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Abstract

Smooth blasting technique is applied for tunnel excavation to obtain a good quality perimeter. In general, the explosives
with small charge diameter are used and loaded into borehole by decoupling. However, smooth blasting technique often
causes problem related to detonation failure in explosive charge. This phenomenon is well known as the channel effect.
We have chosen some kinds of detonating cords as the explosives with good detonation propagation, and investigated its
application for smooth blasting. Approach for its application was proceeded by three steps. At the first step, the break-
age of steel pipes was investigated in laboratory scale when the bunch of detonating cords was detonated. At the next
step, mini-blasting tests on small square face were conducted. And at the final step, the bunches of detonating cords were
applied for the contour holes of an actual tunneling blast. Hence, it is concluded that the relationships between the total

core load of detonating cords and the hole spacing have an accordance with some equation.
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1. Introduction

Today, the long borehole blasting has become possible
because of the adoption of NATM, the technical develop-
ment of forward exploratory equipment for face rock,
and the boring accuracy improvement of the drilling rigs.
Therefore, the importance for smooth blasting technique
has gradually risen.

Smooth blasting technique is widely applied for tunnel-
ing road or railway construction. Smooth blasting is one of
the controlled blasting techniques to control overbreak and
produce a competent final excavation wall. The unexpect-
ed falling rocks are attributed to this damage at the perim-
eters of the excavation, and also are undesirable and fatal
from the view point of safety operation. Several works on
the mechanism of rock crushing have been conducted P4,
In economic aspects, smooth blasting technique as a con-
tour blasting makes it possible to minimize the cost of
concrete lining for refilling the overbreak area.

In general, explosives for smooth blasting are light den-
sity and well distributed in contour hole. Hence, explosive
charge diameter is small, and the decoupled charge will be
adopted. However, there is some problem for decoupled
explosives in borehole. When explosives placed in the
decoupled hole are detonated, a precursor air shock wave
(PAS) is generated between the explosive columns and

the inner wall of hole. The PAS, progressing ahead of
detonation front in explosive columns, precompresses and
desensitizes the explosive columns. When detonation wave
reaches this precompressed point, detonation wave ceases
to propagate regularly. Thus, detonation velocity decreases
and detonation failure occurs. This phenomenon is well
known as the channel effect.

Furthermore, it is assumed that it had better that explosive
gives relatively low detonation velocity to prevent exces-
sive stressing into the rocks. That means low detonation
velocity explosives normally yield lower shock energy and
make it possible to minimize the stress induced by blasting.

However, S. P. Singh ¥ elucidated that the gas energy on
explosives is more effective in producing overbreak, shock
energy is dissipated in a less harmful manner and the lon-
ger acting gas energy is more important from the damage
point of view. Therefore, we have chosen some kinds of
detonating cords as the explosives with good detonation
propagation and less gas energy, and investigated its appli-
cation for smooth blasting.

In this study, approach for its application was proceeded
by three steps. At the first step, the breakage of steel pipes
was investigated in laboratory scale when the bunch of deto-
nating cords was detonated. At the next step, mini-blasting
tests on small square face were conducted. And at the final
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Table 1 Detonating cords specification.

Cord Diameter Core load (PETN)
name (mm) (gm)

A 54 10.0

B 4.0 53

C 3.7 3.2

step, the bunches of detonating cords were applied for the
contour holes of an actual tunneling blast. Our investigation
was focused the damage of the pipes or boreholes caused by
the detonation of the bunch of detonating cords.
2. Experimental
2.1 Detonating cords

Three kinds of the detonating cords which are available
in market were used. High-velocity explosive PETN is
charged as core explosive, and the outer face is covered
with various combinations of textiles. Waterproofing could
be attributed to this structure. Several cords were bundled
for adjustment of total core loads by taping in this study.
Table 1 presents the specification of three kinds of the
detonating cords.

2.2 Experimental arrangements
2.2.1 Laboratory scale test

To estimate the damage caused by the detonation, the
rupture and breakage test of carbon steel pipes were
conducted. Two types of steel pipes with 1.5 m in length
named SGP40A (outer diameter : 48.6 mm, thickness :
3.5 mm) and STK41(outer diameter : 48.6 mm, thickness
: 2.3 mm) were chosen. The length of the detonating cords
was adjusted to be 1.5 m by cutting. Several cords were
bunched for adjustment of total core loads by taping, and
initiated directly by an electric detonator. Experimental
setup was buried under the depth of 30 cm in the ground.
Both ends of the pipe were opened not to be plugged. A
few experiments were respectively performed under each
condition.

2.2.2 Mini-blasting test on small square face

These series of experiments were undertaken at under-
ground metal mine in the central of Japan. The species of
rock consisted mainly of fine gneiss with very few natural
cracks. The gneiss was competent with a compressive
strength of about 130 MPa, a tensile strength of about 9
MPa, a seismic velocity of about 4.8 km s and a density
of about 2.7 g cm?3. Mini-blasting tests to excavate a tun-
nel were performed to estimate the rock damage and the
best spacing between perimeter holes. The cross section
of tunnel was approximately 17 m? with about 4 by 4 m in
square. The borehole diameter of 51 mm, the empty hole
diameter of 102 mm and a length of 4.0 m were drilled.
The standard blasting design used these experiments is
illustrated in Fig. 1.

A 500 g emulsion explosive was used as a primer to deto-
nate the bunch of detonating cords with 3.7 m in length,
and was initiated by non-electric detonator. All boreholes
were plugged with stemming materials. In these blasting
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Fig. 1 Standard blasting design for mini-blasting test.

Fig. 2 Explosive setup for actual tunneling blasting test.

tests, the total core load : 60, 80 g m™! was examined. The
spacing between perimeter holes was performed at the
range of 500 - 900 mm, and varied at the interval of 100
mm.

2.2.3 Actual tunneling blasting test

These trials were performed at an actual tunneling for
railway construction in the northern area of Japan. The
species of rock consisted mainly of tuff andesite during
test periods. The rock was competent with a compressive
strength of about 100 MPa and a tensile strength of about
8 MPa. Actual tunneling blasting tests were conducted not
only to investigate the rock damage and the best spacing
between contour holes but also to evaluate the operation
promptness for the preparation of explosive setup and the
charge operation. Therefore, the bunch of detonating cords
was bound up on bamboo rod with primer in advance in
the explosive reserve station. Figure 2 shows the example
of explosive setup.

The cross section of tunnel was approximately 73 m?.
The borehole diameter of 45 mm and a length of 1.8
m were drilled. The number of borehole per blast was
approximately 130 holes, and the consumption of explo-
sives was about 140 kg. The perimeter holes were initiated
by No. 7 DS detonator.

3. Results and discussion
3.1 Laboratory scale test

Table 2 summarizes the damage of steel pipes after experi-
ments in various conditions.

The detonation velocity on the bunch of detonating cords
could be identified as being steady without depending on
the number of the codes and the status of confinement. That
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Table 2 Experimental results (Pipes damage after experiments).

Conditions Detonating cord A Detonating cord B Detonating cord C Surry
Pipes 6 cords 5 cords 12 cords 10cords  25cords 19 cords 16 cords m
60gm’) (S0gm') (63.6gm’) (B3gm’) @0gm') (60.8gm’) (51.2gmT') (390gm')
DV(ms') 6340 Not 6940 7020 Not 6300 6770 Not
measured performed measured
Reptured ~ Reptured ~ Reptured ~ Reptured Reptured .
. . . . . 2 portions
STK41 Damage entirely entirely entirely entirely Not entirely of the
after and got and got and got and got erane d and got openin Unexecution
experiments blown to blown to blown to blownto S blown to pening
large pieces large pieces large pieces large pieces large pieces
DV (ms™) 6340 6360 6950 6940 6800 6860 6830 3840
Damage 3 portions 4 portions 1 portion 1 portion No opening, No opening, Got blown
SGP40A after Reptured of the of the of the of the  small bulge small bulge  to small
experiments opening opening opening  opening  observed observed pieces
Open DV (m's') Not 6360 Not 6940 Not Not 6750 3500
measured measured measured measured
Table 3 Textile weight.
Core load  Core weight  Textiles weight ~ Number Total core Textiles weight
Cord
name (gmM) (g mT) (gmM) of cords load (gm™")  of bunch (g m')
@ @ @:(@-D) @ 0@ @
A 10.0 25.6 15.6 6 60.0 93.6
B 53 12.6 7.3 12 63.6 87.6
C 32 11.2 8.0 19 60.8 152.0

Detonating cord C

Fig. 3 Damage of pipes in three different conditions.

means the detonation propagation of detonating cord can not
be influenced by channel effect.

In case that an equivalent amount of total core load was
detonated, the damage of pipes can be compared in Table 2.
For example, in case of the load equivalent to 60 g m!, the
damage of pipe named SGP40A, was different between
three kinds of cords. Figure 3 shows the photographs
obtained in three different conditions.

So the comparative evaluation of those results was con-
ducted based on the inside pressure of pipe. In general,
a borehole pressure can be calculated by the equation of
state of Abel-Nobel ©. These equations are shown below:

fL

P,=
V—-aL (1

1.5
a=—-—"—"
1.33 + 1.26 pe @)

where P, is the borehole pressure [kgf cm?], fis the explo-
sive force [¢ kgf cm? kg'], L is the explosive load [kg], V
is the borehole volume [¢], « is the covolume [¢ kg'], and
0. 1s the explosive density [kg ¢-'].

According to these equations, the inside pressures of pipe
at the above-mentioned experiments were calculated as
follows:

Detonating cord A ; 678 kgf cm™

Detonating cord B ; 720 kgf cm™

Detonating cord C ; 690 kgf cm

These values indicate that inside pressure is almost same.
However, the status of pipe damage was considerably dif-
ferent.

As for the next consideration, the weight of textiles that
contribute to gas volume of detonation was measured. The
results of measured weight indicate in Table 3.
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Fig.4 Example of “half barrel”.

The results of measured weight do not correspond with
the results from the status of pipe damage.

Furthermore, it is said that the decoupling index is the
one of most important factors that influenced on the inside
stress of borehole - 7. However, there was no difference
regarding its decoupling index in three previous-mentioned
experiments. Ultimately, the reason why there is difference
in three experiments could not be confirmed.

3.2 Mini-blasting test on small square face

Serious overbreak at the perimeter holes could not be
seen from all experiments. The wall was very smooth with
“half barrel” with the exception of a few experiments. Half
barrel is defined as the status that visible borehole rem-
nants is same as the shape made by cutting column along
long axial direction. Figure 4 shows the photographs of
example of half barrel.

However, half barrels do not always indicate that the
remaining rock is undamaged. Therefore, the damage on
perimeter wall was checked by pecking in addition to the
above-mentioned visual observation.

The best spacing between perimeter holes in this test was
decided depending on the total core load as follows:

Core load ; 60 g m™!' — spacing : 500 — 600 mm

Core load ; 80 g m™!' — spacing : 600 — 700 mm

Under the condition that the core load was 60 g m™! and
the spacing was 700 mm, the beetling rock remnants could
be observed on the wall between holes.

Regarding the above-mentioned experimental results of
spacing obtained form this test, its validity was verified by
the next equations®.

e 2 s i )”2 3)

g

D=2r )

where r, is the damage radius in rock [cm], ¢, is the bore-
hole diameter [cm], o is the tensile strength of rock [kgf
cm?], D is the spacing that the crack can couple together
[cm].

Fig. 5 Example of perimeter wall after blasting.

According to the above equations, the theoretical spacing
was calculated as follows:

Core load ; 60 g m! — spacing : 550 mm

Core load ; 80 g m! — spacing : 600 mm

These values were corresponding to the experiment result
well.

A. Fauske ? conduced the smooth blasting using the deto-
nating cord with core load of 80 g m™'. Under his condition
that the borehole diameter was 64 mm, the best spacing
could be concluded to be 95 cm.

3.3 Actual tunneling blasting test

The usage of slurry explosive for pre-splitting and the
application of volume decoupling technique '” have been
studied for contour hole blasting in this tunnel. However,
the explosive malfunction and the local serious overbreak
at the boundary of an excavation often occurred. This is
the reason why the application of the detonating cords for
smooth blasting was studied. The blasting design was kept
as heretofore, that is, the spacing was maintained to be 70
cm, but the core load was varied to make an evaluation on
smooth blasting effectiveness.

In the case of the core load of 40 g m!, the beetling rock
remnants could be observed on the wall between holes.
However, those remnants could be often broken by peck-
ing. In the case of the core load of 50 g m™!, the half barrel
could be observed on the wall. Figure 5 shows the photo-
graphs of example of perimeter wall after blasting.

According to the calculation by the previous-mentioned
four equations, the best spacing can be 68 cm in the case
of the core load of 50 g m''.

Regarding the promptness of charge operation, there was
no problem because of the in-advance preparation of the
explosive setup. However, the complex work for prepa-
ration of the explosive setup annoyed the worker in the
explosive reserve station. Four tunneling excavation works
have been conducted in a day. The worker in the explosive
reserve station was very busy with the preparation of the
explosive setup and the primer charge. Because the 50 g
m!' bunch of detonating cords with 1.4 m length was pre-
pared by the nine-times winding of the 5 g m*! detonating
cord with 14 m length on bamboo rod in the hand work.
The worker spent long time to prepare the about 20 of
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explosive setup and over 100 primer charge. Therefore, the
worker requested the supply of the detonating cords with
large core load.

P. V. Sterk 'V concluded that the adaptation of two strands
of 40 g m'! detonating cord was better than that of 80 g
m'! detonating cord while the core load of 80 g m™! was
demanded. Because the latter was inferior to the former
due to cost and availability.

In Japanese explosive and blasting business field, the
cord with the core load of 100 g m™! could be available for
controlled blasting usage several years ago '. However,
the maximum core load of the detonating cord is restricted
to be 20 g m! by Japanese Explosive control Law.

4. Conclusion

From this investigation, in spite of the same total core
load and the same decoupling index in laboratory experi-
ments, the damage of steel pipes were seriously different
depending on the kinds of the detonating cords.

At the actual rock condition, the experiment results by
blasting test were almost corresponding to the calculation
results by Abel-Nobel equations concerning the best spac-
ing between perimeter holes.

References

1) Q. Liu, and P. D. Katsabanis, Rock Fragmentation by
Blasting, Rossmanith (ed.), pp. 9-16 (1993).

2) M. Olsson, and I. Bergqvist, Rock Fragmentation by
Blasting, Rossmanith (ed.), pp. 193-196 (1993).

3) G. Szuladzinski, and A. Saleh, Rock Fragmentation by
Blasting, Mohanty (ed.), pp. 195-200 (1996).

4) J.J. Jiang, Rock Fragmentation by Blasting, Mohanty (ed.),
pp- 201-206 (1996).

5) S. P. Singh, Rock Fragmentation by Blasting, Rossmanith
(ed.), pp. 183-192 (1993).

6) Y. Ishii, T. Nishida, M. Nakano, and R. Banno, “SAISHIN
HAPPAGIJYUTU?”, p. 52 (1984), MORIKITA SHUPPAN.

7) L Ito, H. Sassa, Nihon Kohgyokaishi, 84, pp. 1059-1065
(1968).

8) Y. Ishii, T. Nishida, M. Nakano, and R. Banno, “SAISHIN
HAPPAGIIYUTU?”, p. 54 (1984), MORIKITA SHUPPAN.

9) A. Fauske, “Dyno Nobel website Technical Library” (1998).

10) M. Nakano, and N. Nankoh, Kogyo Kayaku (Sci. Tech.
Energetic Materials), 39, 205 (1978).

11) P. V. Sterk, Proc. of the 29th Annual Conference on
Explosives and Blasting Technique, pp. 327-335 (2003),
Nashville.

12) Editorial Department of Jpn. Explos. Soc., “IPPAN
KAYAKUGAKU?, p. 106 (2005).

B ANV AL — AT 53 AF 4 VY TIHICBT 5 kst
PR SCEE T, M K

ADL—=ATITAT 4 7 THEE, P AVIBENC B CRAETE Z FHEcf RiF 2 oA sh 5, —#&IC
FITHERAINLBIRINEETH Y, I EBRE RN TEESND, LBLALA—RTITAT A VT
THEEILEUVITBERBUOBHEINZAELL L VI MEZIZTBY, COHRRIF vy 2VRHRE L TEL
MoENTWDE, Fxld, BNABIRERELATHBEL LTRBEREEEL, AA—RATTAT 4 » 7Lk
AN L TR 2L 720 SO SBRE Tl o 72, mWIEIFRE L IV B 1T 2 8 AT
JETE L 2R o OBEWRRIUIE L TR, St TS RIEF MR OWINI BT 2 B2 EBL, LT
RARIZERRD b ¥ 3V LB BT 2L SRR O R 24 L TRE 217 - 720

INHOMEHTE Y, BRI RE & LR & OB1RIE Abel-Nobel FREZUUTHED) Z & 2 iERR L 726

YEAHEE () - RETH T470-2398 SHEMSEREATL/MAS61-1
fCorresponding address: fumihiko_sumiya@nof.co.jp

THATIHE(K) -AAENERT T961-8686 1EEEFAEAEAMN AFEERTELE2-1





