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Abstract
This study examined the Three-Straight-Line model, which was proposed by Isei et al. for the excess attenuation of blast

sounds propagating over hilly regions, by using newly collected data obtained from several field measurements in areas
with varied terrain. Effects of the blast sounds propagated over hilly regions were also studied by comparison with the crite-
rion governing impulsive noises in the workplace as well as in relation to the psychological reactions of human beings to
sonic booms. Excess attenuations measured up to about 2.5 km across varied hilly terrain mostly agreed with those predict-
ed by the Three-Straight-Line model. Frequencies at which the attenuation clear appeared tended to become lower with
longer range propagation, probably because the acoustic surface and acoustic ground waves of the blast sounds were more
attenuated during long-range propagation over uneven terrain. Peak sound pressure levels of the blast sounds at the measur-
ing points ranged from 110 to 160 dB, and most of the blasts were below the level of the hearing-protective criteria govern-
ing impulsive noises in the workplace, except close to the blasting point. In addition, when psychological reactions to sonic
booms were compared with peak sound pressure levels of the blast sounds, those levels measured at distances of more than
1 km were classified into the categories “tolerable” or “no unpleasantness.” According to these indices, the blast sounds
measured in the field seemed to have only slight effects from the occupational health and psychological points of view.
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1.  Introduction
Blasting operations are used worldwide, especially in

mining and engineering work, because mining by blasting
is much more efficient than other methods. The noise that
is generated from the blasting operations generally con-
sists of impulsive sounds of short duration with a high
sound pressure. Because the blast sounds predominantly
involve low-frequency components and therefore propa-

gate at longer distances, complaints due to the perception
of the low-frequency sounds and/or rattling of building fit-
tings are sometimes occurred.

Most blasting operations are carried out in hilly regions.
Therefore, attenuation of the blast sounds is influenced
mostly by meteorological conditions1), 2), ground-surface
characteristics, and the topography3) of the propagation
paths. Among these factors, the atmospheric absorption4)
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and the ground effects5) are relatively small, because the
primary components of the blast sounds are at low fre-
quencies. Consequently, the gradients of both atmospheric
temperature and wind-speed above the ground surface and
topography are more important during blast sound propa-
gation. With respect to the effect of topography, Isei et al.3)

investigated the excess attenuation of blast sounds during
long-range propagation over hilly lands and presented a
model in which the excess attenuation versus frequency is
approximately described by three straight lines.

There are presently no international regulations concern-
ing low-frequency sounds, although several countries have
individually established recommendations or guidelines6), 7).
In Japan, methods have been developed for estimating the
occurrence of complaints in relation to psychological and
physical phenomena associated with continuous low-fre-
quency sound/infrasound at receiving points8), 9). In addi-
tion, impulsive sounds from artillery fire have been evalu-
ated using the parameters LCE and LCden with reference to
the environmental standards governing airplane noise10).
With respect to other evaluations, allowable sound pres-
sure levels to prevent hearing loss in workers due to expo-
sure to impulsive noise in the workplace have been defined
by the Japan Society for Occupational Health11) and we
have used the resulting criteria in this study. Furthermore,
the sound pressure levels generated by sonic booms have
been compared with the psychological reactions of human
beings exposed to those sounds12). Nevertheless, there are
no clear criteria or standards by which to evaluate the envi-
ronmental impact on the surrounding areas of impulsive
low-frequency sounds such as the blast sounds.

In this study, we examine the Three-Straight-Line propa-
gation model for attenuation of the blast sounds propagat-
ed over hilly regions by using data newly obtained from
several field measurements in hilly regions with varied ter-
rain. Next, we compare the measurements with the hear-
ing-protective criteria governing impulsive noises in work-
places as well as with the reactions of human beings to
sonic booms, in order to investigate effects of the blast
sounds on the surrounding areas. Finally, we describe the
relationship between the peak sound pressure levels, which
are used in the evaluation methods as noise indices, and
the excess attenuation observed.

2.  Three-Straight-Line model
In order to investigate the effect of topography on long-

range outdoor propagation of blast sounds, Isei et al.3) car-
ried out field measurements in hilly lands. They found that
the frequency spectrums of excess attenuation were simi-
lar, although the geographical features in the propagation
paths were different, and proposed the Three-Straight-Line
model, in which the excess attenuation versus frequency is
described by three straight lines. Figure 1 shows general
features of the Three-Straight-Line model. As shown in
Fig. 1, the spectrums have been divided into three portions:
Part 1: Frequency range with less excess attenuation
Part 2: Range showing a rapid increase of excess attenua-

tion with an increase of frequency 
Part 3: Range showing a slight decrease of excess attenua-

tion with an increase of frequency
On the whole, the excess attenuations increased with the

propagation distance. As predominant factors for the excess
attenuation in each frequency range, Isei et al. pointed out
geometrical spreading in Part 1, shielding by the uneven
terrain and acoustic impedance of the ground in Part 2, and
acoustic impedance and propagation distance (as well as,
partly, shielding by the uneven terrain) in Part 3, respec-
tively, based on similarities to noise attenuations over flat
and soft ground. In the next section, we compare the model
with the data of excess attenuation of blast sounds newly
obtained from several field measurements in hilly regions
with various terrain features, and examine extension of the
model to those longer propagation distances.

3.  Field measurements of blast sounds 
propagating over hilly regions

Outdoor measurements of blast sounds generated by igni-
tion of explosives were made in three hilly regions with
different geographical features. The explosives used in the
measurements were some amounts of TNT, smokeless
powder, water-gel explosives intermediate, and pentolite,
which were ignited above the ground surface.

Figure 2 illustrates in cross-section the terrain features
between the sound sources and measuring points. Along
Path 1, the elevation of the land surface increased gently
toward the more distant measuring points, with the ground
surface over the propagation distance covered by soil and
thick, weedy vegetation. The area around the sound source
was the highest in elevation along Path 2, and the eleva-
tion decreased toward the measuring points gradually. The
ground surface of the hilly regions was covered with
shrubs less than 10 m in height along Path 2 and Path 3.
The propagation path along Path 3-1 was remarkably
undulating, whereas that along Path 3-2 was gently uneven
and was along a small river. As shown in Fig. 2, most of
the measuring points were not in a direct line of transmis-
sion from the sound sources because of uneven terrain fea-
tures. Low-frequency sound-level meters (RION, NA-17)
were placed on tripods at 1.2 m above the ground at the
measuring points, and the propagated blast sounds were
recorded on DAT recorders (SONY, PC208Ax). Recorded
blast sounds were analyzed in 1/3-octave bands by a real-
time frequency analyzer (Brüel & Kjær, type 2133).
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Fig. 1 General features of Three-Straight-Line model.
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4.  Results and discussion
4.1 Propagation of blast sounds

Figure 3 shows an example of the sound pressure–time
waveforms for 1.5 s of blast sounds obtained from the
field measurement along Path 3, and this is the measure-
ment for ignition of 32 kg of TNT. At the measuring point
180 m distant from the blasting point, impulsive increases
of sound pressure were clearly observed after ignition of
the explosive. The sound pressure decreased rapidly as the
propagation distance increased. The waveforms taken at
the more distant measuring points were fairly similar to
that at 180 m, and the primary peaks of sound pressure
remained. From observation of the time waveforms, high-
frequency components in the blast sounds that propagat-
ed up to the 1903 m measuring point were clearly more
attenuated than the other components. We could not find

remarkable differences in the overall tendency of the time
waveforms even for other measurements in this study.

Figure 4 illustrates the results of the frequency analysis in
1/3-octave bands of the blast sounds shown in Fig. 3. For
all the measuring points, the frequency components were
primarily below 20 Hz, and frequency bands at around 10
Hz were predominant except for the point at 1903 m.
Attenuations at frequencies of more than 50 Hz became
larger than those below 50 Hz, when the propagation dis-
tance increased. Comparison of the frequency spectrums
measured between the 1872 m and 1903 m measuring
points shows that the sound pressure levels at 1903 m were
generally smaller and attenuated remarkably at frequencies
below 20 Hz, even though the difference in propagation
distance was small. This may be because of the shielding
effect caused by the strong undulation of the terrain along
Path 3-1. For all the field measurements, the predominant
frequencies of the blast sounds ranged mostly from several
Hz to around 30 Hz.

4.2 Comparisons between measured excess 
attenuation and the Three-Straight-Line model

Excess attenuations relative to the sound pressure levels
obtained at the closest measuring point to the source in each
measurement were calculated and plotted in Fig. 5. Here,
we apply the Three-Straight-Line model shown in Fig. 1 to
the results. When the results along Path 1 were compared
(see (a), (b), and (c)), the excess attenuations at the various
propagation distances were similar even though different
explosives were used as the sound sources. The patterns of
excess attenuation in the measurements along Path 1 show
good agreement with the model, and the attenuation at the
1053 m measuring point especially tended to be almost the
same, although the values seemed to be smaller, because
the measuring point was slightly shielded by the terrain.
With regard to Path 3, the excess attenuations in the case of
the water-gel explosives intermediate (see (e)) also agree
fairly well with the model except that at the 1872 m point.
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Because the blast sound propagated to the measuring point
along a river in a shallow ravine, it may have been more
influenced by reflections off the hill surfaces than by the
shielding; consequently, its attenuation trend was different
from those at other sites. On the other hand, the agreements
in case of the TNT along Path 3 (see (d)) were poor in the
high-frequency range at the more distant measuring points.
This difference may have been caused by meteorological

conditions, because the measurements at relatively shorter
distances agree well with the Three-Straight-Line model.
With regard to frequency ranges for transition from Part 1
to Part 2 in the Three-Straight-Line model (see Fig. 1), the
ranges indicated in (d), (e), and (f) seemed to shift to lower
frequencies. We suppose that the contributions of the
acoustic surface and acoustic ground waves in the blast
sounds decreased owing to the longer range propagation.
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Fig. 5 Excess attenuations of blast sounds.



4.3 Environmental impacts due to blast sounds 
from occupational and psychological points
of view

In order to estimate the environmental impacts due to the
blast sounds after long-range propagation, we applied two
indices, that for preventing hearing loss caused by impul-
sive noises in the workplace and that for the psychological
reaction of human beings exposed to sonic booms.

Figure 6 plots the relationship between peak sound pres-
sure levels and time duration of the impulsive part of the
observed blast sounds. From the sound pressure–time
waveforms of the blast sounds, we can apply hearing-pro-
tective criterion governing impulsive noise in the work-
place11) shown on the figure by a solid line. Peak sound
pressure levels of the blast sounds ranged from 110 to 160
dB, and most of the sounds were below the levels speci-
fied by the hearing-protective criterion except those mea-
sured close to the sound sources. Figure 7 is a plot of the
attenuation of the peak sound pressure levels in distance.
As compared with the psychological reactions to sonic
booms, the blast sounds measured at the measuring points
more than 1 km away were mostly classified into the cate-
gories “tolerable” or “no unpleasantness.” Physical phe-
nomena corresponding to these categories are described as
“distant explosions or thunder” and “blast sounds which
can be barely heard,” respectively. As a result, we estimate
that psychological complaints are likely to occur rarely at
areas more than 1 km away from the sound sources.

4.4 Relationship between predictions by 
the Three-Straight-Line model and estimation 
of environmental impacts

Figure 8 compares the peak sound pressure levels with
the excess attenuations at predominant frequencies of the
blast sounds observed at each measuring point in the field
measurements. As the figure shows, a linear correlation
exists. From this relationship, we may be able to estimate

environmental impacts based on the peak sound pressure
levels, as shown in Figs. 6 and 7, through prediction of the
excess attenuations at the measuring points. Therefore, the
Three-Straight-Line model can be used effectively to cal-
culate the excess attenuations, because the shielding effect
of topography cannot be estimated in the same way as that
for noise barriers13).

On the other hand, the Three-Straight-Line model is still
qualitative, and it is difficult for the model to quantitative-
ly show relationships between excess attenuation and para-
meters such as degree of terrain undulation or propagation
distance. In order to improve the Three-Straight-Line
model quantitatively and then to use it to appropriately
evaluate the environmental impacts from acoustical points
of view, further investigation is needed.
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5.  Conclusion
We pointed out that the Three-Straight-Line model mostly

agrees with the excess attenuations of blast sounds propa-
gated up to about 2.5 km in varied terrain in hilly regions,
while transitions from Part 1 to Part 2 tended to appear at
lower frequencies due to the longer range propagation.
From the results, we considered that the Three-Straight-
Line model could be extended to the propagation distance.

Environmental impacts to the surrounding area of the
blast sounds may be small, based on the field measure-
ments, since we showed that psychological complaints and
noise-induced hearing impairments would occur only
rarely at distances of a few kilometers from the source. We
also noted that the excess attenuations of the blast sounds
correlated linearly with the peak sound pressure levels,
and showed that it is possible to use the Three-Straight-
Line model to estimate environmental impacts to the sur-
rounding area from acoustical points of view.

Acknowledgements
The series of the field experiments were carried out joint-

ly with the Research Center for Explosion and Safety from
fiscal 2003 to 2004. We would like to express our grati-
tude to all the parties concerned.

References
1) H. Imaizumi, Y. Takahashi, M. Jinguuji, and S. Kunimatsu,

J. Low Freq. Noise Vib. 22, 133 (2003).
2) L. R. Hole, P. Lunde, and Y. T. Gjessing, J. Acoust. Soc.

Am. 102, 1443 (1997).
3) T. Isei, H. Imaizumi, S. Kunimatsu, and M. Kinoshita, J.

Acoust. Soc. Am. 98, 2958 (1995).
4) ISO 9613-1, “Acoustics -- Attenuation of sound during prop-

agation outdoors -- Part 1: Calculation of the absorption of
sound by the atmosphere” (1993).

5) T. F. W. Embleton, J. Acoust. Soc. Am. 100, 31 (1996).
6) M. Mirowska, J. Low Freq. Noise Vib. 20, 67 (2001).
7) J. Jakobson, J. Low Freq. Noise Vib. 20, 141 (2001).
8) Environmental Agency in Japan, “Study on the effects of

infra- and low-frequency sound to houses and buildings”
(1978) (in Japanese).

9) Y. Tokita, J. Acoust. Soc. Jpn. 41, 806 (1985) (in Japanese).
10) M. Koyasu, I. Yamada, and T. Haga, Proc. Inter-Noise 99,

1315 (1999).
11) Japan Society for Occupational Health (JSOH), J. Occup.

Health 46, 340 (2004).
12) R. Kawamura, J. Acoust. Soc. Jpn. 8, 432 (1972).
13) T. Isei, S. Kunimatsu, H. Imaizumi, and E. Kuroda, Proc.

INCE/J Autumn meeting, 77 (1994) (in Japanese).

326 H. Imaizumi  et  al.


