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*e shock wave propagation of the explosion in a pipe with holes was studied by a high-speed schlieren experimental system. In
the experiments, schlieren images in the explosion were recorded by a high-speed camera from parallel and perpendicular
orientations, respectively, and the pressure in the air was measured by an overpressure test system. In parallel orientation, it is
observed that the steel pipe blocks the propagation of blast gases, but it allows the propagation of shock waves with a symmetrical
shape. In perpendicular orientation, oblique shock wave fronts were observed, indicating the propagation of explosion detonation
along the charge. Shock wave velocity in the hole direction is larger than that in the nonhole direction, indicating the function of
holes in controlling blast energy, that is, leading blast energy to hole direction. Furthermore, the function of holes is verified by
overpressure measurements in which peak overpressure in the hole direction is 0.87KPa, 2.8 times larger than that in the nonhole
direction. Finally, the variation of pressure around the explosion in a pipe with holes was analyzed by numerical simulation,
qualitatively agreeing with high-speed schlieren experiments.

1. Introduction

Blast has been widely applied in geotechnical engineering,
such as rock roadway excavation, open-pit mining, and slope
engineering [1]. In order to reduce the damage of the
surrounding rock and improve its stability, directional
fracture controlled blasting technology is introduced by
changing the borehole or charge shape. Initially, Langefors
and Kihlström [2] proposed a controlled blasting method by
producing two notches in the borehole. Fourney et al. [3]
used a split tube as the charge holder to produce controlled
blast fractures. By using the slit charge holder and high-
speed photography, Qiu Peng et al. [4, 5] studied the
mechanism of the interaction between blast stress waves and
controlled blast fractures. Yue et al. [6] used slit charge
holder to study blast-induced crack propagation between
two boreholes. Besides slit charge holder, He et al. [7]
proposed a new directional blasting method by drilling holes
in the charge holder and used this directional blasting
method to cut roadway roof near the gob in coal mines.

Blast experiments are a useful approach to study blast-
induced stress waves, gases, and cracks [8–10]. *e most

important is how tomeasure these parameters in a very short
period. High-speed visualization of blast process by optical
methods is a good way to study problems involving blast
stress waves, blast gases, and cracks. Photoelasticity can
visualize blast stress waves [11–13], while caustics method
can visualize not only blast stress waves but also blast gases
[14, 15]. Both photoelasticity and caustics methods are able
to obtain crack-tip stress intensity factors [11, 16, 17].
Specifically, to combine advantages of photoelasticity and
caustics methods, Qiu Peng et al. [18] proposed a simul-
taneous optical measurement system combining photo-
elasticity and caustics methods, which is verified in the study
on blast-induced dynamic fracture. However, photoelasticity
and caustics methods meet difficulties in measurements near
the borehole because data acquisition of isochromatic
fringes in photoelasticity and shadow patterns in caustics
method is very difficult in such an extreme condition. Digital
image correlation (DIC) becomes a very effective method to
study blast-induced stress waves [19, 20], but this method
needs speckles or reference points on specimen surface and
does not work well for blast gases. Schlieren method can
visualize propagation of shock waves and blast-induced
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products near the borehole because this method is sensitive
to gas dynamics in transparent media. Using schlieren
method, Gao [21] studied the propagation process of shock
waves and blast-induced products from a slit charge holder.
In addition, by schlieren method and numerical simulation,
Yang and Zuo [22] also studied the directional fracture
mechanism of slit charge blasting. *ese blast experiments
using schlieren method verify that this optical method is a
useful approach to study shock waves and blast products
near the borehole.

A large number of researchers used optical methods to
study slit charge blasting method; however, another im-
portant directional blasting method, that is, a charge holder
with holes, gets less attention. A charge holder with holes is
practically useful in cutting roadway roof in coal mines, but
its mechanism of shock wave propagation is not specific,
partly because shock wave propagation cannot be visualized
in the rock mass, partly due to limitations in high-speed
measurements.

In this paper, the mechanism of shock wave propagation
of the charge in a pipe with holes was studied by high-speed
schlieren method, overpressure test, and numerical simu-
lation. Experimental preparations are presented in Section 2.
In Section 3, high-speed schlieren images were recorded in
parallel and perpendicular orientations, respectively, and
then shock wave velocity was analyzed. Additionally,
overpressure in air around the explosion was measured in
hole and nonhole directions. Finally, numerical simulation
was conducted for a better understanding of shock wave
propagation of the charge in a pipe with holes.

2. Experimental Preparations

2.1. High-Speed Schlieren Experimental System. *e high-
speed schlieren experimental system is shown in Figure 1,
which consists of four parts: light source area, lenses
combination, reaction area, and acquisition area. *e light
source area is composed of a laser, beam expander, knife-
edge, and plane mirror, and the lenses combination consists
of two field lenses (concave lens).*e reaction area is located
between two filed lenses and covered in an iron box for
securities. *e acquisition area is composed of a planar
mirror, a knife-edge, and a high-speed camera (Photron
SA5). *e frequency of the camera was 100,000 frames per
second in the present experiments.

*e propagation process of laser light rays is described
here. *e laser light first passes through the knife-edge in
front of the plane mirror, and then the plane mirror and the
field lens 1 reflect the parallel light to make it pass through
the reaction area. Subsequently, the laser light reflects at field
lens 2 and the second plane mirror and passes through the
second knife-edge. Finally, schlieren images of the reaction
area are recorded by the high-speed camera.

2.2. Charge Holder of a Pipe with Holes. Figure 2 shows the
charge holder of a stainless steel pipe with a length of
100mm. *e outer and inner diameters of the pipe are
14mm and 11mm, respectively; thus, pipe wall thickness is

3mm. *e holes for concentrating blasting energy were
drilled along the paper wall, with hole diameter and space
equal to 2mm and 3mm, respectively.

*e explosive used in the experiments was lead azide. A
column charge with a diameter of 6mmwas inserted into the
stainless steel pipe with holes. *e charge effective charge
length is 80mm and charge quantity is 800mg. Two stem
areas are located at two ends of the charge, each with a length
of 10mm. A pair of twisted copper wires were used to initiate
the explosive, and the initiation point was located at the
central position of the column charge.

An iron box was used to cover the charge holder and
protect the experimental system and the people who conduct
blasting experiments. A large piece of sponge was attached to
the inner wall of the iron box to absorb the blasting energy.
*e observation window was equipped with a transparent
PMMA plate to avoid the damage caused by the blast-in-
duced flyers and gases to the equipment, especially to the
high-speed camera.

2.3. Parallel and Perpendicular Orientations of the Charge
Holder. For a comprehensive understanding of shock wave
propagation in a three-dimensional view, the shock wave
propagation process of the charge in a stainless steel pipe
with holes was recorded by the high-speed camera from two
different orientations: parallel and perpendicular orienta-
tions, as shown in Figure 3. For parallel orientation, the axial
direction of the charge pipe is parallel to the light direction
while, for perpendicular orientation, the axial direction of
the charge pipe is perpendicular to the light direction.

3. Experimental Results and Discussion

3.1. High-Speed Schlieren Images. Figure 4 shows the
propagation process of shock waves and blast gases pro-
duced by the charge in parallel orientation where the charge
direction is parallel to laser light. Laser light direction is
perpendicular to the page. Firstly, obvious deflagration
phenomena can be observed in the process of detonation, as
shown in a period of 10∼20 μs. It should be noted that the
schlieren experimental system cannot observe the detona-
tion process occurring in the pipe; thus the propagation of
detonation waves in the pipe was not studied here. Addi-
tionally, the process of the shock waves propagating out of
the field of view is not listed here. Due to limitations in blast
experiments, the interaction between holes is not clearly
visualized because blast-induced gases influence the high-
speed visualization. In the future, the interaction between
holes will be investigated by improving the high-speed re-
cording system.

In parallel orientation in Figure 4, shock waves and the
blast gases propagate in a highly symmetrical shape. Shock
waves caused by continuous detonation of the charge in the
pipe first run out from holes at 10 μs, followed by blast gases.
Shock wave front forms an envelope to surround blast gases.
*e distance between shock waves front and the blast gases
increased gradually with the propagation of shock waves. In
a period of 80∼100 μs, it is observed that the steel pipe
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blocks the propagation of blast gases in the top and bottom
direction, but it allows the propagation of shock waves,
which is marked by a dot circle in Figure 4. Based on this
consideration, it is easy to distinguish shock wave front and
blast gases. Holes along the pipe change the propagation of
shock waves and blast gases. *e shape of shock waves and

blast gases is the superposition of two circles while, without
the presence of the holes, shock waves are a circle shape. In
addition, holes provide a preferred way for blast products. It
is observed that blast products run out of the charge holder
from holes in two sides of the pipe, which are marked by the
arrows in Figure 4.
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Figure 1: Schematic of the high-speed schlieren system.
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Figure 2: Schematic of the charge holder of a pipe with holes.
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Figure 5 shows the propagation process of shock waves
and blast gases produced by the charge in perpendicular
orientation where the charge direction is perpendicular to
laser light. Laser light direction is perpendicular to the page.
*e initiation point of the charge is located at the right of the
center of the pipe, which is implied at 10 μs, and oblique

shock wave fronts are symmetrical by the pipe axis and
propagate towards two ends of the charge at 20∼30 μs. *e
oblique shock wave fronts indicate that detonation wave
speed in the charge is faster than that of shock waves in the
air. At 40 μs, shock waves and blast gases rush out of the right
end of the pipe, making an influence on the shape of the
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Figure 3: Schematic of the (a) parallel and (b) perpendicular orientations.
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Figure 4: High-speed schlieren images for parallel orientation of the charge (parallel to laser light). (a) 0 μs, (b) 10 μs, (c) 20 μs, (d) 30 μs, (e)
40 μs, (f ) 50 μs, (g) 60 μs, (h) 70 μs, (i) 80 μs, (j) 90 μs, (k) 100 μs, and (l) 110 μs.
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whole shock waves and blast gases. Also, some blast products
fly out from the right end of the pipe.*e situation of the left
end is similar to the right one. *erefore, the quality of the
stemming is of significant importance for controlled
blasting. After 60 μs, the shape of shock waves and blast gases
nearly remains the same while the size increases steadily.

3.2. ShockWave Front Propagation Velocity. Figure 6 shows
the velocity of the shock wave front in different orientations.
In each orientation, the horizontal and vertical velocities of
shock wave front were measured. In the parallel orientation,
the whole shock wave propagation process presents a
symmetrical shape centered by the pipe axis, and the
propagation of shock waves on both sides of the pipe tends
to be the same. *us, the horizontal velocity of shock waves
on one side was measured. In the perpendicular orientation,
the propagation of shock waves in the horizontal left and
right directions was measured, respectively, while the
propagation of shock waves in the vertical direction was only
measured on the top side, due to the symmetrical wave front.

In Figure 6(a), it is obvious that horizontal velocity is
larger than that in the vertical direction because the holes in
the pipe allow shock waves to run out preferentially in the
horizontal direction, especially at 10∼20 μs just after the
initiation of the charge. After 20 μs, both horizontal and
vertical velocities vary around 750m/s. *e difference of
shock wave velocity in the horizontal and vertical directions
indicates the function of holes in controlling blast energy,
that is, leading blast energy to the hole direction.

In Figure 6(b), it is found that shock wave velocity in the
right side of the charge has a sharp rise in 10∼30 μs, much

larger than that on the left side. *is difference can be re-
flected in Figure 5 where shock wave front in the right side
runs out prior to that on the left side mainly because
stemming in the right side is looser than that on the left side
of the charge. After 40 μs, both right and left sides have a
similar velocity variation trend and fluctuate around 350m/
s. *e vertical velocity of shock waves remains around
750m/s after 30 μs, agreeing with that in Figure 6(a). It
should be noted that after 80 μs the shock wave front runs
out of the field of view; thus, its velocity cannot be measured
in vertical direction.

3.3. Overpressure Measurement. To better understand the
function of holes in the pipe, the overpressure in the air
around the explosion was measured. *e overpressure test
system is composed of Teledyne Lecroy HDO 4034 elec-
tronic oscilloscope, Sinocera YE5853A charge amplifier and
CY-YD-202 pressure sensor, shown in Figure 7(a). In order
to avoid unnecessary damage to the sensor in the process of
explosion, the distance between the sensor and the explosion
center was set to 200mm. Two sensors correspond to
horizontal and vertical directions, respectively, illustrated in
Figure 7(b).

In the instant of detonation, a large number of high
temperature and high pressure gases will be generated in the
pipe and then rapidly expand outward from holes and form
shock waves. Subsequently, expanding blast gases run out
from the holes and push the air around the pipe. Shock
waves decay with distance from the pipe, and the velocity of
gases also decreases until blast gases no longer expand. *e
positive pressure zone has a prominent influence on the air
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Figure 5: High-speed schlieren images for perpendicular orientation of the charge (perpendicular to laser light). (a) 0 μs, (b) 10 μs, (c) 20 μs,
(d) 30 μs, (e) 40 μs, (f ) 50 μs, (g) 60 μs, (h) 70 μs, (i) 80 μs, (j) 90 μs, (k) 100 μs, and (l) 110 μs.
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around the pipe, followed by the negative pressure zone,
which is shown in Figure 8.

Figure 8 shows the history of overpressure with time.
Because the overpressure sensors were 200mm far from the
detonation center, the pressure was measured at kPa level.
*e shock wave front in the hole direction presses the
pressure sensor at 243 μs, resulting in a very sharp rise up to
a peak value of 0.87 kPa. Later, at 490 μs, the shock front in
the nonhole direction pressures the pressure sensor,
resulting in a smaller rise with a peak value of 0.31 kPa. *e
peak overpressure in the hole direction is 2.8 times larger
than that in the nonhole direction, and the time to reach the

peak value in the hole direction is only 1/2 of that in the
nonhole direction. *e peak overpressure difference in the
hole and nonhole directions indicate that holes in the pipe
control blast energy, making energy concentration in the
hole direction. Compared with Figure 4, the peak over-
pressure of 0.87 kPa in the hole direction corresponds to
blast products in the hole direction, and the peak over-
pressure of 0.31 kPa in the nonhole direction corresponds to
blast products in the nonhole direction. After peak over-
pressure, pressure fluctuation appears in both the hole and
nonhole directions. It is found that pressure fluctuation
value in the hole direction is larger than that in the nonhole
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Figure 6: Shock wave front velocity in (a) parallel and (b) perpendicular orientations of the charge.
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Figure 7: (a) Photo of overpressure measuring device. (b) Schematic of the overpressure test system.
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Figure 8: Overpressure results from two directions (hole and nonhole directions).
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Figure 9: Continued.
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direction, and the duration of the fluctuation is longer in the
hole direction. After fluctuation and attention, the pressure
value in air returns back to 0 kPa in both the hole and
nonhole directions.

4. Numerical Verification

Considering that the pressure field near the explosion cannot
be observed clearly by schlieren experiments, ANSYS/LS-
DYNA finite element program was used to simulate the
whole pressure field near the charge. *e numerical simu-
lation models were all SOLID164 units. *e size and
structure of pipe models were the same as those in schlieren
experiments. Lagrange elements were used for the pipe
model, and ALE elements were used for explosives and air.
*e fluid-solid coupled numerical solution method was
adopted. EOS_LINEAR_POLYNOMIAL equation of state
was used for air and JWL equation of state was used for the
explosive. *e explosives were made of lead azide with a
density of 2 g/cm3, a detonation heat of 1.53 kJ/g (367 cal/g),
and a detonation velocity of 4070m/s.

Figure 9 shows the pressure contour of the explosion
at the cross section of the charge in pipe with two holes.
*e shock waves propagate outward rapidly at 0.36 μs and
then run outward along the holes. *e pressure influence
area expands rapidly at 2.89 μs, but the peak pressure
decreases due to gas expansion. Expanding gases first
influence the area in the hole direction and then go to the
nonhole direction, which agrees with the propagation of
blast-induced products in high-speed schlieren images in
Figure 4. For points with the same distance from the
explosion center, the pressure value in the hole direction
is obviously larger than that in the nonhole direction,
which is similar to overpressure testing results in Figure 8
(0.87 kPa in the hole direction and 0.31 kPa in the non-
hole direction). And the pressure boundary in the hole
direction is also larger than that in the nonhole direction.
*e shape of pressure field in Figure 8 is highly sym-
metrical, which is consistent with high-speed schlieren
images in blast experiments.

*is paper mainly focuses on blasting experiments.
Numerical simulation in this paper was carried out in a two-
dimensional way. Some previous papers provide good ref-
erences in numerical simulations associated with pipes

[23–25]. In the future, three-dimensional numerical
methods will be used to understand the mechanism of shock
wave propagation of the explosion in a pipe with holes, and
the interaction of shock waves and blast gases between holes
will be further investigated.

5. Conclusions

*e high-speed schlieren photography, overpressure mea-
surement, and numerical simulation were applied to study
shock wave propagation of the charge in a pipe with holes,
and the following conclusions are obtained:

(1) Shock wave propagation of the charge in a pipe with
holes was recorded by the high-speed camera from
two different orientations: parallel and perpendicular
orientations. In parallel orientation, it is observed
that the steel pipe blocks the propagation of blast
gases in the top and bottom side, but it allows the
propagation of shock waves with a symmetrical
shape. In perpendicular orientation, oblique shock
wave fronts were observed, indicating the propa-
gation of explosion detonation in the column charge.

(2) Measurements of high-speed schlieren images show
that the shock wave velocity in the hole direction is
larger than that in nonhole direction, verifying the
function of holes in controlling blast energy, that is,
leading blast energy to the hole direction.

(3) Measurements of overpressure in air around the
explosion show that peak overpressure in the hole
direction is 0.87 kPa, 2.8 times larger than that in the
nonhole direction, and the time to reach the peak
value in the hole direction is only 1/2 that in the
nonhole direction. *e difference in overpressure
again verifies the function of holes in the pipe.

(4) *e variation of pressure around the explosion in a
pipe with holes is analyzed by the numerical sim-
ulation, qualitatively agreeing with high-speed
schlieren experiments.

Data Availability

*e data required to reproduce these findings is available
from the author upon request.
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