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Abstract

To clarify the dead-pressing phenomena of explosives, the pressure profiles inside emulsion explosives were measured
under the laboratory conditions. Two types of glass microballoons, one type of resin microballoon and micro bubbles of
chemical gas were used as sensitizer for sample emulsion explosives. The underwater explosion technique was used for load-
ing dynamic pressure into the sample emulsion explosives. Measured pressure profiles were remarkably different depending
on the type of microballoons or micro bubbles. The impulse of pressure wave was independent of the type of microballoons
or micro bubbles. To elucidate the influence of pressure wave on the detonator in sample explosives, a study on squeezing of
the detonator shell was conducted using the similar technique. While the impulse of pressure wave was almost same, a
remarkable difference in the degree of deformation was observed depending on the type of microballoons or micro bubbles.
Good relationship between the scaled distance and squeeze ratio was observed.

1. Introduction

Emulsion explosives have replaced gelatin dynamite
explosives as cap-sensitive explosive during last decades
because of the advantages of “nitroglycerin-free” and safe-
ty in handling for blasting operators. As the performance
of emulsion explosives has been advanced gradually, the
amount of consumption of emulsion explosive trebled to
that of dynamite explosives in recent year. Therefore,
packaged emulsion explosives are widely used in industri-
al fields such as tunneling, mining and quarrying.

Sequential blasting is a common technique for all blast-
ing scene. However it can cause malfunction of the explo-
sives, because the explosive charges in the boreholes will
be exposed to the dynamic pressure waves from charges in
neighboring boreholes detonating at earlier times on the
same delay interval and on the previous interval. The pres-
sure waves compress and desensitize the unreacted explo-
sives that are expected to detonate at the next sequence,
which leads to detonation failure. This phenomenon is
undesirable for safe blasting operations. It is well known
that emulsion explosives possess the characteristics of
desensitization that is called as dead-pressing phenome-
non. Desensitization of emulsion explosives by pressure
waves have been reported in previous studies”™. Also,
pressure measurements of detonating charges have been

reported by several researchers”.

The voids entrained in emulsion matrix play an important
role in the initiation of emulsion explosives as “hot spots”.
The characteristics of the voids affect strongly on the per-
formance of explosives such as sensitivity, detonation
velocity, pressure-resistance and so on. Matsuzawa et al.”
studied the detonability of emulsion explosives, containing
three different kinds of glass microballoons under loading
of dynamic pressure in water. They showed the relation-
ship between the strength of glass microballoons in the
explosive charges and critical pressure for detonability
under dynamic shock loading.

In the previous paper®, we reported the detonability of
emulsion explosives precompressed by dynamic pressure.
Three types of microballoon and micro bubble were used
as sensitizers for the sample emulsion explosives. The
underwater explosion test was carried out to load dynamic
pressure into the sample explosives, and the detonation
velocity of sample explosives was measured. The result
indicates that the decrease of detonation velocity in the
sample explosives sensitized by glass microballoons was
larger than that in the sample explosives sensitized by resin
microballoons or chemical gas bubbles. It is concluded that
the recovery of the detonability occurred rapidly in the
sample explosives sensitized by resin microballoons and
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chemical gas bubbles. However, a long period was needed
for the recovery of detonability in the sample explosives
sensitized by glass microballoons. It is considered that the
deformation of explosive charge caused by dynamic pres-
sure is one of the factors for the decrease of detonation
velocity. Dynamic pressure wave transmitted into sample
explosives propagates toward the center of the charge. It is
deduced that the dynamic pressure affects the detonability
of the detonator positioned at the center of the charge.

In this paper, to clarify the dead-pressing phenomenon,
the pressure profiles inside emulsion explosives were mea-
sured under the laboratory conditions, and the influence of
the type of microballoons was examined. The underwater
explosion technique was used for loading dynamic pres-
sure into the sample emulsion explosives. To elucidate the
influence of pressure wave in sample explosives on the
detonator, a study on squeezing of the detonator shell was
conducted using the similar technique.

Table 1 Physical characteristics of microballoons.

Bulk density Average diameter 10% Crush strength

(kg m*) (um) (MPa)
gmb1 120 65 32
gmb2 150 63 8.6
rmb 20 90

100 wm
>

Fig. 1 Photographs of microballoons.

2. Experimental
2.1 Explosives

The emulsion matrix used in this study has a density of
1400 kg m* with the formulation of ammonium nitrate and
sodium nitrate / water / wax and emulsifier = 83.4 / 11.2 /
5.4. A certain amount of inorganic or organic microbal-
loons was added to the emulsion matrix respectively to
adjust the initial explosive density of 1140 — 1160 kg m™.
The characteristics of microballoons used in these experi-
ments are summarized in Table 1. Figure 1 shows the pho-
tographs of three types of microballoons. Glass microbal-
loons 1 (designated as gmb 1) and resin microballoons
(rmb) have mono-cell structure, while glass microballoons
2 (gmb 2) have multi-cell structure. As a result of the dif-
ference in structures, gmb 2 is stronger than gmb 1 against
shock pressure. Figure 2 shows the particle size distribu-
tion of microballoons used in these experiments. No sig-
nificant difference was observed.

To prepare the sample explosive sensitized by the bub-
bles chemically generated, a solution of sodium nitrite
(NaNO;) was added to the emulsion matrix as gassing
agent and mixed immediately. The chemical gas generated
is nitrogen (N,), and entrained into the emulsion matrix.

Sample explosives were confined in plastic film tube
whose inner diameter is 30 mm. Diameter of 30 mm was
chosen because the cartridged explosives of this size are
widely used in domestic market. The plastic film used is
very thin and soft. Therefore, the confinement effect of the
plastic film tube is considered to be negligible against
shock pressure.

In the following, the name of sample explosive shows the
type of microballoons added to the emulsion matrix except
the difference between capital letter and small letter. For
example, the sample explosive GMB 1 was sensitized by
gmb 1. ‘GAS’ refers to the case where the sample explosive
was sensitized by chemical gases. The performance of the
sample emulsion explosives is summarized in Table 2. It is
clear that the performance of four sample emulsion explo-
sives is approximately at the same level. Hattori et al.” and
Chaudhri et al.'” studied the relation between particle size
of microballoons and detonation velocity of the emulsion
explosives, and showed a strong dependence of the detona-
tion velocity on the size of microballoons. Therefore, it was
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Fig. 2 Particle size distribution of microballoons.
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Table 2 Performance of sample emulsion explosives.

Detonation velocity

Sensitivity-weak

Sample name Mlcroba%oon or ]ienmgy (m s, 20°C) detonator test (20°C)
Vot (ke M) 30mme, Plastic film tube) (30mme, Plastic film tube)
GMB 1 gmb 1 1150 5200 Class 0.5
GMB 2 gmb 2 1160 5360 Class 0.5
RMB rmb 1140 5330 Class 0.5
GAS Chemical gas 1160 5230 Class 0.5
Emulsion ------—---- 1400 No detonation More than Class 4

* Sensitivity-weak detonator tests were carried out according to “Japan Explosives Society Standard, ES-32(3)”.

considered that the particle sizes of chemical gases are sim-
ilar to the other three types of microballoons.

Pressure measurement was also performed for the emul-
sion matrix containing no voids (designated as Emulsion)
in the same way.

2.2 Experimental arrangement

The underwater explosion technique was applied as a
method to load dynamic pressure into the sample emulsion
explosives. Because water is a homogeneous substance and
provides consistent pressure transmission conditions, it is
considered that pressure attenuates exponentially. In addi-
tion, the homogeneous substance is expected to make pos-
sible to gain the high repeatability of experimental results.

2.2.1 Pressure measurements

Figure 3 shows the experimental arrangement for the mea-
surement of pressure waves transmitted in the sample
explosives. Pressure profiles were obtained with two tour-
maline gauges (PCB model-138A10). One was inserted
into the center of the sample emulsion explosives to mea-
sure the transmitted pressure, and the other was used to
trigger and to measure the shock pressure applied to the
sample emulsion explosives. Shock wave was generated by
the detonation of 40 g of dynamite as donor explosive. The
distance between donor explosive and tourmaline gauges
was 50 or 80 cm. The pressure profiles measured by tour-
maline gauges were recorded by a digital oscilloscope
through a charge amplifier. Two trials of pressure measure-
ment were conducted to calculate the average value. In the
case of test at the distance of 50 cm, applied pressure
reached to the level of 16.6 MPa. And in the case of test at
the distance of 80 cm, applied pressure level was 10.5 MPa.

2.2.2 Deformation test for detonator shell

This test was conducted to clarify the influence of the
pressure wave on the detonator deformation. Fig. 4 shows
the experimental arrangement used to observe the deforma-
tion of detonator shell in sample explosives. Shock pres-
sure was generated by the detonation of dynamite of 40 g
as donor explosive, and applied to the sample emulsion
explosives as accepter. Dummy detonator that contains no
charges was employed for this test. Detonator shell was
made of copper with the length of 37 mm, the inner diame-
ter of 6.2 mm and the wall thickness of 0.2 mm.

Dummy detonator was inserted into the center of the
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Fig. 3 Experimental arrangement for pressure measurement.

sample emulsion explosives to be exposed to a transmitted
pressure wave. After the deformation test, the dummy det-
onator was visually checked study the degree of the shell
deformation. The squeeze ratio defined by the following
equation (1) was evaluated.

Squeeze Ratio (%) =
[(Initial shell volume — Shell volume after deformation)
/(Initial shell volume
—Shell volume after fully deformed)] x 100
(1)

Fully-deformed shell was formed by pressing shell by
hammer. Shell volume was measured by submerging the
shell into water. And the increasing amount of volume was
converted into shell volume.

Average of squeeze ratio was derived from the results of
five trials. The distance between the donor and accepter
was varied to modify shock pressure applied to the accep-
tor. The distance taken in this study was 50 and 100 cm.
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Fig. 4 Experimental arrangement for deformation test.

3. Results and discussion
3.1 Pressure profiles

Figure 5 shows the pressure profiles of shock wave loaded
to the sample explosives and pressure profiles inside GMB
1 and GMB 2 which were positioned at the distance of 50
cm from donor explosive. Applied pressure was as high as
about 16 MPa. It shows clearly that pressure profiles in
GMB 1 and GMB 2 are broad compared to that of the inci-
dent shock wave. However, the peak pressure levels of three
profiles are almost the same. Figure 6 shows the pressure
profiles of the shock wave applied to the sample explosives
and those observed in the explosives RMB and GAS at the
distance of 50 cm. It shows that the peak pressure level of
RMB or GAS is higher than that of the incident shock
wave. Two tests to detect the pressure profiles shown in
Fig. 5 and in Fig. 6 were carried out under the same condi-
tion. However, the difference between two profiles of shock
wave is observed by comparison. Electrical trouble, for
example, by electrical leakage or by triboelectric noise and
mistaken preparation, for example, the unstable positioning
of pressure gage are suspected as the factor affecting.

Tanaka et al.'"” evaluated the shock propagation property
in dummy slurry explosives containing gas bubbles or glass
microballoons using drop hammer test equipment. It was
concluded that in case relatively strong shock was loaded,
elastic behavior was observed for the explosives containing
gas bubbles, and plastic behavior was observed for the
explosives containing glass microballoons. Because resin
microballoons is considered to give similar elastic behavior
as gas bubbles, it is deduced that similar profiles would be
obtained for GAS and RMB in this study. It is also con-
cluded that plastic behavior was attributed to the collapse
of glass microballoons. As shown in Fig. 1, gmb 1 has
mono-cell structure, while gmb 2 has multi-cell structure.
And as shown in Table 1, the value of crush strength for
gmb 2 is higher than that for gmb 1. This means that gmb 2
is stronger than gmb 1 against pressure. From this view-
point, the difference of two pressure profiles in GMB 1 and
GMB 2 is due to the difference in structure strength.

Mohanty et al.'”” measured pressure wave profiles in sev-
eral kinds of explosives. The transmitted pressure profile
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Fig. 5 Pressure profiles of shock and in GMB 1 and GMB 2.
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Fig. 6 Pressure profiles of shock and in RMB and GAS.

in water-gel explosive sensitized by entrained air-bubbles
indicated sharp peak. Pressure profile indicated in their
investigation showed similar pressure profile observed in
the sample explosive of GAS. On the other hand, the pres-
sure profile in the emulsion explosive containing glass
microballoons had its broad peak. Their results are also in
accordance with our results for the sample explosive sensi-
tized by gmbs. They concluded that the ‘noise’ features on
pressure profile in the case of the emulsion explosive con-
taining glass microballoons are attributed to violent crush-
ing of the microballoons. This conclusion agrees well with
that by Tanaka above-mentioned.

It is interesting to evaluate the ‘Delay time’ and ‘Rise
time’ of the pressure profiles defined as follows. ‘Delay
time’ is defined as the interval between the arrival time of
incident shock loaded and start of pressure rises in sample
explosive and ‘Rise time’ is defined as the interval
between start of pressure rises and pressure peak. It can be
seen from Figs. 5 and 6 that ‘Delay time’ of GMB 1 or
GMB 2 is smaller than that of RMB or GAS. It means that
the pressure wave in GMB 1 or GMB 2 propagates faster
than that in RMB or GAS. On the other hand, ‘Rise time’
in RMB or GAS is smaller than that in GMB 1 or GMB 2.
Results are summarized in Table 3.

As mentioned above, elastic behavior was observed for
the explosives containing rmb and gas bubbles, and plastic
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Table 3 Propagation velocity of pressure wave in sample explosives.

Distance ~ Sample explosive Time (us) Propagation velocity
(cm) Name Delay Rise (ms!, 11mm/Delay time)
GMB 1 40.8 524 270
GMB 2 59.2  38.0 186
50 RMB 80.8 28.0 136
GAS 60.6 434 182
Emulsion 22.1 6.4 498
GMB 1 435 852 253
GMB 2 61.2 61.6 180
80 RMB 79.0 414 139
GAS 744 278 148
Emulsion 26.6 8.4 414

behavior was observed for the explosives containing gmbs.
Another way of saying, the explosives containing rmb and
gas bubbles possess the characteristics of easy- absorbabil-
ity for pressure wave, while the explosives containing
gmbs possess the characteristics of rigidity against pres-
sure. It is deduced that the difference of the physical char-
acteristics exerts a strong influence on the propagation
mode of pressure wave in sample explosives.

Pressure measurement test was also carried out under the
condition that the distance between donor explosive and
the pressure gauges was 80 cm. The results were similar to
that at the distance of 50 cm, while the peak pressure was
lower. Figure 7 shows the pressure profiles inside all sam-
ple explosives respectively at the distance of 80 cm.

3.2 Amplification of peak pressure

The amplification of peak pressure induced in five sam-
ple explosives was evaluated as the ratio of peak pressure
reached and the pressure applied. The results are summa-
rized in Table 4.

The values of peak pressure amplification can be divided
into 2 groups. For the group of GMB 1, GMB 2 and
Emulsion, the amplification level of peak pressure is in the
range of 0.8 - 1.3. For the group of RMB and GAS, the
amplification level of peak pressure is in the range of 1.6 -
2.1. To estimate the pressure wave concentration inside the
explosives charged in borehole, numerical simulation using
DYNAZ2D program has been carried out by Nie". The prop-
erties of sample emulsion explosive were used for the calcu-
lation. On his calculation, when the pressure wave with its
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Fig. 7 Pressure profiles inside all sample explosives.

Table 4 Amplification of peak pressure.

o Applied shock Peak pressure (MPa)
Test condition wave pressure Ratio
(distance) .
(MPa) GMB1 GMB2 RMB GAS Emulsion

50 cm 16.6 14.3 16.8 28.6 27.1 20.1
0.86 1.01 1.72 1.63 1.21

8.6 8.9 21.8 20.50 13.3
80 em 103 082 085 208 195 127
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Table 5 Amplification of impulse.

Test condition Applied shock Impulse (MPa-ms)
(distance) wave impulse Ratio
(MPa-ms) GMB1 GMB2 RMB GAS Emulsion
1.56 153 166 156 171
S0 em 1.63 096 094  1.02 096 1.05
095 090 099 090 1.02
80 cm 1.05 090 086 094 086 097

level of 14 MPa was applied, the pressure level at the center
of explosive was derived to be the order of 21 — 22 MPa.
Therefore, he concluded that pressure in the center of explo-
sive charge was concentrated to give the pressure of 1.5 —
1.6 times higher than the pressure applied. There is no infor-
mation about the microballoons used in his calculation.
However, judging from the value of peak pressure amplifi-
cation derived from his calculation, air bubbles were con-
sidered to be applied as a sensitizer on his calculation.

Additional tests were conducted to investigate the influ-
ence of diameter for explosive charge on peak pressure
level showed. Two sample explosives of GMB 1 and RMB
with its charge diameter of 50 mm were used. The test
condition was that distance between donor explosive and
pressure gauges was 50 cm.

The result of additional tests indicated that the value of
peak pressure amplification for GMB 1 with charge diam-
eter of 50 mm was in the same range of the case with
charge diameter of 30 mm. However, the value of peak
pressure amplification for RMB with charge diameter of
50 mm was obtained as the value of 3.65. In other words,
the enlargement of charge diameter for GMB 1 gave no
influence on the enhancement of the amplification of peak
pressure, however the enlargement of charge diameter for
RMB gave a great influence on the enhancement of the
amplification of peak pressure.

In the previous section, the difference of propagation
mode of pressure wave in sample explosives was described
depending on the difference of the explosives characteris-
tics. It is deduced that this difference of enhancement of
amplification is attributed to the difference of propagation
mode of pressure wave. It is concluded that the diameter
for explosive charge gives an influence on peak pressure at
the center of charge where detonator is positioned.

3.3 Amplification of impulse

The pressure impulse was calculated for five sample
explosives by integrating pressure curve between time 0
and 0.5 ms. For example, the value of pressure impulse for
shock wave at the distance of 50 cm was calculated to be
1.63 MPa-ms. The amplification of the impulse induced in
five sample explosives was evaluated as the ratio of the
impulse in the sample explosives and impulse for shock
wave. The results are summarized in Table 5.

The impulse ratios are maintained constant approximate-
ly. It is considered that pressure energy induced in sample
explosives is transmitted to the center of the explosives
without loosing significant energy.

Above-mentioned additional tests using sample explo-
sives with charge diameter of 50 mm were also conducted
to evaluate the influence of diameter of explosive charge
on amplification of impulse. The result indicated that the
impulse ratios were maintained constant approximately
too. It is concluded that the diameter of explosive charge
gives no influence on amplification of impulse.

3.4 Deformation of detonator shell

Figures 8, 9 and 10 show photographs of detonator shells
deformed in each test at the distance of 50, 60 and 80 cm
respectively.

No deformation was observed in the case of “Emulsion’
at the distance of 50 cm. No deformation occurred in the
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Fig. 10 Deformation of detonator shell (Distance : 80 cm).
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case of “GMB 17 at the distance of 60 cm. No deformation
occurred in the cases of “GMB 17, “GMB 2”, but slight
deformation was observed in the case of “GAS” at the dis-
tance of 80 cm.

The degree of deformation was the largest for the detona-
tor in “RMB” among the all samples, and the smallest for
the detonator in “Emulsion”. The degree of deformation for
the detonators is determined as the following order ;

RMB > GAS > GMB 2 > GMB 1 > Emulsion

While the impulse of pressure is almost same, a remark-
able difference in the degree of deformation was observed.

Suzuki et al." described the threshold pressure for the
deformation of detonator shell under static pressure. Based
on their theory, the threshold static pressure for the defor-
mation of similar-typed detonator employed in our experi-
ments, can be estimated to be approximately 16 MPa. And
also, the threshold dynamic peak pressure, which gives the
deformation of detonator shell, could be concluded to be
approximately 50 MPa by our other underwater explosion
tests. However, the pressure level obtained in this study
for the deformation of detonator is lower than the above
threshold dynamic pressure level. Therefore, another fac-
tor must be considered besides the peak pressure level that
gives an influence on the deformation of shell. It is consid-
ered the duration of pressure applied to the shell is one of
those factors. As discussed in section 3.3, the impulses for
five sample explosives are same. Therefore, it is deduced
that the impulse calculated from the pressure over a certain
value gives an influence on the deformation of shell.

3.5 Evaluation of squeeze ratio

After the deformation test, the detonator shell was recov-
ered to measure its volume. The squeeze ratio was calcu-
lated based on the equation (1). Five values for squeeze
ratio under the same condition were averaged. Figure 11
shows such average values for each sample under the sev-
eral experimental conditions.

It is obvious that the squeeze ratio of “RMB” is the largest
in all samples, and the ratio of “Emulsion” is the smallest.
When the ratios of “RMB” obtained from the distance of
50 and 60 cm are compared, the difference is small. This
indicates that the ratio obtained from the distance of 60 cm
is given the almost maximum value, so it can’t be expected
that larger value, which exceed the value obtained from the
condition of 60 cm distance, will be gained.

The relationship between the scaled distance and the
squeeze ratio is indicated in Fig. 12. The data of “RMB”
obtained from the distance of 50 cm is deleted due to the
above-mentioned reason. Good relationship between the
scaled distance and squeeze ratio is observed. As dis-
cussed in section 3.4, the occurrence of the deformation is
considered to be depending on the interaction with many
factors. However, from the viewpoint of one kind of
explosive, we reach the tentative conclusion that the
squeeze ratio can be related to peak pressure level.

The real detonator can be initiated by the dynamic pres-
sure of 80 MPa in underwater explosion test. At the dis-
tance of 50 cm in this experiment, the real detonator was-
n’t deformed and initiated by incident pressure wave from

100.0
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o
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Fig. 11 Average of squeeze ratio (n = 5).
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Fig. 12 Relationships between scaled distance and
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donor explosive. And also, all sample explosives didn’t
cause the sympathetic detonation under the same condi-
tion. However, from our other research that the combina-
tion of the real detonator and the sample explosive
“RMB”, has a potential to be initiated under the same con-
dition. The process to detonation is considered to be as the
followings. At first, the compression of primer charge, or
the ignition of fuse head in detonator occurs which was
caused by the shell squeezed. As a result of that, the deto-
nator will be initiated, and the explosive will be detonated.

4. Conclusions

The following conclusions were obtained in this study ;

- The pressure profile in the sample explosives sensitized
by rmb or chemical gas was sharp, but that in the sam-
ple explosives sensitized by gmb was broad.

- The peak pressure level in the sample explosives sensi-
tized by rmb or chemical gas was twice as high as that
in the sample explosives sensitized by gmb.

- The impulse was independent of the type of microbal-
loons or microbubbles. And the impulse ratios are
maintained constant approximately.

- The deformation degree of the detonator was deter-
mined as the following order ;
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RMB > GAS > GMB 2 > GMB 1 > Emulsion
- Relationship between the scaled distance and the
squeeze ratio was very good.

Occurrence of dead-pressing phenomenon is not always
attributed to the performance of explosives. Detonator is
required to ignite on time, and to release the energy
enough to initiate an explosive. In our previous paper, we
reported that the explosive sensitized by rmb has an
advantage of that the recovery of the detonability occurs
rapidly. However, the result of this research indicates the
explosive sensitized by rmb gives the bad effect on the
deformation of the detonator shell. In the worst case, the
deformed detonator will ignite on unexpected time, and
release too poor energy to initiate an explosive. From this
point of view, the blasting malfunction including dead-
pressing phenomenon must be considered from both phas-
es of explosive and detonator.
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