameter corrugated metal pipes against seismic load dynamic waves and summarized the
quasi-static analysis method of large-diameter flexible underground pipelines based on
ground strain. The evaluation of transient strain and permanent strain of the pipeline can
be realized.

For the safe operation of pipelines under tunnel blasting vibrations, the key is to ensure
that the peak particle velocity (PPV, under the action of seismic waves—the velocity of
reciprocating motion of medium particles, generally obtained by blasting vibration sensor
and supporting blasting vibration monitor) does not exceed the allowable vibration speed
standard. According to the Blasting Safety Regulations (GB6722-2014) [20], the standard
for PPV of a hydraulic tunnel under different frequencies is in the range of 7–15 cm/s.
By fitting the relationship between the tensile stress and vibration velocity of a structure
under tunnel blasting, Jiang [21] and Zhang [22] proposed a blasting safety vibration
control standard for underground structures according to the maximum tensile stress
failure criterion. Cui et al. [23] and Li et al. [24] studied the failure behavior of pipelines
with dent defects under the action of nearby explosions, quantified the deformation of
pipelines caused by different defect sizes, and obtained a wider function relationship
between defect and plastic deformation. Zhu [25] proposed a formula to calculate the safe
vibration velocity of blasting under different operating pressures based on the maximum
shear stress failure criterion. Zhang et al. [26] and Chen et al. [27] studied the damage
behavior of polyethylene bellows subjected to explosion. Based on intelligent algorithms
such as genetic algorithm and particle swarm optimization, the optimal intelligent model of
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pipeline response characteristics was predicted. The research results provide suggestions for
blasting design. In addition, there were many cases of analyzing the failure of surrounding
rock under close blasting from the perspective of cumulative damage [28–33], while there
is little research on the cumulative damage and safety evaluation of pipelines under the
blasting of a large number of boreholes and continuous initiation of multiple rows of
multiple blast holes.

In summary, most studies have focused on the vibration response and stress-velocity
safety evaluation methods for small-diameter pipelines (usually less than 1 m) under tunnel
blasting. However, the research on large-diameter (more than 6 m) pipelines is not yet
sufficient. In addition, the effect of close-range blasting on pipelines has been relatively
overlooked, as most studies tend to concentrate on the vibration response of pipelines
caused by far-field blasting. Moreover, quantitative comparative analyses of the vibration
response and cumulative damage of pipelines under different types of simultaneous multi-
hole initiation using non-electric detonators and hole-by-hole initiation using electronic
detonators have been less studied. Finally, a pipeline safety evaluation standard based on
the cumulative damage variable and damage range was not available.

There is a lack of quantitative research on the vibration reduction design of electronic
detonators in the field of safety performance research of large-diameter water pipelines
under the influence of ultra-close drilling and blasting construction. Based on typical
engineering cases, this study carried out field tests, theoretical analysis, and numerical
calculation methods to conduct a detailed quantitative comparative study on the design
of non-electric detonators and electronic detonators under approximate consumption.
The cumulative damage characteristics of the pipeline under multi-hole simultaneous
initiation and hole-by-hole blasting were analyzed. The PPV can be reduced by up to 64.2%,
and the cumulative damage range can be significantly reduced by about 50.5% by using
the electronic detonator explosion scheme, which can realize one-by-one explosion hole
initiation. A blasting safety evaluation method for pipelines based on vibration velocity,
dynamic load, ultimate tensile strength, and cumulative damage threshold was established.
Finally, a comprehensive vibration-reduction technology is proposed.

2. Engineering Information
2.1. Project Overview

A high-speed railway tunnel is composed of two main tunnels, the south and north
tunnels and auxiliary cross-passages. The span of the maximum excavation section is
29.8 m, which belongs to the super-large-span tunnel category, and its buried depth is
approximately 28 m. The tunnel stratum is primarily composed of granite mixed with
metamorphic rock and a fully weathered zone. In some areas, the distribution of jointed
fracture zones was dense. Groundwater is present, and the geological conditions are
complex. As the tunnel section is large and irregular, an appropriate and economical
drilling and blasting method with good and economy was used in the project.

The main line of the tunnel is located in the urban area of Shenzhen City, and buildings
and structures are densely distributed along the tunnel. The tunnel under construction is
being built in close proximity, at a minimum distance of 2.3 m, to the bottom of an existing
large pipeline. The axial line of the tunnel is nearly perpendicular to that of the pipeline.
The spatial relationship between the tunnel and pipeline is illustrated in Figure 1—high-
speed railway tunnel underneath an existing large water pipeline. Existing water pipelines
are the main urban pipelines and are composed mainly of a cast-in-place reinforced concrete
lining. The existing pipeline has a diameter of 6 m and is made of C50 concrete with a
thickness of 35 cm. The reinforced concrete lining contains a reinforced skeleton composed
of Φ16 HRB335 longitudinal bars and Φ10 stirrups.
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were 0.9, 0.7, 0.6, and 0.8 kg, respectively. Empty holes are arranged around the cutting holes 
to reduce blasting vibration and to help form a cutting area. The specific blasting hole ar-
rangement and design parameters are presented in Figure 2 and Table 1, respectively. 
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Table 1. Blasting parameter design of the upper bench using non-electric detonators. 

Type of Hole Part Hole  
Number 

Hole Quantity Hole Depth 
(m) 

Detonator 
Series 

Single-Hole Charge 
(kg) 

Explosive Charge 
(kg) 

Cut holes H1 1–4 4 2.5 MS1 0.9 3.6 

Relief holes H2 5–13 9 2.0 MS3 0.7 6.3 
H3 14–25 12 2.0 MS5 0.7 8.4 

Peripheral holes H4 26–44 19 2.0 MS7 0.6 11.4 
Bottom holes H5 45–59 15 2.0 MS9 0.8 12.0 
Empty holes H6 60, 61 2 2.5    

Figure 1. High-speed railway tunnel underneath an existing large water pipeline.

2.2. Parameters of Blasting Scheme

The upper- and lower-bench methods with high efficiency are used for excavating tun-
nels when the tunnel excavation face is far from the water pipeline. The design parameters
for the upper bench are shown in Figures 1 and 2. Each blast advances the excavation face
forward by 2.5 m and uses a #2 rock emulsion explosive. A nonel tube detonator was used
for the detonation. The single-hole charges of the cut, relief, peripheral, and bottom holes
were 0.9, 0.7, 0.6, and 0.8 kg, respectively. Empty holes are arranged around the cutting
holes to reduce blasting vibration and to help form a cutting area. The specific blasting hole
arrangement and design parameters are presented in Figure 2 and Table 1, respectively.
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Table 1. Blasting parameter design of the upper bench using non-electric detonators.

Type of Hole Part Hole
Number

Hole
Quantity

Hole Depth
(m)

Detonator
Series

Single-Hole
Charge (kg)

Explosive
Charge (kg)

Cut holes H1 1–4 4 2.5 MS1 0.9 3.6

Relief holes
H2 5–13 9 2.0 MS3 0.7 6.3
H3 14–25 12 2.0 MS5 0.7 8.4

Peripheral holes H4 26–44 19 2.0 MS7 0.6 11.4
Bottom holes H5 45–59 15 2.0 MS9 0.8 12.0
Empty holes H6 60, 61 2 2.5
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3. Blasting Test and Vibration Safety Evaluation
3.1. Determination of the Blast Hole Type for Greatest Influence on Pipeline

To evaluate the adverse effects of vibrations caused by upper bench blasting on
pipeline safety, it is necessary to search the type and location of blast holes that have the
greatest impact on pipelines. Based on a large number of in-situ interlaid rock blasting
tests, Fu et al. [33] studied the blasting vibration law of different blast holes in different
areas. When the other blast holes are detonated, there are two or more free surfaces, and
the energy decays faster than that at the cut holes. The energy of the cut holes remains
higher than that of other holes after attenuation over a certain distance. Therefore, in
long-range blasting, the PPV generated by cut holes is often the highest. But when the
distance between the excavation face and the research object is close enough, the spacing of
the blast holes will become a determining factor. The maximum PPV was induced by the
blasting of the nearest holes (i.e., peripheral holes) in the near field of the tunnel.

The near and far fields of the blasting division are generally divided by a scaled
distance (SD), which is defined as follows:

SD =
R

Qn (1)

where R is the distance from the blasting face to the measuring point (m). Q is the maximum
simultaneous explosive charge (typically includes multiple holes) per delay (kg), and n is
the attenuation index, which is related to the form of the explosive package. For columnar
charges, n = 1/3 is generally used. When SD ≤ 5.0, the blasting is considered to be near-
field, and when SD > 5.0, it is considered far-field. Specifically, when it is in the far field
of the explosion source, the peak value of the vibration velocity is mainly affected by the
blasting of the cutting holes with a large charge. In the near-field of the explosion source,
the distance becomes the most important influencing factor, and the peak value of the
vibration velocity is mainly affected by the blasting of the peripheral holes closest to the
monitoring position.

In this project, for cut holes, R = 4.0 m, Q = 0.9 kg, SD = 4.143; for peripheral holes,
R = 2.3 m, Q = 0.6 kg, SD = 2.727. Irrespective of whether they are cut holes or peripheral
holes, because SD < 5, the pipeline is located near the field of tunnel blasting. Therefore,
the pipeline was primarily affected by the impact of the explosion on the closest peripheral
holes [34].

3.2. Blasting Test and Vibration Safety Evaluation of Water Pipeline

According to the relative locations of the tunnel and pipeline, the closest distance
between the peripheral holes and pipeline was 2.3 m. A testing condition was found
here that approximately reproduces the effect of the blasting face on the pipeline above it.
Specifically, the research case was replicated by drilling blast holes at a distance of 2.3 m
below the surface of the upper bench. Three blast holes were drilled at a depth of 2 m, with
a 1 m interval on the lower bench, and each hole was loaded with 0.6 kg of explosive. Due
to the close spacing of the blast holes, to eliminate mutual interference, their ignition times
were defined as MS1, MS3, and MS5, respectively. After installing vibration monitoring
equipment on the upper bench, the blasting vibration assessment test was carried out for
the work on the lower bench, as shown in Figure 3. Design and implementation process
of alternative in situ testing: (Figure 3a) Diagram of the testing; (Figure 3b) the operating
process of testing. In addition, the monitoring equipment adopted the TC-4850N wireless
network vibrometer developed by Zhongke (Chengdu) Instruments Co., Ltd. (Chengdu,
China). The maximum sampling rate can be up to 100 k Sps, and the sampling rate of 5 k
Sps can well meet the test requirements of blasting frequency. The result of the blasting
response is shown in Figure 4. Vibration waveform monitored from tests. Figure 4a–c
correspond to the vibration velocity in the x, y, and z directions, respectively.
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The PPV in each direction of the monitoring results exceeds the standard required
by the “the safety standards for hydraulic tunnels in Blasting Safety Regulations (GB6722-
2014) [20]”, which states that when subjected to high-frequency vibration (50 Hz), the
maximum PPV should not exceed 15 cm/s. Therefore, vibration damage is likely to occur
in the water pipeline when the closest peripheral holes are blasted.

To further evaluate the degree of damage to the pipeline under the original blasting
method, the vibration response and accumulative damage characteristics of the pipeline un-
der non-electric detonator blasting were studied using numerical simulations. Subsequently,
a vibration reduction blasting scheme for the electronic detonator was proposed, and the
blasting vibration response and accumulative damage characteristics of the pipeline were
analyzed. By comparing the pipeline damage characteristics of the two blasting methods
described above, an optimal blasting scheme was obtained.

4. Cumulative Damage Theory and Numerical Model Establishment
4.1. Surrounding Rock Model

The explicit finite element software LS-DYNA19.0 is widely used for simulating
explosion processes. In this study, this simulation method is applied, and the Johnson–
Holmquist II (JH-2) constitutive model was used to simulate the surrounding rock of the
tunnel. In the JH-2 material model, the relationship between the equivalent stresses of the
integrated (σ̄*

i ), damaged (σ̄*), and fractured (σ̄*
f ) materials with a change in standardized

pressure (P*) is shown in Figure 5 [21]. The relationship between the equivalent stress and
damage variable is described by the function shown in Equation (2).

σ̄* = σ̄*
i − D

(
σ̄*

i − σ̄*
f

)
(2)
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where the dimensionless number D is the damage variable. This variable can sufficiently
reflect the gradient damage process when the material gradually deteriorates from the
complete to the final fractured material with increasing loading.

D = ∑
∆εp

ε
p
f

(3)

ε
p
f = d1

(
p* + t*

)d2
(4)

σ*
f = b

(
p*
)m(

1 + cln
.
ε

*
)
≤ SFmax (5)

where ∆εp is the increased equivalent plastic strain in the integral cycle during loading, d1
and d2 are the damage coefficients related to the material properties, and the main function
of d1 is to control the rate of damage accumulation. SFmax represents the maximum
normalized fracture strength of the material and ε

p
f is the equivalent plastic fracture strain

value of the surrounding rock under the action of a constant hydrostatic pressure load p.
The equation of state of the JH-2 material model is given by Equation (6):

p = k1µ + k2µ2 + k3µ3 (6)

µ =
ρ

ρ0
− 1 (7)

where k1 is the material’s bulk modulus; k2 and k3 are coefficients related to loading pressure;
µ is the volume strain rate, and it will gradually increase with the process of material
damage; ρ and ρ0 are the current density and the initial density values of the material.
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Figure 5. Relationship of different strength parameters of JH-2 material model.

The rock strata in this area are composed primarily of hard granite. Based on an
engineering geological survey report and the relevant literature [35], the values of each
parameter are listed in Table 2. Parameters of rock material model [36]. The G in the table
is the material’s shear modulus. HEL represents the material’s elastic limit. A, N, and C are
constants related to the material properties.

Table 2. Parameters of rock material model.

ρ0 (kg/m3) G (Gpa) k1 (Gpa) k2 (Gpa) k3 (Gpa) HEL (Gpa) A N C

2.46 × 103 18.5 2.51 × 102 32.0 −4.5 × 103 3.0 × 103 9.7 × 10−3 0.72 5.0 × 10−3

B M σ*
FMax (Gpa) T/Gpa D2 β D1 Tf (Gpa) Gf (J·m−2)

0.32 0.72 25 −5.3 × 10−2 0.7 0.5 5.0 × 10−3 3.5 × 10−2 70
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4.2. Concrete Model of the Pipeline

To better reflect the cumulative damage to the concrete pipelines as a result of the
explosion, the Riedel–Hiermaier–Thoma (RHT) model, which includes more failure cri-
teria, was used in this study. The p-a equation of state of the RHT model is given by
Equation (8) [37].

α(t) = max

(
1, min

{
α0, mins≤t

[
1 + (α0 − 1)

(
pcomp − p(s)

pcomp − pcrush

)N
]})

(8)

pc = pcomp −
(

pcomp − pcrush
)( α − 1

α0 − 1

)1/N
(9)

where α0 is the initial porosity of the material, p and e, respectively, represent pressure and
internal energy, pcomp and ρs are the pressure and density values of the material when it
is compacted, pcrush is the critical pressure at which the material begins to crush, N is an
index related to the porosity, and pc is the capping pressure.

The material model introduces three limit surface equations for the elastic limit,
residual strength, and failure surfaces to describe the relationship between the elastic limit,
residual strength, failure strength, and hydrostatic pressure when the material is subjected
to an impact load, as shown in Figure 6. Change stage of mechanical properties of materials
under impact load of RHT model [38].
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The cumulative damage process of the RHT material model occurred only in the
softening stage after the damage. The damage variable D in the process can be calculated
by an approximate interpolation between the failure surface and participating strength
surface, as shown in Equations (10) and (11).

0 ≤ D = ∑
∆εp

εfailure
p

≤ 1 (10)

εfailure
p = D1

(
p* − HTL*

)
> εm

p (11)

where D1 is a parameter related to the damage variable, p* is the standardized equivalent
pressure, εm

p is the minimum equivalent plastic strain parameter of the material, and D
varies from 0 to 1, which is consistent with the damage variable of the JH-2 material model;
both indicate the extent of damage to the material from the time damage sets in, to the
point of complete failure.
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Based on an engineering geological survey report and the relevant literature [36], the
values of each parameter of the concrete RHT model are shown in Table 3—Assignment of
the RHT constitutive model.

Table 3. Assignment of the RHT constitutive model.

ρ0
(kg/m3)

A1
(Gpa)

A2
(Gpa)

A3
(Gpa) B0 B1 A G pcrush

(Gpa)
pcomp
(Gpa)

f c
(Gpa) T1 T2

2.41 × 103 35.27 39.58 12.04 1.22 1.60 1.60 16.7 0.017 44.00 0.02 35.27 0.00

g∗c g∗t βc Bt f ∗s f ∗t D2 γ0 ξ B D1 Q0 BQ

0.53 0.90 0.02 0.025 0.18 0.10 1.00 1.60 0.50 1.60 0.04 0.685 0.010

4.3. Reinforcement Skeleton Material Model and Parameters

The pipeline lining consists of a longitudinal reinforcement skeleton with a ten-
sile strength of 335 Mpa and a stirrup with a tensile strength of 225 Mpa. To reduce
the computational cost, both were simulated using the linear beam element defined by
MAT_PLASTIC_KINEMATIC [39]. The material and strain rate parameters are listed in
Table 4—steel skeleton material parameters.

Table 4. Steel skeleton material parameters.

Steel Type ρ0 (g/cm−3) E (Gpa) v f y (Gpa) Src (s−1) Srp

Longitudinal bar 7.85 206 0.3 335 40.5 5
Stirrup 7.85 206 0.3 235 40.5 5

4.4. Explosion Stress Wave Loading Theory and Simulation Method

Considering the characteristics and conditions of the research object and time savings,
the loading blast pressure on the blast hole wall was used to simulate the source of the
explosion [40]. The key to acquiring the blast pressure on the blast wall is mainly to
determine the peak value and change the historical parameters of the blast wave load.
Currently, the isentropic expansion of detonation products and the Chapman–Jouguet
model are commonly used to calculate peak explosion loads [41]. Equation (12) can be
used to calculate the initial average pressure Pc of the gas on the wavefront following
explosive detonation.

Pc =
ρe(VOD)2

2(γ + 1)
(12)

where VOD represents the detonation velocity, γ represents the isentropic exponent, and
ρe represents the explosive density.

The uncoupled form of the cylindrical charge was adopted on-site. When the gas in
the detonation product collides with the surrounding rock of the borehole wall, reflection
superposition of the explosion wave occurs, resulting in an instantaneous increase in the
pressure calculated according to Equation (13) [41].

P0 = n
ρe(VOD)2

8

(
dc

db

)6( lc
lb

)3
(13)

The lc, dc, lb, and db represent the charge length, charge diameter, borehole depth, and
borehole diameter, respectively. N is the proportional coefficient. The value of n is taken as
10.0 in this study.

Using the parameters of the #2 rock emulsion explosive in the study, the explosive
had a density of 1000 kg/m3 and a velocity of 3600 m/s. γ = 3.0, n = 10, dc = 32 mm,
db = 42 mm. Table 5—equivalent load of hole wall of different blast holes—lists the calcu-
lated pressure on the borehole wall for different holes, as per Equation (13).
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Table 5. Equivalent load of hole wall of different blast holes.

Type of Hole Part Hole
Number

Line Charge
Coefficient

Detonator
Series

Equivalent Load
Pressure (Mpa)

Cut holes H1 1–4 0.70 MS1 193.11

Relief holes
H2 5–13 0.55 MS3 151.74
H3 14–25 0.55 MS5 151.74

Peripheral holes H4 26–44 0.40 MS7 110.35
Bottom holes H5 45–59 0.60 MS9 165.53

In order to accurately replicate the effects of the explosion, a time-dependent exponen-
tial decay function was used to approximate the change in the explosion load, as shown in
Figure 7—explosion stress wave pulse function curve—and given by Equation [42].

P = P0

[
e−αt − e−βt

]
(14)

In the given Equation, P represents the borehole wall pressure at time t, P0 is the peak
pressure of the borehole, and α and β are the attenuation constants. Tr and td represent the
time of the maximum load and the total time of the load, respectively.

By referring to the theoretical analysis results of Yang et al. [43] and combining them
with the actual conditions, the values of these two key time parameters in this study are
as follows: tr = 100 µs, td = 400 µs. In fact, the equivalent load values of different types of
boreholes should be different because the peak value, rise time, and fall time of the load
are related to factors such as rock properties, charge quality, and stress wave propagation
distance. In order to reduce the computational cost, the equivalent explosion wave function
used was appropriately simplified.
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Figure 7. Explosion stress wave pulse function curve.

4.5. Calculation Model Design and Verification

The dimensions of the computational model were 20 m in width, 18 m in height, and
16 m in depth, as shown in Figure 8. The cut, relief, peripheral, and bottom holes were
laid out on the tunnel excavation face, and the hole parameters were consistent with the
actual construction. The element size of the model boundary is 30 cm, and the element
size around the borehole is refined to 1 cm. The number of elements after division was
more than 3.5 million. Displacement constraints were set on the two boundary surfaces
before and after the excavation. To replicate the infinite domain condition, infinite domain
boundary control conditions were set on the remaining four surfaces. The total calculation
time of the simulated explosion using the software was set to 24,000 µs.
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To ensure the accuracy of the material parameters and algorithm settings, field-test
monitoring data were used for verification. The field monitoring data obtained from the
alternative in situ test described in Section 3.2 is presented in Figure 4. In the numerical
model, the same three blast holes were first detonated separately. The velocity response
of the bottom surface of the pipeline at its nearest location was extracted and compared
with the field blasting test data, as shown in Figure 9—the comparison between in situ test
results and calculated results. If the same delay times as in the field are used in numerical
simulations, namely MS1, MS3, and MS5, the time cost will be very high. Through trial
calculation, when the delay time between two shot holes was more than 500 µs, the
influence of superposition interference was found to be small. Approximately 1300 µs after
the detonation, the blasting seismic wave reached the bottom of the pipeline lining. In the
numerical model calculation of this study, the delay time of a single blast hole was set to
2000 µs for subsequent study calculations.

Because complex geological conditions such as joints and fissures were not considered
in the numerical simulation, there was a certain error between the numerical simulation
results and the measured results. The calculated PPV values in the x-, y-, and z-directions
were compared with the measured PPV values, as shown in Figure 9. The comparison
between in-situ test results and calculated results, with errors of 9.8%, 6.7%, and 4.9%,
respectively. The relative error was less than 10%, verifying the accuracy of the numerical
model. Therefore, this numerical simulation research method can be used as an alternative
to study the impacts on pipelines under explosion effects.
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Figure 9. The comparison between in situ test results and calculated results. (a–c) are the comparison
of the blasting vibration velocity extracted from the field monitoring and numerical simulation
respectively.

4.6. Vibration Response of Original Non-Electric Detonator Blasting

The blast holes of the upper bench on-site were divided into five parts for detonation:
H1, H2, H3, H4, H5. To reduce the vibration wave superposition effect caused by the small
delay time between each part, the delay time of each part in the simulation model is set to
5000 µs according to the actual situation in the field. The initiation delay interval of 5000 µs
can be set to realize the individual initiation of each borehole without affecting each other,
and similar millisecond delay blasting results can be achieved as in the field test.

As shown in Figure 10, after the initiation of the cutting holes, a deep color crushing
area and a crack area with long cracks appeared around the blasting holes. After the
blasting holes in each part were detonated, the cracks were interlaced. In addition, it was
found that the unexploded blast hole produced stress concentrations and cracks under
adjacent hole blasting. After blasting the bottom holes, the entire upper bench section was
blasted. There were no excessive overbreaks or underbreaks, and the blasting effect of the
numerical simulation was good.

To use non-electric detonator blasting, the vibration (e) of the bottom of the pipeline
(called the dangerous point) closest to the pipeline above the tunnel was extracted, as
shown in Figure 11.

Figure 11 leads to the following conclusions.

(1) The y-direction is the vertical direction of the model, while the x- and z-directions are
the horizontal directions. The vibration response in the vertical direction (with a PPV
of 79.12 cm/s) was significantly higher than that in the horizontal directions (with
PPVs of 28.31 cm/s and 29.98 cm/s in the x and z directions, respectively). This is
mainly because the blasting seismic wave generated by the tunnel blasting propagates
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upward and reaches the bottom of the pipeline, causing intensive vibration of the
pipeline;

(2) From the results of the integration PPV (Figure 11d), the integration PPV of H1, H2,
and H4 detonators is higher than that of H3 and H5 after detonation. At this point,
the distance between the pipeline and the source of the explosion is sufficiently small,
and the impact of the distance factor on the outcome far outweighs the influence of
other factors. Hence, the PPV result (69.03 cm/s) caused by the blasting of peripheral
holes (H4) is slightly higher than that (65.49 cm/s) caused by the blasting of cutting
holes (H1);

(3) According to the requirements of the current national standard [20] for hydraulic
tunnels and other similar structures, a PPV exceeding 15 cm/s will cause damage to
the structure. The maximum PPV, 79.12 cm/s, has significantly exceeded the allowable
vibration velocity. Blasting using non-electric detonators will cause serious damage to
the pipeline;

(4) The vibration waveforms generated by the five-part detonations (H1–H5) based on
the set delay time were relatively independent, and the adjacent vibration waves were
not superimposed. This indicates that the delay time setting of the blast holes in the
numerical simulation is reasonable and can better reflect the actual situation on-site
during blasting on construction.
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Figure 10. Damage and crack development of surrounding rock of upper bench after the detonation
of each part using non-electric detonators: (a) Cut holes H1 detonation; (b) relief holes H2 detonation;
(c) relief holes H3 detonation; (d) peripheral holes H4 detonation; (e) bottom holes H5 detonation.
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Figure 11. The (c) of the dangerous point of the pipeline using non-electric detonator blasting: (a),
(b–d) are the PPV of x-, y-, z-direction and integrated PPV, respectively.

5. Blasting Vibration Reduction Effect Analysis Using Electronic Detonators
5.1. The Improvement Scheme for Blasting Using Electronic Detonator

The original blasting scheme was systematically improved to reduce the damage to
the upper pipeline. The specific measures were as follows:

(1) Hole-by-hole blasting technology using electronic detonators was applied to replace
the multi-hole simultaneous initiation technology using a non-electric detonator. The
charge weights of the blast holes were reduced by increasing the number of blast
holes and reducing their spacing and excavation footage. After optimization, the
depth of the blast hole was 0.6 m, and the single-hole charge was 0.3 kg except for
0.2 kg in the peripheral hole. The total weight was 21.5 kg. The optimization design
of blasting construction was achieved by using electronic detonators with a precise
delay of 10 ms that can be implemented in a single hole;

(2) In order to make the blast area where detonation first as the free face for subsequent
detonation, the upper bench is divided into four blasting zones that expand from
the center to the surrounding areas. The four partitions of the blast holes are evenly
distributed. Cut holes 1–19 were blasting partition I. Blast holes 20–37 were blasting
partition II. Blast holes 38–59 were blasting partition III. Blast holes 60–80 were blasting
partition IV. To reduce the squeezing effect of rocks on the blast holes, a certain
number of empty holes are evenly distributed around the cut holes. The positions
and numbers of the blast holes are shown in Figure 12. Layout of blast holes using
electronic detonators.
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Figure 12. Layout of blast holes using electronic detonators.

The ignition sequence of the blast holes in this numerical model was consistent with
that of the actual construction. To reduce the calculation time, the blasting holes were
sequentially detonated with a time delay of 500 µs to approximately simulate the blasting
effect on-site(Table 6).

Table 6. Blasting construction parameters using electronic detonators.

Type of Hole Hole Number Partition Hole Quantity Delay Time Range (ms)

Cut holes 1–3 I 3 0–20
Relief holes 4–14 I 11 70–170
Relief holes 15–19 I 5 230–270
Relief holes 20–30 II 11 0–100
Relief holes 31–37 II 7 150–220
Relief holes 38–46 III 9 0–80

Peripheral holes 47–59 III 13 130–250
Relief holes 60–68 IV 9 0–80

Peripheral holes 69–80 IV 12 130–240

5.2. Comparison of Vibration Response between Non-Electric and Electronic Detonators
5.2.1. Comparison of Vibration Response of the Dangerous Points on the Pipeline

After replacing the detonation method of the blast holes with electronic detonators,
the vibration response of the extracted danger points based on the calculated model is
shown in Figure 13.

After observing the calculation results of changing the detonation method, the follow-
ing can be noticed:

(1) The vibration velocity in the vertical direction exceeds that in the horizontal direc-
tion. The PPV in the vertical direction and horizontal direction are 28.32 cm/s and
22.04 cm/s, respectively. After using the hole-by-hole detonation technology of elec-
tronic detonators, the maximum PPV is reduced from 79.12 cm/s to 28.32 cm/s. The
vibration velocity is significantly reduced by 64.21%;

(2) From the results of the integration PPV (Figure 13d), the integration PPV of Partitions
I and III was significantly higher than those of Partitions II and IV after detonation. It
is again proven that in the near range of blasting, the pipeline is significantly affected
by the blast vibrations induced by the holes close to it. However, although the blast
holes of Partitions III and IV were symmetrically distributed, the vibration velocity of
Partition IV was lower than that of Partition III. The mainly because, after Partition III
was blasted, more free surfaces were created for the blasting of Partition IV, which
effectively reduced the vibration response;
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(3) According to the safety standard [20], the maximum PPV under electronic detonator
blasting is 28.32 cm/s, which exceeds the safe allowable vibration velocity. Further
vibration reduction measures should be implemented to ensure that the PPV meets
the safety requirements;

(4) The vibration velocity waveform caused by the hole-by-hole blasting using electronic
detonators fluctuates relatively gently. However, the vibration velocity produced by
the simultaneous blasting of multiple holes using a non-electric detonator fluctuates
in a pulse-type manner.
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Figure 13. PPV of the dangerous point of the pipeline using electronic detonator blasting: (a–d) are
the PPV of x-, y-, z-direction and integrated PPV, respectively.

5.2.2. Comparison of Pipeline Axial PPV under Two Detonation Methods

The main focus is to observe and compare the blasting vibration response on the
surface under the pipeline. The PPV values of selected elements at regular intervals are
extracted for analysis.

From Figure 14, it is seen that irrespective of whether a non-electric or electronic
detonator blasting technology is used, The PPV at the pipeline section closest to the blast
source remains the highest; here, the pipeline is affected the most. The increase in distance
from the blast source results in a rapid decrease in PPV. The rate of decay is slow in the
case of electronic and rapid in the case of non-electric detonators. The main reason for
this is that when non-electric detonators are used for simultaneous multi-hole blasting, a
high PPV is generated at the instant of the blast that decays continuously until the next
set of the blast hole is detonated. In the case of electronic detonator hole-by-hole blasting,
owing to the continuous detonation of new blast holes, the blasting energy is continuously
transmitted outward, resulting in a slow attenuation of the blasting vibration velocity.
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Figure 14. The vibration response of the extracted elements at the bottom of the pipeline. (a–c) are x-,
y-and z-directions.

5.2.3. The PPV on the Pipeline Profile under Two Detonation Methods

A comparative analysis is conducted using the profile of the pipeline section closest to
the blast source. The PPV of selected elements at regular intervals is extracted and shown
in Figure 15.

From Figure 15, the PPV of the closest profile caused by blasting using electronic deto-
nators is much smaller than that caused by non-electric detonators. The PPV on the blasting
side (0–180◦) was significantly higher than that on the opposite side (180–360◦). This is
because the transmission distance of the explosive impact in a large-diameter pipeline is
significantly longer than that in a small-diameter pipeline. Moreover, the hollow character-
istics of the pipeline significantly attenuated these seismic waves during propagation.

The distributions of PTS (the peak tensile stress) and displacement on the closest profile
of the pipeline using the two blasting schemes just above the blasting source were extracted,
as shown in Figure 16. From Figure 16, it can be observed that the PTS and displacement
of the cross-section caused by electronic detonator blasting are much smaller than those
caused by non-electric detonator blasting. The PTS of the pipeline was reduced by 48.72%
by using electronic detonators with hole-by-hole blasting. Because the pipeline is tightly
constrained by the surrounding rock, the maximum displacement of the pipeline under
the action of tunnel blasting only reaches 0.4 mm. Therefore, this displacement standard is
unsuitable for evaluating the vibration safety of pipelines subjected to tunnel blasting.
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Figure 15. The vibration response of the extracted elements at the closest profile of the pipeline.
(a–c) are x-, y-and z-directions.
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Figure 16. Distributions of PTS and displacement on the cross-section of the pipeline using the two
blasting schemes. (a) PTS; (b) displacement.

5.3. Comparison of the Cumulative Damage to the Pipeline in the Two Blasting Schemes

The cumulative damage to the pipeline in the numerical calculation was quantitatively
evaluated using the damage variable D. The cumulative damage caused by the two blasting
methods performed five times simultaneously is shown in Figure 17. Regardless of the
damage distribution range or degree of damage to the pipeline, the damage induced by
the electronic detonator blasting scheme was much smaller than that of the non-electric
detonator blasting scheme.
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Figure 17. Evolution of cumulative damage in the original blasting scheme (a–e) and the improved
blasting scheme (a′–e’) after comparing the five stages of blasting.

The quantitative results of the cumulative damage range and degree of damage
owing to the electronic and non-electric detonators are shown in Figure 18. Some valuable
phenomena are worth discussing:

(1) Owing to the simultaneous initiation of cut holes using non-electric detonators, dam-
age with a width of 1.5 m was generated on the pipeline. However, for cut-hole
blasting with a small amount of charge using hole-by-hole initiation technology, the
damage to the pipeline owing to blasting with electronic detonators is small;

(2) With an increase in the number of blast hole ignitions, the range of influence of the
seismic wave generated by blast hole blasting gradually increases; hence, the range
of damage to the pipeline, induced by the non-electric and the electronic detonator
blasting, gradually expands from the center of the nearest dangerous point to the
sides. When the relief holes H2 are blasted, the damage range under non-electric and
electronic detonator blasting increases by 3.0 m and 2.2 m, respectively. This is mainly
because the relief holes above the cutting holes were much closer to the pipeline,
and the number of blast holes detonated, and the number of explosives increased
significantly, resulting in a greater increase in the cumulative damage to the pipeline;

(3) Because some of the peripheral holes were close to the pipeline, and the influence
range of the blasting seismic wave generated by peripheral hole blasting was larger
than that of the other holes, the cumulative damage to the pipeline increased signifi-
cantly with the initiation of peripheral holes. The cumulative damage range caused
by the non-electric and electronic detonator blasting increased by 9.5 m and 4.7 m,
respectively;

(4) The increase in the damage variable D is consistent with the increase in the blasting
damage range under the action of different blast hole blasting. When the relief holes
above the cutting hole exploded, the damage variable D increased rapidly. The
damage variable D of non-electric and electronic detonators increased by 0.18 and
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0.12, respectively. In both explosion scenarios, the outermost peripheral holes are
closest to the pipeline, and their explosive impacts significantly increase the damage
variable D. Therefore, the above results also prove that when the pipeline is in the
close range of tunnel blasting, the influence of the explosive impact of relief and
peripheral holes is larger than that of the cutting holes.
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6. Pipeline Safety Evaluation and Vibration Reduction Solutions
6.1. Safety Evaluation of Pipeline under Blasting Vibration

The safety evaluation of pipelines under the impact of a large number of blast holes
and multiple batches of blasting is extremely complicated, and no general evaluation
system is available presently. Three effective safety assessment methods are proposed in
this study.

(1) Safety standards for vibration velocity
According to the safety standard [20], the maximum PPV of 79.12 cm/s and 28.32 cm/s ob-

tained under non-electric detonator and electronic detonator blasting significantly exceeded
the safe allowable vibration velocity. Blasting causes serious damage to pipelines.

(2) Safety assessment of the cumulative damage variable D and range
Because the water pipeline must undertake important water supply tasks, the engi-

neering safety importance level is high; hence, the threshold of the pipeline variable D in
this study was 0.2 [44]. As shown in Figure 18, the threshold for the damage range of the
pipeline is determined to be 4 m. According to the simulation results, the damage range
exceeded 4 m, which does not satisfy the safety requirements.

(3) Safety evaluation of the dynamic tensile strength of the material
The tensile strength of the material will be significantly increased under high strain

rate conditions [45,46]. In the calculation results, the strain rate at the danger point is
close to 10−5 s−1; hence, it is advisable to adopt the dynamic tensile strength. Currently,
the dynamic tensile strength of materials under transient loads cannot be directly moni-
tored [47]. In recent years, many researchers have proposed mathematical models for the
tensile enhancement coefficient of the brittle materials through the Hopkinson pressure
bar test [48,49]. This test has been widely used in the field of protective structures and
impact resistance [50,51]. Among these, the most widely used is the CEB tensile strength
coefficient improvement model [52], as shown in Equation (15). Equation (15) is composed
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of two piecewise functions with a strain rate of 30 s−1 as the dividing line, and the dynamic
tensile strength coefficient can be calculated using different subformulas.

γ
( .
ε
)
=


( .

ε.
εs

)1.026αs .
ε ≤ 30 s−1

ςs

( .
ε.
εs

)1/3 .
ε > 30 s−1

(15)

αs =
1

5 + 9 fc/ fco
(16)

ςs = 106.156αs−2 (17)

where the quasi-static strain rate
.
ε is 3 × 10−5s−1, fco is 10 MPa, and fc is the quasi-static

compressive strength of the material.
The pipeline material used in this study was C50 reinforced concrete with a static

compressive strength of 22.4 Mpa. The transverse strain rate at the danger point was the
highest; the tensile strength increase coefficient γ

( .
ε
)

calculated using the numerical model
was 1.80, and the dynamic tensile strength was 3.29 Mpa. As shown in Figure 16, the
pipeline at the blasting side (75–105◦) exceeded the dynamic tensile strength; therefore, it is
likely to crack.

6.2. Vibration Reduction Technology Using Empty Holes and Barrier Holes

Because the maximum PPV of 28.32 cm/s under electronic detonator blasting ex-
ceeded the safe allowable vibration velocity, in order to ensure the operational safety of the
pipeline, scientific vibration reduction design should be carried out before construction.
The appropriate placement of empty holes and vibration reduction holes will help achieve
safe standards for PPV.

(1) The cutting hole that is detonated first will be subjected to significant surrounding
rock confinement, so it is necessary to have a vibration-reduction design for it. Placing
large-diameter empty holes around the cutting hole can significantly reduce the
adverse effects of surrounding rock. In this project application, ten empty holes with
a diameter of 10 cm and a depth of 20 m were designed to surround the cutting holes;

(2) To further reduce vibrations, a series of large pipe roofs were designed on the upper
portion of the tunnel excavation profile. It can not only enhance the supporting effect
in the middle interbedded rock layer but also has a good effect in blocking explosive
impact [53]. In this application case, widely used on-site pipe roofs with a diameter of
159 mm and a length of 40 m have been used. Translation: Their spacing was designed
to be relatively dense at 20 cm.

After the above design, a scientific blast-damping design scheme was formed, as
shown in Figure 19.

In accordance with the above-designed damping scheme, TC-4850 wireless network
velocity testers were used for tracking and monitoring during construction. The PPV of the
maximum vibration direction was recorded according to a pushing distance of 1.6 m, and
the monitoring result is shown in Figure 20. The maximum PPV in the monitoring result is
7.19 cm/s, which meets the standards of national safety regulations [20]. The application
result can demonstrate the rationality of the above analysis and optimization design.
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7. Conclusions

A comparative analysis of the vibration response and cumulative damage charac-
teristics of a pipeline under different blasting methods using non-electric and electronic
detonators was performed. The safety of the pipeline under tunnel blasting was evaluated,
and a comprehensive vibration reduction technique was proposed. The key points are
as follows.

(1) Because the pipeline was located in the near range of the blasting source, it was
mainly affected by the impact of the explosion of the closest holes. Through precise
substitutability in-situ testing, it was found that the PPV generated by the current
blasting plan would exceed the safety standard, reaching almost 30 cm/s;

(2) Due to the spatial relationship between the pipeline and the tunnel, the vertical
vibration response caused by the explosion was significantly greater than that in
other directions. The maximum PPV in the vertical direction using non-electric and
electronic detonators was 79.12 cm/s and 28.32 cm/s, respectively. The vibration
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velocity was significantly reduced by 64.21% using the hole-by-hole initiation of the
electronic detonators;

(3) The location of the maximum PPV on the pipeline is at the bottom of the cross-section
closest to the source of the explosion. Because of the large-diameter pipeline and its
hollow characteristics, the PPV at the blasting side was much larger than that at the
opposite side. The PPV decreased gradually as the distance along the axial exten-
sion of the pipeline from the blasting center increased, and the PPV of the electronic
detonators decayed more slowly than that of the non-electric detonators. Because
the maximum displacement of the pipeline was only 0.4 mm, the displacement stan-
dard was not suitable for evaluating the vibration safety of pipelines subjected to
tunnel blasting;

(4) The cumulative damage caused by the blasting of electronic detonators was less
than that caused by non-electric detonators. After the nearest peripheral holes away
from the pipeline detonated, the cumulative damage variable D and damage range
increased rapidly, for non-electric and electronic detonator blasting increasing by
9.5 m and 4.7 m, respectively. The use of electronic detonator design can reduce the
cumulative damage range by about 50.5%. The PPV, dynamic tensile strength, and cu-
mulative damage variables were used to evaluate the safety of the pipelines. Division
blasting, hole-by-hole initiation of electronic detonators, empty holes, and large pipe
roofs were adopted to reduce the blasting vibration to meet safety requirements.

The conclusions of this study were mainly applicable to pipelines made of reinforced
concrete and similar materials. In future research, it will be necessary to further study the
cumulative damage characteristics of cast iron and steel pipes caused by blasting and the
corresponding safety evaluation methods. A more in-depth subject will be discussed, that
is, the greatest disaster prevention and mitigation advantages that can be obtained by using
scientific electronic detonator design under different failure criteria. However, there are
some limitations in this study. Firstly, in the process of scheme transformation, the key
parameters such as excavation footage, number of boreholes, and single-hole charge were
basically unchanged, and just the position and time of boreholes were optimized. The main
purpose was to set a separate delay time for each borehole by using an electronic detonator
so as to realize the comparative analysis of the calculation results under the two schemes.
In addition, the cumulative damage mentioned above is caused by the initiation of blast
holes with different detonator series in the same excavation footage rather than by multiple
forward excavations.
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