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ABSTRACT: In NATM tunnel construction, Noise, low frequency sound, vibration propagates to the sur-
roundings by blasting excavation. Although these are instantaneous phenomena of several seconds a day, they
have a large influence on neighboring houses, therefore, countermeasures are often used. In the problem of
blasting vibrations, countermeasures are taken by control blasting to change that increase the number of det-
onations, but it is known that a high reduction effect can be exerted particularly by using an electronic delay
detonator. Normally excavation is carried out by detonation of about 100 holes per 10 steps using an electric
detonator. In the case of using an electronic delay detonator excellent in accuracy of control of time intervals,
since it detonates in one hole per step, the influence of ground vibration can be suppressed by reducing the
amount of explosive per step. Inrecent years, electronic delay detonators that can set and change the explosion
time interval have been developed according to site geology such as ground geology and rock quality of vibra-
tion propagation routes. In this report, test blasting using an electronic delay detonator capable of changing
the detonation time interval at the site was carried out, and the effect and control blasting utilization method
were examined. From the results of test blasting, it has been shown that more effective vibrationreduction is
possible by setting the detonation time interval of the electronic detonator according to the ground surface
hardness in the vicinity of the maintenance target and the geological condition of the propagation route.
Furthermore, in order to improve the vibration reduction effect, we grasp that it is important to grasp the
dominant frequency in the maintenance target and the propagation route. Therefore, we examined the method
of grasping the dominant frequency and discussed the method of determining the detonation time interval and
the method of determining the optimum range of application of control blast.

1 INTRODUCTION 2 TEST BLASTING USING ELELCRONIC

DELAY DETONATORS
Tunnel construction by drilling and blasting based on
the New Australian Tunneling Method (NATM) gen-
erates instantaneous noise, low frequency sound, and
repeated vibrations that can last for several seconds.
Although this is instantaneous and occurs only sev-
eral times per day, a significant sonic influence will
be exerted on the neighboring inhabitants. Therefore,
countermeasures are considered in several scenarios
(Japan Explosives Industry Association 2002).

The blasting vibration can be reduced using con-
trolled blasting based on an appropriate detonation
method. For instance, if hole-by-hole detonation is
possible, the amount of explosives that are required
per blast can be reduced through the application of
an electronic detonator (Tanaka 1992) over approx-
imately ten precise detonation intervals. Recently,
electronic detonators that can set and change the
on-site detonation interval (Iwano 2014) have been
developed, enabling the duration of blasting to be

2.1 Site situation

Test blasting was conducted during tunnel con-
struction in the Fukuoka Prefecture. Although the
sediment-like decomposed granite soil and severely
weathered granite are distributed near the mouth
of the tunnel, fresh granite (CM to CH class) is
observed to fill the inner part of the tunnel. This tun-
nel exhibits several cracks with weathering in some
parts; however, hard rocks that do not require steel
support account for approximately 85% of the total
volume. The tunnel face that was used for perform-
ing test blasting comprised fresh and hard granite
and appeared to be tightly closed with only small
cracks.

2.2 Measurement conditions

easily altered in response to the site conditions.

In this study, we assess the usage of controlled
blasting based on the analysis of the results of test
blasting in which an electronic detonator was used
to alter the on-site detonation interval.
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The vibration velocity was measured at the two loca-
tions (A and B) that are depicted in Fig. 1. Testblast-
ing was conducted in the standard CI-pattern section
depicted in Fig. 2 and involved the detonation of an
electric detonator that was commonly used in the
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field (hereafter referred to as the nine-stage DS det-
onator), single-shot detonations for evaluating the
resulting waveforms, and hole-by-hole detonation
using an electronic detonator. The detonations were
applied in the pattern and positional relations that
are depicted in Tables 1 and 2, respectively. As will
be detailed in Section 2.4, the detonation interval of
the electronic detonator was determined based on
the vibration prediction results that were obtained
from the single-shot detonation waveform.

2.3 Single-shot detonation test results

The single-shot detonations were conducted in four
stages (0.6kg/hole) in an auxiliary center cut that
was followed by detonations that were conducted in
six stages (1.0kg/hole) in a deep center cut at 300ms
intervals. Further, the vibration velocity waveforms
that are obtained at observation points A and B are
depicted in Fig. 3. The fourth stage vibrations are not
recorded in Fig. 3 owing to the cutoff at which rocks
were blown off around the blast holes. Detailed wave-
forms with large velocity amplitudes and frequency
characteristics that are produced by the fifth and sev-
enth stages are depicted in Figs. 4 and 5, respectively.

Although the velocity amplitudes that are received
from the center-cut single shots vary significantly,
the waveform properties at each measurement point
are observed to be considerably consistent; further,
the frequency characteristics also follow a similar
trend. This demonstrated that the coincident meas-
urement points and propagation paths resulted in
high reproducibility of the waveform even though
the velocity amplitudes that were produced at each

Table 1. Relation between the detonator type and charge
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Figure 3. A time-series single-shot blasting waveform with
ten-stage center cut
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Figure 4. A time-series single-shot blasting waveform
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Figure 5. Frequency characteristics of the single-shot
waveform

stage changed significantly de-pending on the rock
conditions, such as hardness, cracking, and distance
from the free surface.

2.4 Prediction method using the result of
single-shot blasting measurement

Based on the results that were obtained from the con-
secutive blasting of cross sections in the single-shot
tests, vibrations were predicted by superimposing the
blasting waveforms that were measured in arbitrary
time intervals over the entire course of the blasting.

For example, to predict the result of a case in which
the fifth-stage blasting waveform obtained at obser-
vation point A was produced over 100 stages of blast-
ing based on time intervals of 20ms, a time history
waveform was created by overlaying the measured
single-speed velocity waveforms over 100 stages with
a delay of 20ms. Acceleration was further obtained
by differentiating the resulting velocity waveform
with respect to time, and, finally, a sensory correc-
tion based on the JIS (Japan Industrial Standard 2014)
was added to obtain the predicted vibration level.

Figure 6 depicts the results of the predictive effort
at each time interval. In the prediction process, the
maximum value of the velocity, which is assumed
to be a composite vector, and the maximum vibra-
tional level in the vertical direction are extracted
and organized over each time interval.
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Figure 6. Prediction results for the Sth-stage waveform at
observation point A

It can be observed from Fig. 6 that the maximum
velocity and vibration level change significantly
with the time interval and that the relations between
the magnitudes of these factors are inconsistent
because the frequency characteristics of the vibra-
tional level are rectified based on the human sensory
characteristics (sensory rectification).

This method can result in errors in the predic-
tion of actual blasting results owing to the vibra-
tional amplitude differences between the blast holes
based on bedrock and other characteristics as well
as the phase differences (differences between the
transmission time) that are caused by the separa-
tion (propagation distance) between the working
face and the maintenance target; the separation is
observed to be a maximum of approximately 10m
depending on the position of the blast hole. These
prediction errors are described in the section related
to the measurement results.

Based on the results of Fig. 6 and by focusing on
the time intervals, we examined the following cases:
(1) when the maximum velocity decreased over time
intervals of 32ms, which was close to the time inter-
val (30ms) of a conventional electronic detonator;
(2) when the interval was as small as 8ms, which
was when the maximum velocity decreased; and (3)
13ms or 20ms intervals in which the vibration level
was characteristically predicted to be either small or
large, respectively.

2.5 Results of test blasting

The velocity waveform that is measured at obser-
vation point A is depicted in Fig. 7. Further, Fig. 8
depicts the same result that is converted to acceler-
ation and the undergoing frequency analysis. This
figure also depicts the second-round result of the
nine-stage DS detonator in the upper row and the
result of the electronic detonator with an interval of
20ms in the lower row. Furthermore, the plot in Fig.
9 compares the measurement results of test blasting
with the predicted results for the time interval in
Section 2.4 (Fig. 6).

The blasting of a DS detonator that exhibits a
high vibrating velocity in the center cut, as depicted
in Fig. 7, when compared with the hole-by-hole
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deto-nation of an electronic detonator, including the
effect of the decreased minimum resistance line by
the auxiliary center cut, can considerably reduce the
vibration. The frequency characteristics in Fig. 8
exhibit that the maximum values are generated at
times the fundamental frequency of S0Hz (50, 100,
150Hz). corresponding to a time interval of 20ms
as described in the section related to the prediction
methods. Further, it also exhibits that the compo-
nents possessing a frequency of less than 50Hz,
which human body feels easy. considerably influ-
ence the vibration level and are small as compared
to the DS detonators. Furthermore, Fig. 9 depicts
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Figure 9. Comparison between the prediction and
measurement for the fifth stage waveform at observation
point A

that although there is a prediction error, it changes
by up to twice at the maximum velocity and at
approximately 5dB on the vibration level depending
on the time interval of the electronic detonator. This
confirms that it is necessary to set a detonation time
interval depending on the conditions of the site.

Here, as previously mentioned, the prediction
error can be attributed to the phase difference (dif-
ference in the transmission time) between blast
holes, which is caused by the diffllerence in both
the vibration amplitude and the separation distance
(propagation distance) between the working face
and maintenance target. The observation point A is
located adjacent to the working face, and the prop-
agation distance exhibits a difference of approxi-
mately 10m, which corresponds to the width of the
tunnel. Assuming that the elastic wave velocity is
3.0km/s, the transmission duration will deviate by
approximately 3ms (0.003 s) when the difference in
distance becomes 10m. Therefore, a phase differ-
ence of 1-3ms is always observed depending on the
position of the blast hole, and the prediction error,
which is dependent on the difference in the prop-
agation distance, becomes particularly large if the
detonation time interval is set to be short. To verify
the influence of the phase difference, Fig. 10 com-
pares the predicted and measured results of veloc-
ity waveforms for the detonation at 32ms intervals.
From the detailed diagram depicted in Fig. 10(b),
although the waveform properties are similar, it can
be confirmed that the distance between the sections
at which various waveforms overlap varies and that
the variation in vibration amplitude leads to predic-
tion error.

3 CONTROLLED BLASTING WITH
ELECTRONIC DETONATORS

3.1 Points to be noted while setting the time interval

To optimally predict the time interval for controlled
blasting and while considering the soil properties
of a maintenance target, it is necessary to grasp the
maintenance objective and the dominant frequency
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Figure 10. Comparison between the prediction and
measurement of electronic detonator at a 32ms interval

of the maintenance target or propagation path. The
maintenance objectives should be controlled by
speed if the maintenance target is a structure, by the
vibration level if it is a resident, and by displacement
if it is a factory with precision equipment, including
electron microscopes; thus, different setting meth-
ods should be used to maximize the reduction effect.
Furthermore, because the vibration waveform of a
single-shot explosion is highly reproducible, it is
possible to reduce physical quantities, such as veloc-
ity, if the detonation time interval can be set, thereby
ensuring that opposite phases can be observed
between the overlapping vibration waveforms. To
identify the detonation time interval between the
points at which opposite phases are observed, the
dominant frequency of the vibration must be known.
However, if the vibration level has to be managed,
it should be noted that the result that is expected
from a physical quantity cannot be achieved while
converting the acceleration to dB owing to the inter-
ference by changes in characteristics because of the
time constant and sensory correction filter.

The factor that is used for setting the optimal
time interval is basically the time interval between
successive detonations that result in opposite
phases with respect to the dominant frequency of
the maintenance target or the propagation path.
Further, assuming that the vibration waveforms
of a single-shot explosion are similar, we can
reduce the amplitude by making the waveforms
of opposite phases to overlap with each other on
a 1/2-wavelength interval of the vibration wave-
form, as depicted in Fig. 11. The interval that
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Figure 11. Conceptual diagram of the interval for creating
an opposite phase

causes the opposite phase to be achieved is not only
the 1/2-wavelength interval but also the 3/2-,
5/2-wavelength intervals, and so on. This indicates
that the vibration waveforms are superimposed at
intervals of 2/n (n = 1, 3, 5....) times the dominant
frequency.

If two or more dominant frequencies are to be
maintained or if the dominant frequencies are
dependent on the direction, the basic approach sets
a dominant frequency based on the detonation time
at a non-dominant frequency by considering the fre-
quency characteristics in each direction.

However, it is necessary to consider that the blast-
ing effect exhibits a considerable variation if the
time interval is considerably short (Hiroo 1958). For
example, as the time interval decreases, the amount
of energy per unit time increases and the blasting
effect improves; further, cleaning may require a
considerable amount of time because a significant
period of time will be required for the stones to move
over an extensive scattering angle range. It may also
be possible that blasting will occur in the subsequent
stage before the formation of a clear space by the
preceding blasting and that crushing is not obtained
as planned. In addition, if the time interval is con-
siderably short, the propagation distance of an easy
shot varies by approximately several meters depend-
ing on the position of the blast hole. Therefore, it
is possible that the state of the non-reverse phase
continues and that the reduction effect is reduced.
Thus, the basic approach would be to increase the
detonation time interval by as much as possible.

3.2 Applicable range of optimum-controlled
blasting

Compared with the normal blasting drilling, in con-
trolled blasting by an electric detonator, it is assumed
that the propagation path to the maintenance object
alters because of the progress of tunnel face drill-
ing and that the dominant frequency of the vibration
waveform also changes. In this case, because the
dominant frequency is dependent on the time inter-
val and has been well understood, we can continue
to conduct blasting by monitoring the change in the
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dominant frequency on the propagation route and by
changing the time setting for every shift of 10 Hz.

When the dominant frequency of the mainte-
nance target is high, there is a possibility that such
a high frequency of the object cannot be detected
because of the effect of the dominant frequency
that originates from the time interval. In this case,
it would be possible to perform four to ten stages
of blasting at intervals of 300ms in the center cut
(including auxiliary center cut) and the remaining
casy shot at the current time interval. Further, the
time interval can be reconsidered through predic-
tive analysis by assuming one-shot waveform of
the center-cut area. In addition, if we measure the
vibration waveform of a single-shot detonation, we
can also perform predictive analysis of approxi-
mately 10 stages of blasting using ordinary electric
detonators and multistage blasting with MS + DS
detonators; thus, we can proceed with construction
while verifying (on an ongoing basis) the applicable
range of the controlled blasting with an electronic
detonator.

4 CONCLUSION

Based on the results of test blasting, we demon-
strated that it was possible to effectively reduce the
vibration by optimizing the detonation time interval
of an electronic detonator by considering the site
conditions. Further, we exhibited that it was impor-
tant to confirm the dominant frequency in the main-
tenance target and the propagation path for obtaining
the vibration-reduction effect. We also discussed a
method for determining the detonation time interval
and the optimal range of controlled blasting.
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