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It is difficult to use industrial explosives to excavate hard rock and achieve suitable blasting effect due to the low energy utilization
rate resulting in large rocks and short blasting footage.Thus, improving the utilization ratio of the explosive energy is important. In
this study, a novel bilinear initiation system based on hard rock blasting was proposed to improve the blasting effects. Furthermore,
on the basis of the detonation wave collision theory, frontal collision, oblique reflection, and Mach reflection during detonation
wave propagation were studied. The results show that the maximum detonation pressure at the Mach reflection point where the
incident angle is 46.9∘ is three times larger than the value of the explosive complete detonation. Then, in order to analyze the
crack propagation in different initiation forms, a rock fracture test slot was designed, and the results show that bilinear initiating
system can change the energy distribution of explosives. Finally, field experiment was implemented at the hard rock pile blasting
engineering, and experimental results show that the present system possesses high explosive energy utilization ratio and low rock
fragments size. The results of this study can be used to improve the efficiency in hard rock blasting.

1. Introduction

Given that the mechanical technology has not fully matured,
drilling-and-blasting is still the preferred method for hard
rock excavation. Blasting footage and moderate rock frag-
mentation size play important roles in the excavation cycle,
and these operations are a major cost of an excavation project
[1, 2]. Accordingly, the safety, efficiency, and economics of
hard rock blasting are the problems that should be solved
immediately. Several studies have been conducted on two
methods of hard rock blasting [3–5]. The first method is rock
and explosive performance matching [6]. Three matching
theories exist, namely, energy matching, whole processing
matching, and acoustic impedance matching. Energy match-
ing theory considers that explosive energy can adapt to
the hard rock break energy by increasing or decreasing
the explosive charge. Whole processing matching theory
only considers the interaction energy between the explosive
and the hard rock in the entire blasting process. How-
ever, accomplishing a complete coupling detonation wave

is impossible even when the boreholes are completely filled
with explosives [7]. Acoustic impedance matching theory is
based on the incident and reflected effect on a rock interface,
and the energy efficiency is considered the highest when the
acoustic impedances of the explosive and the hard rock are
equal. According to the acoustic impedance computational
formula [8], when the rock acoustic impedance value is
1.33 × 104 kg/(m2⋅s) (i.e., the density and detonation velocity
are 2.83 × 103 kg/m3 and 4,700m/s, resp.), the acoustic
impedance of No. 2 rock emulsion explosive value should
be 5.45 × 103 kg/(m2⋅s) (i.e., the density and detonation
velocity are approximately 1.14 × 103 kg/m3 and 4,780m/s,
resp.) to obtain the acoustic impedance matching. Thus,
the two aspects of explosive density and detonation velocity
should be explored. However, both aspects have limits that if
exceeded, the explosives cannot explode steadily. Therefore,
the satisfaction of blasting requirements is difficult through
acoustic impedance matching, and enhancing the utilization
rate of explosive energy is an effective approach for improving
the blasting effects.
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The shaped charge, notched blasting, and multipoint
initiating technology should also be considered. Under the
special conditions, the shaped charge can focus the effect of
explosion energy by a hollow or void cut on the explosive sur-
face [9]. Different shaped charges, such as linear, conical, and
spherical, have been used for cutting, demolition, penetrating
armor, and forming metal. Lots of the shaped charge devices
consist of a metal liner on the charge cavity. They can cut
hard objects to a depth seven times deeper or more than the
conventional blasting. These devices have been widely used
in the field of civil blast engineering [10, 11]. Chen et al. [12]
invented a new type of jet cracker to improve the blasting
efficiency and the length of cyclical footage. However, when
the shaped charge is applied to the hard rock blasting, two
disadvantages are observed. First, the integrity of the hollow
or void cut must be guaranteed. Once the boreholes are filled
with water or other debris, it will not be able to attain the
expected effect of the shaped charge. Second, the explosive
loading decreases because the charge cavity occupies the
borehole space to lower the borehole utilization, whichmakes
the shaped charge difficult to apply in engineering blasting.
Notched blasting is also a method of preformed cracks after
borehole drill is completed according to the theory of fracture
mechanics; this method can improve the blasting effect and
decrease the charge, the cutting angle, the direction, and the
depth, which are the important factors to determine notched
blasting effect [13, 14]. Yue et al. [15] utilized the digital
lased dynamic caustics system to study the crack propagation
velocity and dynamic stress intensity of notched and non-
notched borehole cut blasting. Zheng et al. [16] optimized the
periphery borehole charge and charge structure to improve
the efficiency of traditional cutting blasting. Rathore and
Bhandari [17] adopted different types of liner notching inside
the borehole to determine the rock damage and studied the
damage quantification in single circular and notched holes.
Thismethod ismainly used in presplitting or smooth blasting
and is difficult to apply in engineering blasting because
of the complex drilling process. Furthermore, multipoint
initiating technology based on the detonation wave collision
is a new type of warhead control, which can decrease
the reaction time of the charge and increase the energy
utilization of the explosive [18].Thismethod ismainly applied
in military fields, such as explosively formed penetrators
(EFP) [19], linear EFP [20], and ammunition design [21].
Satisfactory results in engineering blasting are also rarely
obtained because delay time of industrial detonators is in the
microsecond magnitude; thus, a simultaneous initiation is
difficult to guarantee [22].

Given the above-mentioned analyses, there is a pressing
need to determine a novel and efficient method for hard
rock engineering blasting. The current study investigated
the explosion effects of the bilinear initiating system, a
symmetrical arrangement of the two detonating cords on
the sides of a cartridge to increase the detonation wave
pressure, through physical simulations and field experiments.
The applied technology analysis and result comparison show
that the proposed system is efficient for hard rock blasting,
which avoids the complicated processes of shaped charge,
lowers the blasting cost, and improves the working efficiency.

2. Detonation Wave Collision Theory

Detonation wave collision is a common problem in multi-
point initiation technology; this is because the collision and
convergence of the detonationwave can change thewaveform
and increase the pressure of the detonation wavefront [23].
At first, the plane detonation wave propagation, collision,
oblique reflection, and Mach reflection in the borehole
were analyzed to describe the entire process of detonation
wave collision. After the initiation of the explosive at two
symmetric initiation points (Figure 1), two spherical deto-
nation waves are propagated independently in the borehole
at the same velocity and strength, which are shown as the
reflection of a detonation wave on the rigid wall. Frontal
collision occurs when the two detonation waves reach the
centerline and the pressure at the point of the collision
increases sharply. The detonation wave is transmitted along
the centerline and collides to form oblique reflection, with
the pressure increasing. Mach reflection subsequently occurs
when the incidence angle reaches a certain value, which has
a higher pressure and larger increase in the energy density
and temperature [24, 25]. The entire process was analyzed as
follows based on the theory of detonation shock dynamics.

The explosive detonation process from the initiation to
the completion is completed in an instant. Chapman-Jouguet
(C-J) theory [26] states that the detonation in the explosive
detonation process is assumed to be ideal, in which the
energy is released instantaneously and perfectly confined. In
the detonation wave propagation zone shown in Figure 1,
the parameters of the complete explosive detonation can be
calculated with the following equations:

𝑝𝐻 = 1𝛾 + 1𝜌0𝐷2;
V𝐻 = 𝛾𝛾 + 1V0;

𝜌𝐻 = 𝛾 + 1𝛾 𝜌0,
(1)

where 𝑝𝐻 is the pressure of the explosive complete detona-
tion, 𝜌0 and 𝜌𝐻 are the initial and complete detonation explo-
sive density, respectively, 𝐷 is the velocity of the detonation,
V𝐻 is the particle velocity of the detonation products, and 𝛾
is the exponent in the polytropic equation of state, which can
be calculated from 𝜌0 [27]:

𝛾 = (1.01 + 1.313𝜌0)
2

1.558𝜌0 − 1. (2)

The frontal collision zone of Figure 1 shows that the
normal reflection occurs after the detonation wave has
collided. Given the conservations of mass, momentum, and
energy, 𝑝1/𝑝𝐻 can be expressed as follows:

𝑝1𝑝𝐻 =
5𝛾 + 1 + √17𝛾2 + 2𝛾 + 1

4𝛾 . (3)
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Figure 1: Entire process of detonation wave propagation.

The detonation wave propagation is in the form of a
regular oblique reflection wave as shown in the oblique
reflection of Figure 1.

Figure 2 shows the oblique reflection configuration. The
known parameters of the former reflection wave OR are 𝑝𝐻,𝜌𝐻, and 𝑞1, and those of the latter reflection wave OR are𝑝2, 𝜌2, and 𝑞2. Furthermore, the set up 𝑢1𝑛 and 𝑢2𝑛 are the
components of the perpendicular to the OR wave surface.
Given the geometric relationships shown in Figure 2, the
following equations are valid:

tan (𝜙 − 𝜃)
tan𝜙 =

(𝐷 − 𝑢𝐻) /V1𝐷/V0 = 𝛾𝛾 + 1 , (4)

where 𝜃 are the normal and tangential components of the
deflection angle from its original direction and 𝜙 is the

incidence angle. Furthermore, the following expression of the
deflection angle 𝜃 is provided through (4):

𝜃 = arctan( tan𝜙
𝛾 tan2 𝜙 + 𝛾 + 1) . (5)

According to the conservation of mass and momentum,
the following equations are valid:

𝜌𝐻𝑢1𝑛 = 𝜌2𝑢2𝑛,
𝑝𝐻 + 𝜌𝐻𝑢21𝑛 = 𝑝2 + 𝜌2𝑢22𝑛.

(6)

Substituting the detonation state equation 𝑝 = 𝐴𝜌𝑘 [18]
into (1), then (6) can be expressed as follows:

𝜌𝐻𝜌2 =
V2
V𝐻
= (𝛾 − 1) 𝑝2 + (𝛾 + 1) 𝑝𝐻(𝛾 + 1) 𝑝2 + (𝛾 − 1) 𝑝𝐻 . (7)

From the geometric relationships shown in Figure 2, we
can determine the following equation:

tan (𝜑 + 𝜃)
tan𝜑 =

(𝛾 + 1) 𝑝2 + (𝛾 − 1) 𝑝𝐻(𝛾 − 1) 𝑝2 + (𝛾 + 1) 𝑝𝐻 . (8)

The pressure 𝑝2 of the detonation oblique reflection in (8)
can be calculated as follows:

𝑝2𝑝𝐻 =
(𝛾 + 1) tan (𝜙 + 𝜃) − (𝛾 − 1) tan𝜙
(𝛾 + 1) tan𝜙 − (𝛾 − 1) tan (𝜙 + 𝜃) , (9)

where 𝛾 can be calculated from 𝜌0 for a given incidence angle𝜙 by using (2). Given that 𝑝2/𝑝𝐻 is a function of 𝜙, 𝜃, and 𝛾 in
(9), they can be calculated in accordance with the following
equations:

𝑝𝐻 = 𝜌0𝐷
2

𝛾 + 1 =
𝛾
(𝛾 + 1)2 𝜌𝐻𝐷,

𝑞21 = 𝐷2 [( 𝛾𝛾 + 1)
2 + cot2𝜑] ,

𝜃 = arctan( tan𝜙
𝛾 tan2 𝜙 + 𝛾 + 1) .

(10)

The relationship between the angle of incidence 𝜙 and
reflection angle 𝜑 can be solved from (9) to (10) as follows:

tan𝜑
tan (𝜑 + arctan (tan𝜙/ (𝛾 tan2 𝜙 + 𝛾 + 1))) =

(𝛾 − 1)
𝛾 + 1 +

2𝛾2
𝛾 + 1

⋅ 1
[𝛾2 + (𝛾 + 1)2 ⋅ cot2 𝜙] ⋅ sin2 (𝜑 + arctan (tan𝜙/ (𝛾 tan2 𝜙 + 𝛾 + 1))) .

(11)

The reflected angle is an imaginary solution when the
incident angle reaches 46.9∘ through (11).The reflected shock
can catch the incident shock, and a single merged shock

is formed in the Mach reflection zone of Figure 1. This
phenomenon is calledMach reflection, and themerged shock
is called theMach stem [28].The point located at the incident,
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Figure 2: Detonationwave oblique reflectionmap in the coordinate system. (0), initial state; (1), stable detonation state; (2), oblique reflection
state.
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Figure 3: Relationship between the detonation pressure increase
ratio and incident angle.

reflected, andMach shocks intersect is called the triple point.
The pressure 𝑝3 of the Mach reflection can be calculated as
follows:

𝑝3𝑝𝐻 =
1

sin2 𝜙 +
1

sin𝜙 (
1

sin2 𝜙 −
𝑄3𝑄 )
1/2

, (12)

where𝑄 is the chemical energy of the C-J detonation reaction
and 𝑄3 is the chemical energy of the Mach reaction.

Figure 3 shows the relationship between the ratio of
the detonation pressure and incident angle in the bilinear
initiating system. At the incident angle 𝜙 = 0∘, the frontal
collision occurs, and the rate of pressure increase is 2.41-fold.
As the incident angle increases, the oblique reflection occurs
and the pressure increasing ratio varies from 2.3 to 2.47where
the incident angle is between 0∘ and 46.9∘. The pressure
increasing ratio sharply jumps to 3.08 with the occurrence of
the Mach reflection, where 𝑄3 = 𝑄 is assumed.

3. Simulation Experiment

A bilinear initiating system is applied in engineering blasting
to realize the increasing pressure of the detonation wave
collision. Combined with the previous theoretical analyses,
the current authors designed a series of blasting experiments

[29], such as the explosive-determination of power and
brisance test. The results show that the bilinear initiating
system can change the detonation pressure distribution in a
particular direction and the detonation wave collision can
improve the utilization ratio of explosive energy. However,
the boreholes are besieged by the rock in actual engineering
blasting; the standard tests are too simple to show the blasting
effects of rock. Observing and analyzing the rock fracture
and fragmentation processes around the boreholes are also
difficult as demonstrated in the field experiments [30, 31].

Therefore, a model was built consisting of steel plates,
rubber plates, and a test plate as shown in Figure 4 to simulate
the different crushing effects under the bilinear and detonator
initiating system. First, 500mm × 500mm steel plates were
cut and employed as the base and cover plates. Second, a
piece of 300mm × 300mm steel was cut and adopted as the
pressing plate, and a granite plate was utilized as the test plate.
Third, 300mm × 300mm rubber plates were cut and used
as the buffer cushions to avoid the interactions between the
steel and granite plates. The base plate was connected to the
cover plate by reserving eight M-16 bolt holes. Finally, 20mm
diameter holes were drilled into the cover plate, the pressing
plate, the buffer cushion, and the test plate.

The model was placed on a flat ground prior to the start
of this experiment. A layer of the buffer cushion was tiled
in the trough. A test plate was then placed on top of the
buffer cushion. Another layer of the buffer cushion was tiled
on top of the test plate, and the pressing plate was placed in
the second layer of the buffer cushion. Finally, the bolts were
tightened, and covering was applied to the model.

Two types of initiating methods were designed. The first
type is the detonator initiating system (Figure 4), wherein
the Nonel ignites the detonator or initiating charge, which
then sets off the main charge. The other type is the bilinear
initiating system, which has two detonating cords as the
initiating body arranged symmetrically on both sides of the
borehole.The delay detonator ignites the detonating cord and
then detonates the main charge.

Dye penetrant inspection (DPI) was used after the cover
plate was taken off after blasting to inspect and analyze the
cracks within the rock. Figure 5 shows the results of the sim-
ulated experiment. The fracture area in the bilinear initiating
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Figure 5: Results of the simulated experiment.

system is unevenly spread outward along the borehole, and
the area is 288.59 cm2, which is 1.10 times larger than that in
the detonator initiating system. Furthermore, the maximum
crack length is 1.44 times longer than that by the detonator
initiating system.

With the application of the MATLAB development plat-
form, watershed segmentation and Mayer’s flooding algo-
rithm were implemented to determine the crack widths
and the corresponding ratios. Watershed segmentation is a
transformation on the basis of a gray scale image. Mayer’s
flooding algorithm also works on the gray scale images.
Watershed fragmentation with an adjacent catchment basin
was constructed when the pixels on the gray scale were
shown. The entire process includes the image gray scale
processing (to enhance the contrast of the image), smooth
filtering (to eliminate noisy point), gradient processing (to
realize the grading of gray scale from low to high in the crack
edge), edge detection, and watershed segmentation.

As shown in Figure 6, the ratios of the 3-4mm crack
widths of the bilinear initiating system are 39% and 37.5%,
respectively, and the largest crack width is 12mm. For the
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Figure 6: Ratios of crack widths from the physically simulated
experiment.

detonator initiating system, nearly 50% of the crack widths
are within 3.5–4.5mm and the largest crack width is 8mm.
The total number of cracks (373 branches) produced by the
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(a) Detonation wave propagation of detonator initiat-
ing

(b) Crack growth of detonator initiating

(c) Detonation wave propagation of bilinear initiating (d) Crack growth of bilinear initiating

Figure 7: Detonation wave propagation and crack growth under two different initiating forms.

bilinear initiating system is larger than that by the detonator
initiating system.The principle of conservation of energy [32]
states that the higher the amount of energy used to produce
cracks, the better the rock breakage.

Otherwise, fluid-solid coupling algorithm in the LS-
DYNA3d was applied to analyze the propagation of deto-
nation wave and the process of rock fracture for the above
two cases. The Jones-Wilkins-Lee (JWL) equation of states
(EOS) was suited for modeling the pressure generated by
the expansion of the explosive detonation product, and rock
adopted the build-in bilinear kinematic hardening model
(∗MAT PLASTIC KINEMATIC) of program. As shown in
Figure 7, when detonator initiating is used, the detonation
wave starts uniformly from the initiation point and extends
toward the edges, and the fissures also diffuse evenly. While,
using the bilinear initiating system, it starts to spread from
the symmetric boreholes initially, collision occurs at the
centerline; and the maximum detonation pressure of the
centerline is at least twice that of the former; and the large

diameter crack will initially be generated at the centerline and
then expand outwards. It also indicates that bilinear initiating
system can change the explosive’s energy distribution on
rocks.

4. Field Experiment of Bilinear
Initiating System

4.1. Site Description. The construction of Haiwan Square,
which is located in the Economic and Technological Devel-
opment Zone of Dalian, was selected for the field experiment
in this study. The building includes office, resident quarters,
a supermarket, and a car park. The construction period
was relatively short; thus, the period for the foundation pit
excavation was limited. The rock properties in the founda-
tion are granite density (2,830 kg/m3), Poisson’s ratio (0.27),
compression strength (145.7MPa), shear strength (20MPa),
tensile strength (4.6MPa), elastic modulus (57GPa), and
cohesion (25MPa).
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Figure 9: Blasting footage and half-hole of the field experiment.

4.2. Blast Parameters Design. The blasting parameters were
calculated on the basis of the theoretical analysis, simulation
experiment in Section 3, and related calculation method
of pit excavation blasting. The depth and diameter of each
borehole are 0.8m and 42mm, respectively. The spacing and
burdening of the boreholes are 0.6 and 0.5m, respectively.
The boreholes were drilled with the Y-26 portable rock drill.
Each hole was charged with a maximum of 0.3 kg No. 2 rock
emulsion explosive because of the requirement of blasting
vibration for the surrounding buildings.

The borehole patterns for the pile blasting and charging
structure are shown in Figure 8. The detonator initiating
system (conventional blasting operation) utilized No. 2 rock
emulsion explosive as the main charge and a detonator as
the initiation system with a staggered pattern. The bilinear
initiating system also adopted the No. 2 rock emulsion
explosive as the main charge. However, double symmetrical
layout detonating cords were used as the initiation system as

shown in Figure 8. The stemming, network connection, and
other operation forms were set to be the same.

4.3. Results and Discussion. Blasting footage and rock frag-
mentation play vital roles in the efficiency and productivity
of pile blasting. If the blasting footage and rock fragmentation
are not controlled properly, theymay increase the production
cost and delay the excavation process because they may
require a secondary drilling or crushing. Therefore, the
blasting footage and the rock fragmentation are the main
factors to evaluate the blasting effect. The blasting rock size
in this excavation project was limited to less than 6 cm. Once
it surpasses the control size, a breaker or a crusher may be
used in secondary crushing of the rock into a smaller size.

Figure 9(a) shows the footage and half-hole of the detona-
tor initiation system. Practically no breakage effect and half-
hole are observed, and the peripheral contour of the pile is
rough. The breakage efficiency is extremely poor, the footage
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is only 0.35 m, and the residual-hole still exists after blasting.
Figure 9(b) shows that when using the bilinear initiating
system, the half-hole ratio reaches 96%, the breakage effect
is excellent, and the footage reaches 0.7m, which is nearly
twice that of the former.The quality of the periphery contour
is improved after the blasting, and the damage to the sur-
rounding rock significantly decreases. The results show that
the bilinear initiating system effectively uses the explosive
energy.The reason for such high utilization ratio is explained
as follows. When the explosive is detonated by detonating
cords, the detonating wave propagated and collided at the
centerline. The formation of an uneven detonation pressure
surface led to a damage fracture, which forms much blasting
energy into the crack and accelerates the rock destruction.

The rock fragmentation of blasting can be measured
through blasting muck pile photographs. The fragments in
the photographs were compared with standard size objects,
such as a ball with known diameter. The exercise attempts
to determine the object that matches the fragment in terms
of size and texture. The known scaling can be employed to
deduce the rock fragmentation size in the blasting through
the watershed segmentation technology.

Figure 10 shows the distribution curves of the rock frag-
mented size that resulted from the detonator and the bilinear
initiating system. In the conventional detonator initiating
system, approximately 80% of the rock fragmented sizes are
less than the size control value of 6 cm, and the largest is
13 cm, wherein nearly 3% of the rocks with sizes larger than
9 cmmust be secondarily crushed.This process increases the
cost and has serious repercussions on the blasting excavation
cycle. In the bilinear initiating system, approximately 92% of
the fragmentation volume is less than 6 cm, and the largest
is only 8.4 cm.Therefore, secondary crushing is unnecessary,
and higher working efficiency is attained.

The current authors also applied the bilinear initiating
system to the shield tunnel boulder blasting in No. 5 and
No. 6 water intake tunnels of the Hongyan River Nuclear
Power Station, Dalian, Liaoning Province, China. The drill
stuck phenomenon occurs frequently, and the driving rate
of the shield machine cannot reach the bedrock excavation
rate when using the conventional detonator initiating system.
Thus, the bilinear initiating system was adopted under the

same blasting parameters. The field application results have
shown that bilinear initiating system can lower the boulder
strength, do without secondary crack and no blasting toe
residual, and increase the shield tunneling speed by 42.7%
than the conventional one.These conditions indicate that the
bilinear initiating system can improve the energy efficiency of
explosives and shorten the blasting excavation cycle time.

5. Conclusions

This study developed a novel bilinear initiating system. The
cutting ability of the novel method was examined through
theoretical analysis andphysical simulation experiment. Field
experiment was performed at the Economic and Technolog-
ical Development Zone of Dalian, Liaoning Province, China.
The primary conclusions are presented as follows.

The detonation wave propagation and collision process
of the bilinear initiating system were analyzed based on the
classical theory of detonation.The formula for calculating the
detonation pressure of the frontal collision, oblique reflec-
tion, and Mach reflection was also derived. The results show
that the detonation pressure of No. 2 rock emulsion explosive
can be increased 2.41, 2.47, and 3.08 times, respectively.

A comparison of the physical simulation experimental
results shows that the fracture area is larger and the rock
fragmentation ratio of the bilinear initiating system is higher
than that of the detonator initiating system. Furthermore,
numerical simulation results also show that the bilinear ini-
tiating system can change the explosive’s energy distribution
and increase the utilization rate of explosive energy.

The theory and physical simulation experiment results
were validated by the field experiment of the hard rock pile
blasting and boulder blasting of tunneling excavation. The
field data shows that the novel initiationmethod can decrease
the size of rock fragments, improve the blasting footage, and
lower the cost of secondary drilling or crushing. However,
further optimization processes are necessary formore general
applications, such as cut blasting and underwater blasting of
hard rock with a strong clamp force.
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