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Nine blasts with cylindrical granite specimens were carried out under different stemming conditions. All rock
specimens had a diameter of 240 mm and a length of 300 mm. Explosive Pentaerythritol tetranitrate (PETN) with
specific charges 0.2 and 0.3 kg/m3 were used, and the blasts were carried out in a large explosion chamber. Each
rock specimen was enclosed by a steel box in the chamber during blasting, without constraint or confinement to
the specimen from lateral and top sides. During blasting a high-speed camera was used to film the blasting
process and monitor the gas ejection. After each blast all fragments were collected, sieved and analyzed. The
experimental results showed that: (1) the blasts with full sand stemming yielded better (finer) fragmentation than
the blasts with partial steel stemming at a constant specific charge, and (2) gas ejection from the collars of
blastholes occurred much earlier in the blasts with partial steel stemming than in the blasts with full sand
stemming. Based on the experimental results, it can be concluded that it is extremely important to prevent gas
ejection from the collars in order to achieve desirable rock fragmentation.

1. Introduction
Hard rock mining and hard rock excavation require a huge amount of
explosive energy. Unfortunately, the energy efficiency in rock blasting is
very low.1–4 It has been found that stemming takes a great part in the
utilization of explosive energy in rock blasting.1,4–13 For example, field
measurements in an underground gold mine8 showed that the
high-speed gases carried away much explosion energy through the col
lars of unstemmed blastholes. Laboratory blasts13 indicated that
unstemmed blast wasted at least 25% explosive energy in fragmentation,
compared with stemmed blasts. Moreover, it was found that the stem
ming by itself consumed much explosion energy in open pit blasts11 and
blasts using aggregates as stemming yielded better economic result than
blasts using cuttings as stemming in the Red Dog mine.12 Theoretically,
it was found that the material and size (e.g. length) of stemming affected
blasting result such as fragmentation.4
However, sufficient or correct stemming is not always used in current
blasts in underground mining, open pit mining, tunnelling, and other
types of hard rock excavation. For example, most blasts in upwarddrilled and horizontally-drilled boreholes are either not stemmed or
only stemmed using a very small plastic plug or similar material as

stemming. The latter can be called partial or insufficient stemming.
Because stemming is related to not only energy efficiency but also ore
recovery and dilution in mining engineering,4,14–18 it is necessary to
investigate the effect of stemming conditions on rock fragmentation
quantitatively.
Such an investigation can be performed by either full-scale field
blasts or small-scale model blasts. Because full-scale field blasting is
much more expensive and time-consuming than small-scale model
blasting, the latter is often used in studying rock fragmentation although
it has certain limitations.5,6,13,19–42 In addition, the results of small-scale
model blasting are necessary for validating various numerical codes for
simulating rock blasting.43–50 On the basis of the above description, nine
small-scale model blasts were carried out to investigate the effect of
stemming conditions on rock fragmentation in this study. In the blasts, a
high speed camera was used to investigate the effect of stemming con
ditions on gas ejection. In the last part of the paper, some issues con
cerning stemming conditions were discussed.
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2. Experiments
2.1. Rock and explosive properties
The rock specimens used in this study were provided by 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, P-wave velocity 4200 m/s, and dy
namic uniaxial compressive strength 120 MPa at a strain rate of 95 s− 1.
All granite specimens used in this study did not have visible joints and
other weaknesses.
The explosive Pentaerythritol tetranitrate (PETN) with a critical
diameter of 1–1.5 mm4, 51 was used in this study since blastholes were
small. This raw PETN 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.
2.2. Experimental method
The blasts were performed in the explosion chamber of Beijing
Institute of Technology. As shown in Fig. 1, each specimen was placed
on a wood board. The wood board 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 cam
era outside 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 limited
within the steel box whose front was partly open for photography. To
have sharp pictures from the high-speed camera, the specimen surfaces
were cleaned using alcohol before blasting.
The powder PETN explosive was loaded at the bottom of the bore
hole after it was cleaned using alcohol. An electrical detonator was
placed on the explosive. Above the detonator, one type of stemming was
arranged in each borehole, as shown in Fig. 1c. Two materials were used
as stemming: steel rod and sand. In this study, all steel rods were found
unbroken and they were completely collected. However, the sand was
always mixed into the fragments after blasting. Because the sand might
be broken into smaller particles by blasting, the original weight of the
sand used in stemming was proportionally deducted from the fragments
that were equal to or smaller than 0.2 mm which was the maximum size

Fig. 1. Experimental set up for blasting. (a) Cylindrical granite specimen S1;
(b) diagram of the cross-section of the granite specimen; (c) stemming condition
of each specimen and the photograph of a partial steel stemming. The drawings
in the figure are not in scale.

of the original sand.
There was a 1.5 mm gap between the steel rod and the borehole wall
to host the detonator wires which were taped to the steel rod before
blasting (see the photo in Fig. 1c). In this case, the stemming using steel
rods is called a partial stemming due to the gap, even though the tape
mostly filled the gap. On the contrary, the stemming using sand is full
stemming since the sand fully occupied the borehole without macro
scopic space between the sand and the borehole wall. In the axial di
rection of specimens S3–S6, a thin plastic bag containing nothing but air
was placed to separate the detonator and the stemming (Fig. 1c). In the
stemming of S6 a similar air bag was used to separate the detonator and

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

Original
weight (kg)

Collected
weight (kg)

Diameter of
blasthole (mm)

Length of
blasthole
(mm)

PETN (g)
excluding
detonator

Stem length/
diameter (mm)

Stem
weight (g)

Specific
charge (kg/
m3)

Stemming

S1

36.2

35.6

17.0

205

3.0

108/14

117.2

0.22

S2

36.0

35.8

16.5

210

3.0

125/14

133.7

0.22

S3

36.2

34.6

16.9

213

3.0

88/14

88.2

0.22

S4

36.0

36.0

17.0

210

3.0

84/14

85.0

0.22

S5

36.2

34.1

16.9

210

3.0

89/14

95.6

0.22

S6

35.4

32.9

17.1

206

3.0

90/17.1

25.5

0.22

S7

34.7

35.5

17.0

210

4.0

115/17

56.8

0.29

S8

36.2

36.0

16.6

208

3.0

112/16.6

58.0

0.22

S9

35.7

32.8

16.6

207

3.0

116/16.6

66.5

0.22

Partial steel stem
without air bag
Partial steel stem
without air bag
Partial steel stem
with air bag
Partial steel stem
with air bag
Partial steel stem
with air bag
Full sand stem
with air bag
Full sand stem
without air bag
Full sand stem
without air bag
Full sand stem
without air bag
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the sand stemming. The detailed parameters related to the explosive
charge, detonator and stemming in each specimen are shown in Table 1.
To synchronize the initiation of detonation with the triggering of
high speed camera as precisely as possible, two enamelled wires were
fixed on the detonator and their other ends connected to the cable from
the trigger of the camera.13,36–38,42 When the detonator was fired, the
two wires were connected together as a conductor, and this signal was
sent to the cable from the trigger of the camera. Since the lengths of the
wires plus the cable are about 6 m in the model blasts and the electro
magnetic wave speed in a vacuum is about 3 × 108 m/s, the time for the
signal transmitting from the detonator to the trigger is approximately
0.02 μs. This time can be certainly neglected. High speed camera named
Photron Fastcam SA5 was used in this study.
After each blast, the fragments of each specimen were collected,
weighted, and sieved. The fragments or particles larger than 16 mm
were weighed and their sizes measured individually, and the particles
equal to or smaller than 16 mm were weighed and sieved by using
sieves. After that, the relation between particle (fragment) size and
accumulated mass passing (%) was established for each rock specimen.

High-speed photography (see Fig. 4) indicated that many long fragments
were formed on the upper part of the specimen.
The fragment size distribution of each specimen is shown in Fig. 3.
Fig. 3a is the sieved results for S1 and S2 with partial steel stemming
without air bag. Obviously, the size distribution curves of these two
specimens are very close to each other.
Fig. 3b shows the sieved results for S3, S4 and S5 with partial steel
stemming having air bag. Evidently, the size distribution curves of these
three specimens are close to one another for most particle sizes, except
for the particle sizes smaller than 0.4 mm. In the range where particle
sizes are smaller than 0.4 mm, the curve of S5 is in the higher position,
while the curves of S3 and S4 are in the lower ones, meaning that the
fragmentation of S5 is better than that of S3 and S4. The main reason is
that S5 has longest and heaviest stemming among the three specimens
since the other factors such as their borehole sizes (diameters and
lengths) are nearly same (see Table 1).
Fig. 3c shows the fragmentation results of all specimens S1–S5 with
two types of partial steel stemming. As shown in Fig. 3c, all curves of
S1–S5 are mostly overlapped together, meaning that the two different
types of partial steel stemming yield nearly same result of size distri
bution. In other words, the small air bag in S3–S5 does not play a marked
role in rock fragmentation. This will be discussed later.
Fig. 3d indicates the fragmentation results of all specimens S1–S9
with partial steel stemming and full sand stemming. From Fig. 3d two
conclusions can be drawn, as follows. (1) The size distribution curves of
all specimens S6–S9 with full sand stemming are mostly above the
curves of all specimens S1–S5 with partial steel stemming. In other
words, all specimens S6–S9 with full sand stemming yield better frag
mentation than all specimens S1–S5 with partial steel stemming in most

3. Results
3.1. Rock fragmentation
Fig. 2 shows all fragments of each rock specimen after sieving.
Obviously, all specimens were destroyed into various sizes of fragments
including very fine particles. The maximum fragments were long up to
250 mm and they had a sector cross section. Therefore, the formation of
those long fragments must be related to radial cracks caused by blasting.

Fig. 2. Fragment distribution of all specimens.
3
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Fig. 3. Accumulated mass passing vs. particle size. (a) S1 and S2 with partial steel stemming without air bag; (b) S3–S5 with partial steel stemming and air bag; (c) all
specimens (S1–S5) with partial steel stemming; (d) all specimens (S1–S9) with steel and sand stemming.

particle sizes. Since at only one particle size 0.02 mm specimens S6 and
S9 with full sand stemming produce smaller accumulated mass passing
than specimen S5 with partial steel stemming, it can be concluded the
specimens with full sand stemming yield better fragmentation than the
specimens with partial steel stemming. (2) Unlike the specimens with
partial steel stemming, the specimens with sand stemming yield a
certain difference in fragmentation result. First, it can be seen that S7
yields the best fragmentation, i.e. the size distribution curve of S7 is at
the highest position in Fig. 3d. The major reason is that S7 has 4g
explosive while other specimens have only 3g. Another reason is that the
weight of fragments collected from S7 after blasting is greater than the
original weight of S7 due to a mistake. This mistake resulted from that in
the trial test prior to S7 the rock specimen was placed in the large ex
plosion chamber, without protection box to enclose the specimen. As a
result, the fragments were thrown everywhere in the large chamber and
some small fragments were remained in the chamber when S7 was
blasted although S7 was enclosed by the steel box. Second, the size
distribution curve of S8 is higher than the curves of S6 and S9. One
reason is that S6 and S9 have relatively high weight loss (see Table 1)
than S8 does, meaning that the size distribution curves of S6 and S9
should be in the higher positions than the present ones if their weight
losses are considered. The other reason is that S6 has shorter or less

stemming than S8 does. Third, because only one specimen, S6, has full
sand stemming with air bag and its weight loss is not very small, it is not
reasonable to draw a conclusion whether or not the air bag plays a
certain role in rock fragmentation.
3.2. Gas ejection from stemmed boreholes
Because the high-speed camera and detonation were synchronized in
the model blasts, the time when gas started to escape from both spec
imen surface and borehole collar could be determined by examining the
photographs from the camera. Since the camera was failed to trigger
together with the detonation in three blasts of S1, S5 and S9, only the
photographs of six specimens are presented in Fig. 4. In these specimens,
two different trigger modes were used: one is called “Center” and the
other “Start”. In the Center trigger mode, the picture with frame number
0 was taken accurately when detonation was initiated, while in the Start
trigger mode, the frame number corresponding to the detonation initi
ation was not zero. Accordingly, we recommend using the Center mode
in blasting experiments. In Fig. 4, three pictures selected from each
specimen are shown in each row, where the first picture from the left is
the initiation moment of detonation, the second picture corresponds the
time 342 μs (6 × 57 μs) after detonation started, and the third picture is
4
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Fig. 4. Photographs from high-speed camera. Detonation started at time 0 μs.
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Fig. 4. (continued).

the time 684 μs (12 × 57 μs) after detonation began. Plainly, at the time
342 μs, from the specimens S2–S4 with partial steel stemming, certain
gases were ejected from the collars of the boreholes. At the same
moment, however, from the specimen S6 with full sand stemming, only
little (small area) gases were ejected, and from the specimens S7 and S8
with full sand stemming, almost no gases were ejected from the collars.
At the time 684 μs after detonation, from the specimens S2–S4 with
partial steel stemming, much gases were ejected from the collars and
even some gases escaped from some extending cracks in the lateral
surfaces. At the same time, however, from the specimen S6 with full sand
stemming, much less gases than those from S2–S4 were ejected from the
collar, and from the specimens S7 and S8 with sand stemming, very little
gases were ejected from the collars. In brief, gas ejection from the collars
of the specimens S2–S4 with partial steel stemming is much earlier than
that from the specimens S6–S8 with full sand stemming. To compare the
gas ejection between partial steel stemming and full sand stemming at
same specific charge or same amount of explosive charge in more detail,
we include specimens S2, S3, S4, S6 and S8 in the following analysis, but
exclude specimen S7 since it has a different amount of explosive from
other specimens. According to the above description and Fig. 4, it can be
concluded that: (1) gas ejection occurred from the collars of specimens
at the earliest time (after the initiation of detonation) from S2–S4 with
partial steel stemming, at the latest time from S8 with full sand

stemming, and at the time between the ejection times of S2–S4 and S8
from S6 with full sand stemming. (2) In Fig. 4 the area of the ejected
gases is the largest from the collar of each of S2–S4 with partial stem
ming, the smallest from the collar of S8 with full sand stemming, and the
between of the area of each of S2–S4 and that of S8. These two con
clusions are well consistent with the fragmentation results in Fig. 3,
showing that S8 yields the best fragmentation, S2–S4 does the worst
fragmentation, and S6 does a fragmentation result in the between.
4. Discussion
(1) Stemming condition
Shock wave propagation in a blasting hole was analyzed by Zhang.4
By means of that analysis, we briefly describe the shock wave propa
gation in the blasthole of each specimen in this study, as follows. Fig. 5a
shows the diagram of shock propagation in S7, S8 and S9. As the shock
wave pI propagates to the stemming, it is partly reflected back to the
borehole as pR and partly transmitted to the stemming as pst . Assume
that the characteristic impedance of the detonation product is approxi
mately equal to Zexp = 930 × 5300 mkg2 s and the characteristic impedance
of the sand is approximately equal to4
Zsand = 1500 × 100 mkg2 s we can find the impedance of the detonation

6
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Fig. 5. Diagram of shock wave propagation in the blasting hole of each specimen (not in scale).

product is much greater than that of the sand. As a result, the reflected
wave is a rarefaction or unloading wave, resulting in that the pure
pressure in the blasting hole decreases. At the same time, the transmitted
wave, a compressive wave, propagates toward the collar. As soon as the
transmitted wave reaches the top, a free surface, of the stemming, the
transmitted wave is reflected back to the stemming and the sand will be
ejected through the collar until all of sand is thrown out.
Fig. 5b indicates the case of S6 in which an air deck was used. As the
shock wave pI travels to the air deck, its amplitude will reduce to pI− a
when it arrives at the stemming. Similar to the case in Fig. 5a, wave
reflection and transmission occur at the lower boundary of stemming.
The transmitted wave pst propagates toward the top surface of the
stemming and sand ejection begins as soon as the transmitted wave
reaches the top surface. Note that the length of stemming in S6 is shorter
than that in S7, S8 and S9. Accordingly, gas ejection from the collar
happened earlier in S6 than in S7, S8 and S9. This can be confirmed by
the photographs of S6–S8 in Fig. 4.
Fig. 5c demonstrates the case of S1 and S2. As the shock wave pI
propagates to the position where the lower end of the steel rod is
located, the shock is separated into two portions. (1) One portion travels
to the steel rod. This portion is partly reflected back to the borehole as pR
and partly transmitted to the stemming as pst . (2) The second portion
goes into the gap between the steel rod and the borehole wall. Because
the plastic tape was partly filled the gap, the tape could not fully seal the
hole and not prevent the gases from escaping out of the hole. As a result,
gas ejection from the gap must occur very early when detonation starts.
As a simplest estimation, about one third of the detonation gases might
escape from the gap since the gap area is about one third of the crosssection area of the borehole, if the tape is neglected. On the other
hand, because the characteristic impedance of the detonation product is
smaller than that of the steel, the reflected wave from the steel has the
same sign as the initial shock wave, i.e. the shock wave pressure is
increased in the borehole. Unfortunately, this increase in the shock wave
might be smaller than the decrease in the wave due to the gas escape
from the gap. This case is very complicated, and a further study is
needed.
Fig. 5d shows the case of S3, S4 and S5. It can be inferred that the air
deck does not play any significant role in rock fragmentation in this case
since the difference in fragmentation is nearly nothing between S1 and
S2 without air deck and S3, S4 and S5 with air deck. That is to say, air
deck does not play any role in rock fragmentation in these small-scale
model blasts. A possible reason is that the sizes of the boreholes, air
decks and explosive charges are very small in this study. Accordingly,

the role of the air deck could not be realized. Therefore, it is better to use
larger rock specimens than those in this study or full scale blasts to study
air deck technique.
Due to the limited conditions in this study, a full steel stemming was
not realized. Accordingly, any conclusion regarding the effect of stem
ming materials on rock fragmentation cannot be drawn from this study.
(2) Full stemming
The experimental results in Fig. 3 show that all specimens with full
stemming yield better (finer) fragmentation than all specimens with
partial stemming. The main reason is that full stemming can seal the
blasthole and postpone gas ejection from the collar, making more gases
kept in the blasthole for fragmentation, compared with partial stem
ming. For example, as shown in Fig. 4, at the time 342 μs after the
initiation of detonation, gas ejection from the collars either did not start
yet or just began in the specimens with full stemming. However, at the
same time, 342 μs, much gas was already ejected from the collars of the
specimens with partial stemming. Therefore, full stemming is necessary
to achieve desirable fragmentation.
In model blasting, however, it is not easy to realize a full stemming
using a solid material since detonator wires must go out of the blasthole
and a gap (or a smaller hole) must be left for the wires. To solve the
problem, a wireless detonator is needed. If so, accurately drilled blast
hole and accurate manufacture to the solid stem are necessary. Alter
natively, full-scale blasting are to be used to study the effect of stemming
material and stemming condition on rock fragmentation.
(3) Material loss
Previous studies have demonstrated that fine particles are extremely
important for evaluating fragmentation results since they consume
much energy.13,26,42,52 To reduce material loss in model blasting, each
specimen was enclosed in one square meter of area by a wooden box
during blasting.13,42 In this study, a steel box with the same size as the
wood box was used to enclose each specimen during blasting in the
explosion chamber. Because the front side of the box was partially open
for high-speed photographing during blasting, some particles including
visible fragments and invisible dust flew out. Even though the floor of
the chamber was covered by plastic papers and cleaned after each blast
test, material loss still existed and even was high for some specimens. In
order to reduce such material loss in model blasting, a large and
tightly-sealed protection bag should completely enclose the steel or
7

Z.-X. Zhang et al.

International Journal of Rock Mechanics and Mining Sciences 143 (2021) 104797

wood box over the floor of the explosion chamber, and the front side
toward the camera should be covered by a bullet-proof glass if possible.
In addition, more careful measures should be taken as the blast particles
are collected to reduce the losses of dust-form particles.

support to his study.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijrmms.2021.104797.

(4) Sizes of blastholes
Table 1 indicates that there are small errors in the lengths and di
ameters of the blastholes caused by the drilling operation. The diameters
of the blastholes vary from 16.5 mm to 17.1 mm, while the lengths do
from 205 mm to 213 mm. Take all specimens with partial stemming into
consideration, first we exclude specimens S3, S4 and S5 that have nearly
equal diameter and length of blasthole, then we compare S1 with S2. We
note that S1 has a borehole with a diameter of 17.0 mm and a length of
205 mm, while S2 does a borehole with a diameter of 16.5 mm and a
length of 210 mm. In addition, we notice that the fragmentation results
from both specimens are close to each other, as shown in Fig. 3. Since
several parameters such as borehole diameter, borehole length, and
stemming length are involved in the two specimens, it is not possible to
draw a conclusion whether or not the errors in the diameters and lengths
of the blastholes have a marked impact on rock fragmentation in the
model blasting. To answer this question, more experiments are neces
sary. Of course, it is better to drill the blasthole in a model with as high
accuracy as possible.
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