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Abstract
Crack velocity, gas ejection, and stress waves play an important role in determining delay time, designing a blast and understanding the mechanism of rock fragmentation by blasting. In this paper, the emerging times of the earliest cracks and gas
ejection on the lateral surfaces of cylindrical granite specimens with a diameter of 240 mm and a length of 300 mm were
determined by high-speed photography, and the strain waves measured by an instrument of dynamic strain measurement
during model blasting. The results showed that: (1) the measured velocity of gas penetration into the radial cracks was in
a range of 196–279 m/s; (2) the measured velocity of a radial crack extending from the blasthole to the specimen surface
varied from 489 to 652 m/s; (3) the length of strain waves measured was about 2800 µs, which is approximately 1000 times
greater than the detonation time. At about 2850 µs after detonation was initiated, gases were still ejected from the surface
cracks, and the specimens still stood at their initial places, although surface cracks had opened widely.
Keywords Model blasting · Rock fracture · Gas ejection · Stress wave · High-speed camera

1 Introduction
High explosives have been widely used in hard rock mining
and various kinds of rock engineering for over one century.
However, up to now, blast results in hard rock mining and
rock excavation have not been satisfactory yet. For example,
energy efficiency in rock blasting has been very low (Langefors and Kihlström 1963; Ouchterlony et al. 2004; Sanchidrián et al. 2007), and blast operation has been dominated by
empirical design which results in considerable mineral loss,
poor safety, high vibrations, explosive wastage, and induced
seismic events (Zhang 2016). One reason for the unsatisfactory blast results is that the fragmentation mechanism in rock
blasting has not been very clear so far, although detonation
theory and blasting science have been developed for several
decades (e.g., Johansson and Persson 1970; Langefors and
Kihlström 1963; Persson et al. 1994; Cooper 1996; Fickett
and Davis 2000; Zhang 2016). In the earliest studies on rock
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blasting, there were two viewpoints on the mechanism of
rock fragmentation. One viewpoint considered that stress
wave played a predominant role in rock fragmentation (e.g.,
Hino 1954; Duvall and Atchison 1957), and the other indicated that high-pressure gas took the dominant part in rock
fragmentation (e.g. Langefors and Kihlström 1963; Clark
and Saluja 1964). Since the 1970s, one more viewpoint has
been found to be more acceptable on the mechanism of rock
fragmentation. This viewpoint states that it is the combined
effect of both stress wave and gas pressure that dominate
rock fragmentation (e.g., Kutter and Fairhurst 1971; Field
and Ladegaard-Pedersen 1971; Bhandari 1979; Dally et al.
1975; Fourney et al. 1993; Fourney 2015).
Another reason for the unsatisfactory blast results is that
many basic parameters in rock blasting have not been well
determined such as crack propagation velocity, gas penetration speed, and characteristics of stress waves induced in the
rock. To understand the mechanism better and improve blast
results, various model blasts have been carried out, dealing with stress waves, gas pressure, and fragmentation (e.g.,
Field and Ladegaard-Pedersen 1971; Bergmann et al. 1973;
Fourney et al. 1974, 1981; Dally et al. 1975, 1993, 2006;
Katsabanis et al. 2006, 2014; Tilert et al. 2007; Johansson
and Ouchterlony 2013; Onederra et al. 2013; Sun 2013;
Fourney 2015; Liu et al. 2018; Chi et al. 2019a, b, c; Yang
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et al. 2019; Zhang et al. 2020a, b; Mao et al. 2020; Jeong
et al. 2020). In a number of the previous model blasts, a
high-speed camera was used to monitor the blasting process
(Chi et al. 2019a, b, c; Zhang et al. 2020a, b; Jeong et al.
2020) and the initiation times of the earliest cracks and gas
ejection of a few specimens were approximately determined
(Chi et al. 2019a, c). In many other experimental studies
using rock, concrete, mortar, and rock-like specimens, strain
waves were measured either on the free surfaces of models or within the mortar or concrete models during blasting
(e.g., Dally et al. 1975; Johansson and Ouchterlony 2013;
Sun 2013; Liu et al. 2018; He et al. 2018; Chi et al. 2019a,
c; Mao et al. 2020). However, the studies combining the
determination of fracture initiation and gas ejection with
the strain wave measurement are few. Regarding the above
background, this paper presents our experimental results for
fracture initiation, gas ejection, and strain waves measured
on the specimen surfaces during blasting, and compare the
fracture development and gas ejection at different times with
the strain waves measured. At last, some topics such as the
length of strain waves and relation between the gases and
strain waves in blasting are discussed.

2 Experiments
2.1 Rock and Explosive
Eight rock specimens blasted in this study came from a granite quarry in the suburb of Beijing, China. All specimens
were cylinders with a diameter of 240 mm and a length of
300 mm. The detailed sizes of the specimens are listed in
Table 1. One of the rock specimens, S1, is shown in Fig. 1.
The density of the granite was 2650 kg/m3, Poisson’s ratio
0.23, Young’s modulus 42.6 GPa, average P-wave velocity 4200 m/s, and dynamic uniaxial compressive strength
120 MPa at a strain rate of 95 s−1. There were no visible
joints and other weaknesses on the specimens.

The explosive pentaerythritol tetranitrate (PETN) with a
critical diameter of 1–1.5 mm (Kubota 2001; Zhang 2016)
was used in this study. The explosive had a density of 0.93 g/
cm3, explosion heat of 5925 kJ/kg, and a velocity of detonation (VOD) of 5300 m/s. Explosive charge length was about
15 mm for all specimens except for S7 whose charge length
was 20 mm. Detonator length was about 70 mm. The stemming conditions were different in these eight specimens, as
shown in Fig. 1c and Table 1, to investigate the effect of
stemming conditions on fracture initiation and gas ejection.

2.2 Determination of Gas Penetration Velocity
and Fracture Initiation Time
The blasts were performed in an explosion chamber at
Beijing Institute of Technology. As shown in Fig. 1, each
specimen was placed on a wood board that was on the top
of a steel frame placed on the floor of the explosion chamber with a diameter of 8 m. The height of the steel frame
was approximately equal to the height of the bullet-proof
window of the chamber. Through the window, a high-speed
camera standing outside of the chamber could film the blasting process. The steel frame and rock specimen as well as
the wood board were enclosed by a steel box with a size of
1 × 1 × 2m3, so that the fragments were mostly kept within
the steel box whose front was partly open for photography.
To get sharp pictures, the specimen surfaces were cleaned
using alcohol before blasting.
The powder PETN explosive was fully loaded at the bottom of the borehole after it was cleaned using alcohol. An
electrical detonator was placed on the explosive. Above
the detonator, one type of stemming was applied in each
borehole, as shown in Fig. 1c. Two materials were used as
stemming: steel rod and sand. There was a 1.5 mm air gap
between the steel rod and the borehole wall to host the detonator wires that were taped to the steel rod before blasting.
In this case, the stemming using steel rods is actually a partial stemming along the borehole, while the sand stemming

Table 1  Parameters of rock specimens, explosive, stemming, and charge conditions
Specimen no.

Highspeed
camera

Strain
measurement

PETN (g)
excluding detonator

Stem length/
Stem weight (g)
diameter (mm)

Specific
charge (kg/
m3)

Stemming

S1
S2
S3
S4
S5
S6
S7
S9

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
Yes
No
Yes
Yes
No
No
Yes

3.0
3.0
3.0
3.0
3.0
3.0
4.0
3.0

108/14
125/14
88/14
84/14
89/14
90/17
115/17
116/17

0.22
0.22
0.22
0.22
0.22
0.22
0.29
0.22

Partial steel stem without air deck
Partial steel stem without air deck
Partial steel stem with air deck
Partial steel stem with air deck
Partial steel stem with air deck
Full sand stem with air deck
Full sand stem without air deck
Full sand stem without air deck
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117
134
88
85
96
26
57
67
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Fig. 1  Experimental set-up for blasting. a Cylindrical granite specimen S1; b diagram of the cross-section of a specimen where two strain
gauges were attached on the surface of specimen; c stemming condition of each specimen (not in scale)

is full stemming without that gap. In the axial direction of
specimens S3–S5, a thin-plastic bag containing only air was
placed to separate the detonator and the stemming as an air
deck (Fig. 1c). In the stemming of S6, a similar air deck
was used. The detailed parameters related to the explosive
charge, detonator, and stemming in each specimen are given
in Table 1.
To determine the initiation times of gas ejection and
crack appearance on the lateral surfaces of specimens, it

was necessary to synchronize the initiation of detonation
and the triggering of high-speed camera as accurately as
possible. To do so, one end of two parallel enameled wires
was fixed on the detonator and the other end of the wires
connected to the cable from the trigger of the camera. When
the detonator was fired, the two wires on the detonator were
melt and connected together as a conductor. This signal was
sent to the cable from the trigger of the camera, and the
camera was triggered. This method has been proved to be
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successful (Chi et al. 2019a, b; Zhang et al. 2020a, b). Since
the lengths of the wires plus the cable are about 6 m in this
study and the electromagnetic wave speed in a vacuum is
about 3 × 108 m/s, the time for the signal propagating from
the detonator to the trigger is approximately 0.02 microsecond, which is definitely ignorable. High-speed camera
named Photron Fastcam SA5 was used in this study. Two
trigger modes, “Center” and “Start”, were available in this
camera. As the trigger mode “Center” was chosen and the
synchronization mentioned above realized, frame 0 (F0) corresponded to the initiation of the detonation in the blasts. In
this way, the initiation moments of gas ejection and fracture
on the surfaces of the rock specimens could be determined.
To get clear and sharp pictures from the camera, the framing speed must be proper but not very high. Accordingly, a
framing speed of 17,500 frames per second was employed.
That is to say, the interval time between two adjacent photos
was 57 µs in this study.

2.3 Strain Wave Measurement
On the lateral surface of each specimen, two strain gauges
named BHF120-2AA with a sensitive grid size of 2 × 2 m
 m2
were attached to measure the tangential stresses during blasting. The two gauges were at 100 mm and 150 mm locations
from the lower end of the specimen, respectively, as shown
in Fig. 1. The two gauges were connected by cables to an
instrument, named DH5960, for strain measurement placed
outside of the explosion chamber. The strain instrument,
the high-speed camera, and the detonator were connected
together by one synchronizer to synchronize these three
components.

3 Results and Analysis
3.1 Gas Ejection
In model blasting, gases are often ejected from both the
collar of blasthole and some cracks on the surface of rock
specimen. If the blasthole is not fully stemmed or sealed,
as shown in Fig. 2 for specimen S2, the shock wave from
detonation can directly go through the air gap between the
steel rod and the wall of blasthole and go out of the hole.
Therefore, the light areas in frame 1 (F1) and frame 2 (F2) in
Fig. 2 are probably the regions occupied by the shock waves,
i.e., these light areas are not gases. However, the dark areas
outside of the rock specimen should be gases.
By means of the high-speed photographs, the emerging
time of gases from the cracks on the surface of a specimen
can be determined. Take S2 as an example, it can be found
that in frame 10, gases appear in a vertical crack, but in
frames 0–9, there is no any gas from any crack. Therefore,
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it can be determined that gases emerged on the surface
latest at 570 (10 × 57) µs after detonation was initiated.
In frame 11, gases expand gradually to a larger area. The
determined times of the earliest gas ejection from specimen surfaces are summarized for all eight specimens in
Table 2. Notice that the determined emerging times of the
earliest gases on the surfaces of specimens are greater than
the actual emerging times of the earliest gases by a time
smaller than 57 µs which is the interval time between two
adjacent photographs in this study.
Considering the limited length of the paper, we only
present the high-speed photographs from four specimens
S2, S4, S5, and S9 all of which deal with strain measurement during blasting. Figures 2, 3, 4, 5 show all photographs of each specimen starting at frame 0 (the initiation of detonation) and ending at or before frame 11
(11 × 57 = 627 µs after detonation). According to these
photographs, the earliest gas ejection occurred on the surfaces at 399–570 µs after the initiation of detonation.
Considering that (1) the radial cracks are often roughly
straight (e.g., Chi et al. 2019a, b; Zhang et al. 2020a, b)
and (2) the detonation product gases can start to penetrate
into the earliest radial cracks from the blasthole as soon
as detonation occurs, we can find that the velocity of gas
penetration into and travel via the radial cracks is in a
range of 196–279 m/s, corresponding to the gas ejection
time 399–570 µs on the surfaces.
In brief, the measurement results concerning gas ejection can be summarized in the following. (1) The earliest gas ejection occurred on the specimen surfaces at
399–570 µs after the initiation of detonation. Correspondingly, the velocity of gas penetration into the radial cracks
was in a range of 196–279 m/s. (2) The velocity of gas
penetration into the radial cracks is 231 m/s on average in
three partially stemmed specimens and 245 m/s in the fully
stemmed specimen, implying that the stemming condition
has a certain effect on the velocity of gas penetration into
the radial cracks.

3.2 Earliest Crack Appearing on the Lateral Surfaces
of Rock Specimens
3.2.1 Emerging Time of Earliest Crack
Similar to the procedure in determining gas ejection time
described above, the time when the first crack appeared
on the surface of a specimen can be determined according to the photographs from the high-speed camera. The
results are shown in Table 2. Obviously, the earliest crack
appeared at 171 µs in five specimens and at 228 µs in three
specimens after initiation of detonation, respectively.
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Fig. 2  Photographs (a) and drawings (b) of S2 with partial steel stemming without air deck. F0 (frame 0) was at initiation point of detonation. In
F3 (frame 3), one long vertical crack emerged on the right side. In F10 (frame 10) gas escaped from that vertical crack
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Table 2  Earliest crack and gas emerging times on specimen surfaces and gas velocities from collars and surface cracks
Specimen no. Time of earliest
crack on surface
(µs)

Time of earliest
gas on surface
(µs)

Gas from
earliest
crack

Velocity of
radial crack
(m/s)

Stemming
Velocity of gas
penetration into crack
(m/s)

S1
S2a
S3
S4a
S5a
S6
S7
S9a

513
570
399
456
513
513
456
513

Yes
Yes
Yes
Yes
No
No
Yes
No

652
652
652
489
–
–
489
–

217
196
279
245
–
–
245
–

a

171
171
171
228
171
171
228
228

Partial steel stem without air deck
Partial steel stem without air deck
Partial steel stem with air deck
Partial steel stem with air deck
Partial steel stem with air deck
Full sand stem with air deck
Full sand stem without air deck
Full sand stem without air deck

With strain measurement

3.2.2 Velocity of Radial Crack
As mentioned previously, the radial cracks from blastholes
are often straight. Thus, we can determine the extension
velocity of the earliest radial crack using the measured fracture initiation time 171–228 µs and the distance 111.5 mm
from borehole wall to specimen surface. The results are
shown in Table 2, indicating that the velocity of a radial
crack extending from the blasthole to the specimen surface varies from 489 to 652 m/s. Considering a 57 µs time
interval between two adjacent photographs, the maximum
velocity of a radial crack may be up to 652–978 m/s. According to measurement results from many rocks and rock-like
materials summarized in Zhang (2016), crack velocity is
directly proportional to the P-wave velocity of the material with a coefficient of 0.1–0.33. For granite measured by
Bergmann et al. (1973), this coefficient is 0.33. Using this
value and the parameters of the granite in this study, we
can get that the maximum crack velocity of the granite is
0.33 × 4200 = 1368 m/s. Obviously, this maximum crack
velocity is greater than either 489–652 m/s (the velocities
of the radial cracks measured) or 652–978 m/s (the possible
maximum velocities of radial cracks estimated due to the
57 µs time interval between two photographs). Since the
time from the initiation of detonation to the initiation of the
radial crack is considered to be zero (actually not zero) in
this study, the actual crack velocity should be greater than
652 m/s measured or even greater than 978 m/s estimated.

In summary, the experimental results relevant to crack
velocities are as follows. (1) The earliest crack appeared at
171–228 µs after the initiation of detonation. Considering
the 57 µs interval time between two adjacent high-speed pictures, the possibly earliest crack might appear on the specimen surfaces at 114 µs after the initiation of detonation. (2)
The velocity of a radial crack extending from the blasthole to
the specimen surface varies from 489 to 652 m/s. Considering the 57 µs interval time, the possible maximum velocity
of a radial crack may be up to 652–978 m/s. (3) The velocity
of radial crack is about 1.8–3.3 times higher than the velocity of gas penetration into radial cracks.

3.3 Strain Waves Measured on the Lateral Surfaces
of Rock Specimens
3.3.1 Length of Strain Wave
Strain measurement during blasting was carried out in four
specimens S2, S4, S5, and S9. The measurement results are
shown in Figs. 6, 7, 8, and 9. Among eight strain gauges,
two lower gauges and one middle gauge failed, showing a
constant strain value of 110,000 µε after detonation started.
As soon as the detonator and explosive in each hole were
fired, the detonation-caused shock wave started to travel
from the blasthole to the free surface of the specimen, taking a time:

T0 =
3.2.3 Difference between Crack Velocity and Gas Velocity
Compared with the velocity of gas penetration into radial
cracks, varying from 196 to 279 m/s, with the propagation velocity of an earliest radial crack in a range of 489—
652 m/s, the crack velocity is about 1.8—3.3 times greater
than the gas travel velocity.
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111.5 mm
= 27 𝜇s.
4200 m/s

Accordingly, after 27 µs when the detonator was initiated, the stress wave, a P-wave, arrived at the strain gauges
(first to the lower gauge and then to the middle one) on the
surface. In other words, the detonation started 27 µs earlier
than the initiation point of the strain waves measured. Thus,
the point noted with F0 (frame 0) in Figs. 6, 7, 8, and 9
means the detonation initiation time, and the corresponding
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Fig. 3  Photographs (a) and drawings (b) of S4 with partial steel stemming with air deck. F0 (frame 0) was at initiation point of detonation. In F4
(frame 4), one long vertical crack emerged in the center of the front surface. In F8 (frame 8), gas escaped from that vertical crack
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Fracture Initiation, Gas Ejection, and Strain Waves Measured on Specimen Surfaces in Model…
◂Fig. 4  Photographs (a) and drawings (b) of S5 with partial steel stem-

ming and air deck. F0 (frame 0) was at initiation point of detonation.
In F3 (frame 3), one nearly vertical crack emerged on the right side
close to the middle of the front surface. In F9 (frame 9), gas escaped
from one small vertical crack that can be seen the first time in F7
(frame 7). This small crack must have started from the borehole. Note
that there is no gas coming out of the earliest crack until frame 29
(29 × 57 microseconds), indicating that this earliest crack might start
from the surface of the specimen rather than the blasthole

photographs with frame 0 are presented in Figs. 2, 3, 4, and
5. Similarly, the points noted with F20, F30, F40, and F50
in Figs. 6, 7, 8, and 9 correspond the times 1140 (20 × 57)
µs, 1710 (30 × 57) µs, 2280 (40 × 57) µs, and 2850 (50 × 57)
µs after the initiation of detonation. The photographs taken
at these times are shown in Figs. 6, 7, 8, and 9.
Figures 6, 7, 8, 9 show that the lengths (duration) of the
strain waves are roughly 2850–27 = 2823 µs from the middle
strain gauges in S2, S4, and S5. In other words, the strain
waves end around F50 (2850 µs), and after 2850 µs, the
strains are very small and they can be neglected. The lengths
of the strain waves are difficult to determine from the lower
gauges in S5 and S9, since the strains at the time 4800 µs
are still high, e.g., the strain is about 800 µε and 1600 µε at
time 4800 µs in S5 and S9, respectively. Since the velocity
of detonation was 5300 m/s and the explosive charge length
was 15 mm in these four specimens, the total detonation
time of the explosive charge in specimen would be equal to
2.8 µs, meaning that the lengths of the strain waves measured
from the middle gauges are about 1000 times greater than
the length of the detonation time.
3.3.2 Gas Ejection and Rock Fracture Process
According to Figs. 6, 7, 8, and 9, until 2850 µs (F50) after
detonation, gases had been escaping from some surface
cracks, but the specimens had not been completely disassembled apart yet. At the same time, those surface cracks were
opening further and gas ejection from them was occurring
continuously. Furthermore, all peak strains of four specimens appeared before 1140 µs (F20) after detonation. From
1140 to 2850 µs, gas ejection was still going on and each
specimen was still standing at its original place even though
it had been fractured, indicating that the detonation product
gases were still acting on the fractured specimen with a certain pressure, as shown in Figs. 6, 7, 8, and 9.
3.3.3 Shape of Strain Waves
As shown in Figs. 6, 7, and 8, the waveforms from the middle gauges in S2, S4, and S5 are different from one another.
Similarly, the waveforms from the lower gauges in S5 and S9
are different from each other, as shown in Figs. 8 and 9. In
addition, the amplitudes of all the waves have large difference.
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One reason is that the waveform and amplitude of a strain
wave measured are affected by the locations of both cracks
nearby and the gauge in question. In other words, the strain
wave shape and its amplitude measured by the gauge are influenced by the wave interaction with the cracks surrounding the
gauge and by the wave reflection from the boundaries of the
specimen.
3.3.4 Effect of Gauge Location on Strain Waves
Figures 6, 7, 8, 9 show that the lengths of the strain waves
from the lower gauges on S5 and S9 are much longer than the
lengths from the middle gauges on S2, S4, and S5. In addition,
the shapes of the strain waves from the middle gauges are different from the lower gauges, too. This indicates that the location of strain gauge has impact on the length and shape of a
measured strain wave. One of the reasons for these differences
is that a lower gauge in a specimen is closer to both the explosive and the lower end of the specimen (see Fig. 1b), resulting
in both the detonation-induced stress wave and the reflected
wave from the lower end of the specimen arrive earlier to the
lower gauge than to the middle gauge.
In brief, the results related to the length of strain wave
can be summarized in the following. (1) The length of strain
wave measured was around 2823 µs, which is about 1000
times greater than the detonation time. (2) Gas ejection from
some surface cracks occurred at least to 2850 µs (F50) after
detonation, and at that moment, the specimens were not
completely disassembled apart yet. (3) All peak strains of
four specimens appeared before 1140 µs (F20) after detonation. (4) The shapes and amplitudes of the strain waves
measured by different gauges at different locations and in
different specimens did not have clear similarity.

3.4 Effect of Stemming Conditions
According to the high-speed photographs in Figs. 2, 3, 4, and
5, gas ejection from the collar is much earlier from the partially stemmed specimens than that from the fully stemmed
specimen. For example, the earliest gas ejection can be seen
at 228 µs from the collars of the partially stemmed S2, S4,
and S5, but at 399 µs from the collar of the fully stemmed
S9. This indicates that a fully stemmed borehole makes more
gas energy kept in the rock, but a partially stemmed borehole
results in more gas energy loss from its collar.

4 Discussion
4.1 Crack Extension and Gas Penetration Velocities
As soon as a crack is formed or a crack starts to propagate in the rock during blasting, the stress or strain field
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◂Fig. 5  Photographs (a) and drawings (b) of S9 with full sand stem-

ming without air deck. F0 (frame 0) was at initiation point of detonation. In F4 (frame 4), two slightly inclined cracks emerged in the
left (from lower of the picture) and right side (from upper picture),
respectively. In F9 (frame 9), earliest gas ejection appeared from
one small crack on the left side of specimen. Note that there was no
gas ejection from the earliest two cracks until frame 11 (11 × 57 µs),
meaning that the earliest cracks might start from the surface but not
the blasthole

is immediately changed in the surrounding rock. Accordingly, to determine a correct delay time in multihole blasting, crack propagation velocity in blasting is a necessary
factor, in addition to other ones such as stress distribution,
detonation waves, confinement and boundary conditions,
vibrations in the far field, movement of fragments, etc.
(Zhang 2016). Similarly, gas penetration velocity is a necessary factor in making a blast design. For example, this
velocity can be used to estimate the time when gas ejection
begins in the free surface or bench face, or check whether
the stemming is or not sufficient. Bearing in mind that
the chemical reaction time is neglected and the initiation
of the detonator is assumed to be at the same moment as
the explosive is fired in this study. In fact, these times
are certainly not zero. As a result, the determined crack
velocity 652 m/s using the high-speed photography must
be smaller than the actual crack velocity. Similarly, the
possible maximum crack velocity might be greater than
978 m/s due to the 57 µs interval time between two adjacent photographs. To determine the crack velocity more
accurately, a higher framing speed than 17,500 frames per
second need to be tried, but the distance between the camera and the rock specimen should be decreased. In addition, notice that the measured crack velocities are much
different from each other, i.e., the crack velocities vary in a
notable range of 489–652 m/s. Similarly, the measured gas
velocities vary in a marked range of 196–279 m/s. These
notable differences may result from several reasons. Two
such reasons are in the following. (1) Only one high-speed
camera was used in this study and the camera was only
able to film the front side (about half) of the specimen,
while the backside could not be filmed. In this case, when
the earliest crack appeared on the front side of the specimen, it could be certainly filmed. However, when the earliest crack occurred on the backside, the camera could
not record it. Instead, the camera was only able to record
“the earliest crack”(which appeared after the earliest crack
on the backside) on the front side. (2) The radial cracks
caused by blasting are randomly distributed, resulting in
an uncertain position for the earliest crack. Therefore, it
is better to have two high-speed cameras (one films the
front side, while the other does the backside) in the future
model blasting.
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4.2 Length of Strain Waves
The length of the strain waves measured from the middle
strain gauges in this study is about 2823 µs, which is very
long, compared with detonation time, as mentioned earlier.
Such long wavelength is much greater than that reported by
other investigators. For example, Johansson and Ouchterlony
(2013) measured a wavelength of less than 400 µs in smallscale bench blasting, and Liu et al. (2018) presented a wavelength of approximately 30 µs in a confined mortar model
blasting. Sun (2013) showed that the measured waves were
longer than 400 µs, but he did not present complete wave,
i.e., the waves did not have ends. Interestingly, we found that
the length of the strain wave of a cubic granite specimen S6
in Chi et al. (2019a) was approximately 1500 µs, which is
much greater than the length measured by other researchers mentioned above. Notice that only the first part (about
200 µs long) of the strain wave was shown in Fig. 8 in Chi
et al. (2019a). The great wavelength in both this study and
Chi et al. (2019a) can be explained in the following. The
strain wave measured from each strain gauge includes not
only the P-wave from detonation but also the S-wave due to
breakage of the blasthole. Since the two waves travel with
different velocities, the total length of the two waves together
increases with increasing travel time or distance. Therefore,
if the blasthole is not broken or destroyed, the S-wave will
not appear, particularly in cylindrical specimens. In this
study, all rock specimens were shattered into numerous fragments including very fine particles, so the S-wave would be
strong, resulting in great wavelength. In addition, there are
possibly other factors contributing to the great wavelength
in this study, but this needs further investigation.

4.3 Possibility of Crack Initiation from Free Surface
As shown in Table 2, in five specimens, the earliest gas
emerged from the earliest cracks on the surfaces. It can be
inferred that these earliest cracks must be radial cracks and
they were initiated at or near the blasthole. Finally, these
radial cracks propagated to the surfaces of specimens. Via
these radial cracks, detonation gases could escape out. On
the contrary, in three other specimens, the earliest gas did
not emerge from the earliest cracks on the surfaces. Instead,
the earliest gas came from a small crack (e.g., see Fig. 4 for
S5) that appeared in the surface of specimen much later than
the earliest crack in the surface. Based on this fact, it can
be inferred that some of the earliest cracks on the surface
of a specimen were initiated from the surface rather than
the place at or near blasthole. This inference is supported
by high-speed photography. As shown in Fig. 4, the earliest
gas appeared in a small vertical crack at the middle of front
specimen surface. This small crack can be seen the first time
in frame 7, while one earliest crack in the left side of the
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Fig. 6  Photographs at 1140 µs
(Frame 20), 1710 µs (Frame
30), 2280 µs (Frame 40), and
2850 µs (Frame 50) after
initiation of detonation of S2
(a) and tangential strain waves
measured at middle gauge (b)
and lower gauges (c) on the
specimen
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Fig. 7  Photographs at 1140 µs
(Frame 20), 1710 µs (Frame
30), 2280 µs (Frame 40), and
2850 µs (Frame 50) after
initiation of detonation of S4
(a) and tangential strain waves
measured at middle strain gauge
(b) and lower gauge (c) on the
specimen
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Fig. 8  Photographs at 1140 µs
(Frame 20), 1710 µs (Frame
30), 2280 µs (Frame 40), and
2850 µs (Frame 50) after
initiation of detonation of S5
(a) and tangential strain waves
measured at middle strain gauge
(a) and lower gauge (c) on the
specimen
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Fig. 9  Photographs at 1140 µs
(Frame 20), 1710 µs (Frame
30), 2280 µs (Frame 40), and
2850 µs (Frame 50) after
initiation of detonation of S9
(a) and tangential strain waves
measured at middle strain gauge
(b) and lower gauge (c) on the
specimen
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front surface can be observed in frame 5. That is to say, the
small crack was initiated much later than the earliest crack.
Until frame 11 (11 × 57 µs), there had been no gas ejected
from this earliest crack. Even until frame 50 (50 × 57 µs),
see Fig. 8, there had been no gas ejection from this earliest crack. This fact indicates that this earliest crack might
be initiated at the surface rather than at or near the blasthole (if nothing could completely stop the gas propagation
from the blasthole in the earliest crack). A similar fact was
reported by Chi et al. (2019a). Both facts support the theory
of Fourney (2015) stating that as the P-wave from blasting hole arrives at the free surface of rock specimen, it is
reflected back and the stress state becomes biaxial tensile.
The biaxial tensile stress state initiates the flaws at or near
the free surface in all directions, and the following S-wave
makes these flaw-caused cracks extend. Some of such cracks
may start from the surface and propagate towards the interior of the specimen, resulting in the earliest cracks on the
surface. As mentioned earlier, the travel time of the shock/
stress wave from the blasthole to the lateral free surface of
specimen is about 27 µs, and the possible initiation time of
the earliest crack on the free surface may be 114 µs after the
initiation of detonation. If the chemical reaction time of the
explosive and the rise time of the shock wave are assumed
to be zero, the incubating time—the critical time for crack
extension—of the earliest crack on the free surface will be
equal to 114–27 = 87 µs. In rock fracture experiments under
dynamic loading, it was found that this incubating time of
gabbro and marble varied from 21 to 60 µs, and it mainly
depended on the loading rates (Zhang et al. 1999, 2001).
Obviously, the smallest difference is 87–60 = 17 µs. This difference is reasonable, since the chemical reaction and shock
wave rise time are neglected and other unknown reasons may
also exist. In brief, it is possible that some cracks observed
on the free surface are initiated from the free surface rather
than at or near the blasthole.

Z.-X. Zhang et al.

pressure might be approximately equal to the length of the
strain wave measured. As the cracks on the surface open to
a certain size, the gases will mostly escape out of the rock
and their pressure will decrease to the atmospheric pressure.
Simultaneously, the strain waves will decrease to zero if the
rock fragment on which strain gauge is attached is not loaded
by any kind of load, e.g., no collision happens with another
fragment or object. In brief, the gas energy (or most of gas
energy) is possibly converted to stress waves acting to the
rock in rock blasting.

5 Conclusions
Based on the experiments with strain measurement and highspeed photography at a framing speed of 17,500 frames per
second, the following conclusions can be made:
The measured velocity of gas penetration into the radial
cracks is in a range of 196–279 m/s.
The measured velocity of a radial crack extending from
the blasthole to the specimen surface varies from 489 to
652 m/s.
The length of strain waves measured from the middle
gauges is approximately 2820 µs, which is about 1000 times
greater than the detonation time.
Gas ejection from some surface cracks lasts at least
2850 µs after detonation, and at the time 2850 µs, the specimens still stand in their original places, although they are
completely broken and main cracks are open widely.
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4.4 Mechanism of Rock Fragmentation by Blasting

Compliance with Ethical Standards

As described by Zhang (2016), the explosive energy released
during detonation in a blasthole is contained in the detonation wave (or called borehole pressure) that includes shock
wave (in the front of detonation wave), the reaction zone,
and the rarefaction wave that is in the form of detonation
product gases. In other words, the energy in the gases has
already been accounted for in the detonation wave. In this
study, the length of the strain wave measured from middle
gauges in each specimen was very long up to 2823 µs and the
gas ejection from the surface cracks occurred in the whole
duration, even longer than 2823 µs. At the same time, each
rock specimen was still held at the original place but not
completely disassembled apart. This implies that the loading
time of gases with a pressure higher than the atmospheric
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