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Abstract. This study is intended to assess low frequency sound radiated from a viaduct under normal
traffic. The bridge comprises steel box girders and wide cantilever decks on which vehicles pass. The low
frequency sound and the acceleration response of the bridge under normal traffic are measured to investigate
how bridge vibrations affect the low frequency sound observed near the bridge. Observations demonstrate
that strong relationships exist between frequency characteristic of bridge’s acceleration response and the
sound pressure level of low frequency sound. A noteworthy point is that the dynamic feature of the sound
pressure level is mostly affected by dynamic feature of the span locating near the observation point.

Keywords: field experiment; low frequency sound; sound pressure level; steel box girder bridge; traf-
fic-induced vibration.

1. Introduction

Low frequency sound (LFS) causes extreme distress to a number of people who are sensitive to
its effects. Such sensitivity may be a result of heightened sensory response within the whole or part
of the auditory range or may be acquired. Historically, early work on low frequency sound and its
subjective effects was stimulated by the American space program, a source of very high level of
LFS (Mohr et al. 1965). Recently media on the LFS radiated from wind turbine generators
(Pedersen and Persson 2004).

The LFS radiated from bridges under traffic, however, has been one of the environmental
problems relating to bridge vibrations, especially in land scarce major cities of Japan, even before
occurring LFS associated problems due to the wind turbine generator. In urban areas, viaducts have
been constructed even near to the residential zone, and as a result a number of complaints against
noise and vibration radiated from those viaducts have been reported.

The LFS is the sound with frequencies below 100 Hz (ISO 1995), which vibrates houses near the
sound source and even causes psychological and physiological influences to residents. Usually
psychological factors affect the physiological impact of noise (Hatfield ef al. 2001). Rattling sound of
doors or windows is the typical influence to houses due to the sound pressure (Leventhall 2003). As
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physiological influences to residents, there are nausea, headache, etc. It is also reported that feelings of
pressure and vibration are typical reactions of residents for LFS (Johnson 1975, Tokita 1985, Kalveram
2000). Moreover the sound near 40 Hz gives keen sense of such pressure and vibration (Inukai et al.
2000). Constant low frequency noise has been classified as background stresses, which are persistent
events and may become routine elements of people’s life (Benton and Leventhall 1994, Benton 1997).

Among environmental vibrations caused by traffic, the sound radiated from engines and tires of
heavy vehicles are regarded as sources of the noise (Eberhardt 1998). The ground vibration due to
traffic is another major source for complaints of human reception for vibration (Sheng et al. 2006).
Comparing with those two problems, the LFS due to the traffic-induced vibration of bridges has
been a minor problem, and how to control the LFS has not been fully examined. However the
current trend of the bridge design adopting simplified structural details and lighter structures
accompanying increase of truck weight and heavy traffic volume exposes the low frequency
vibration problems (Kim and Kawatani 2003, Kim et al. 2004). Restricted numbers of researches
have been focusing on the LFS radiated from highway bridges (e.g. Goromaru ef al. 1987). It means
that effective countermeasure as well as systematic approaches to reduce the LFS radiated from
bridges has not been established yet.

This study is intended to assess traffic-induced LFS radiated from a bridge through a field
experiment. Especially how the traffic-induced vibrations affect the LFS observing near bridges is
examined using the measured acceleration response of the bridge and SPL of LFS.

2. Observation bridge

The observation bridge is a seven span continuous steel box girder bridge, as shown in Fig. 1.
The total length and width of the bridge are 265.0 m (31.5 + 37.0 +40.0 + 48.0 + 40.0 + 37.5 + 31.5)
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and 17.25m respectively. The bridge has steel decks and rigid frame piers which are rigidly
connected with box girders. The bridge comprises wide decks on which a traffic lane is placed.
Actually the bridge is the grade-separation overhead bridge by means of the “Sui-sui module on
pier method (MOP)” (JSSC 2010), which is composed of the bridge section consisting of steel
bridge girders and piers and the approach section consisting of banking.

(g) 13th (4.607Hz, Torsion) (h) 14th (4.714Hz, Torsion)

Fig. 2 Analytical natural modes relating to bending and torsional modes of bridge

(c) 51st (12.98Hz) (d) 121st (25.078Hz)

Fig. 3 Analytical natural modes relating to bending of cantilever decks
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3. Field experiment

According to the preliminary study by Kawatani et al. (2008), the natural frequencies of the
bridge for bending and torsional modes are ranging from 3 Hz to 5 Hz, as shown in Fig. 2. Those
frequencies for the bending mode of the cantilever deck are from 11 Hz to 25 Hz, as summarized in
Fig. 3 with corresponding modes. Moreover the study on a steel box girder bridge by Nagatsu et al.
(2008) demonstrates that the SPL around 40 Hz strongly links to vibrations of web plates of the
steel box girder. Therefore this study focuses SPLs of 3.15 Hz, 4.0 Hz, 5.0 Hz, 25.0 Hz and 40.0 Hz

Table 1 De

tails of observation points

Observation point of acceleration response

ACl1 L3/4 from P2; Girder of down lane
AC2 Center of Span 3; Girder of down lane
AC3 3L;/4 from P2; Girder of down lane
AC4 Center of Span 3; Girder of up lane
AC5 Center of Span 2; Girder of down lane
AC6 Center of Span 2; Cantilever deck of down lane
Observation point of low frequency sound
SLM1 Center of Span 3; Border between public and private near down lane
SLM2 Center of Span 2; Border between public and private near down lane

AC: Accelerometer, SLM: Sound Level Meter, L: Span Length
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Fig. 4 Classification of low frequency sound

Table 2 Category to assess low frequency sound

Category Remark
I No window or door rattling, and no low frequency sound is perceived.
11 Physiological influences may occur despite of no window or door rattling.
I The low frequency sound is perceived indirectly in forms of door or windows rattling.
v Windows or door rattling occurs and low frequency sound is perceived due to high SPL.
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Fig. 5 SPL of target frequencies (SLM1 at Span 3)

377



378

M. Kawatani, C.W. Kim and K. Nishitani

Sound Pressure Level (dB)

Sound Pressure Level (dB)
~
3

Tii20 1554053 Tz T gE
100 ' 200 2506 300 400 600
“Time (s)
HEEEN |1
Al LD o O
&
I o S

10 100
Frequency (Hz)

—m— 153,6(s) —8— 250,6(s) —A— 256.2() ~v— 198.3(s) —— 479.1(s)

—0— 114.0(s) —o— 382.3(s) —A— 549.2(5) —v— 5725(s) —o— 4853(s)

(a) 3.15Hz.

essure Level (dB)

Sound
o
3

Tiiss
100

19730 2236 2528 13
200 300
Time (s)

Sound Pressure Level (dB)

100
Frequency (Hz)

—m— 563.6(s) —8— 478.5(s) —A— 118.8(s) —¥— 552.1(s) —— 252.8(s)

—0— 127.3(s) —0— 223.6(s) —A— 197.3(s) —v— 317.9(s) —0— 494.0(s)

(c) SHz

Sound Pressure Level (dB)

e

T
300
Time (s)

TH

Sound Pressure Level (dB)

10 100
Frequency (Hz)

—m— 118.2(s) —®— 300.6(s) —A— 590.4(s) —¥— 551.4(s) —— 327.1(s)

—0— 361.3(s) —0— 495.3(s) —A— 3.5(s) —v— 312.0(5s) —0— 595.6(s)

(e) 16Hz

Sound Pressure Level (dB)

Time (s)

Sound Pressure Level (dB)

10 100
Frequency (Hz)

—m— 119.4(s) —o— 112.6(5) —A— 569.9(s) —¥— 475.4(s) —4— 440.0(s)

—0—72(s) —0— 293.0(s) —A— 563.7(s) —v— 449.7(s) —o— 211.2(s)

(g) 40Hz

Sound Pressure Level (dB)

Sound Pressure Level (dB)

Sound Pressure Level (dB)

Sound Pressure Level (dB)

Sound Pressure Level (dB)

1
3 4943
=0 ST T | Trr TS T ssiseis
0 100 200 3 500
Time (s)
100
] [
S0 —
60 S
70
60 - \ .
50
1 10 100
Frequency (Hz)
—m— 482.5(s) —®— 1158(s) —A— 551 8(s) —w— 376.1(s) —&— 255.1(s)

—0— 563.8(s) —0— 74.0(s) —A— 494.3(s) —v— 381.3(s) —0— 86.1(s)

(b) 4Hz

)

TN

298330581377 2H00.4 T

Tine e

100
(e (e IS e (] (0 5 U8 ] SRR ENPU) (PPN O -
80 3 =
703 ns . £
60 -]
50

] 10 100

Frequency (Hz)
—m— 126.0(s) —®— 298.3(s) —A— 590.3(s) —v— 477.7(s) —&— 582.6(s)
—0—377.2(s) —0— 400 4(s) —A— 305.8(s) —v— 551 5(s) —0— 495.3(s)

(d) 12.5Hz.

[CEMTIT) BT | v T 55
200 300

E
T532.0 559 952
763 13320 559.6
400 4767500 324" 600
Time (s)

10 100
Frequency (Hz)

—m—248.7(s) —®— 554.0(s) —A— 582.1(s) —~w— 559.4(s) —&— 110.9(s)
—0—297.7(s) —0— 476.7(s) —A— 194.6(s) —v— 492.9(s) —0— 532.0(s)

(f) 25Hz

Fig. 6 SPL of target frequencies (SLM2 at Span 2)
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among nominal central frequencies of 1/3 octave-band (hereafter, 1/3 octave-band frequency). In
addition, those SPLs of 12.5 Hz and 16.0 Hz of the 1/3 octave-band frequency are also examined
because they are frequencies connecting to the motion of vehicle’s un-sprung mass. Hereafter this

Table 3 Mean values of SPL at each peak time

Target frequency SLM1 (Span 3) SLM?2 (Span 2)
3.15 Hz 80.78 dB 76.61 dB
4.00 Hz 85.40 dB 83.14 dB
5.00 Hz 81.22 dB 86.61 dB
12.5 Hz 82.50 dB 83.68 dB
16.0 Hz 80.22 dB 79.49 dB
25.0 Hz 82.04 dB 80.32 dB
40.0 Hz 77.14 dB 77.64 dB
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Fig. 7 Acceleration time history observed at AC2 on Span 3 and its moving spectrum, and SPLs of 1/3
octave-band frequency measured at SML1 near Span 3



380 M. Kawatani, C.W. Kim and K. Nishitani

~ o — —_—r
" 2
“ £ 010+ -
E 3
z 2 008 3
S 2 3.4(Hz)
S 2 006+ 36Hz) e
004 - 3(Hz),  44H2) .
002 = -
000 —rr e
102 1 106 108 10 1 10 100
Timefsec) Frequency(Hz)
(a) target frequency of 3.15Hz
05 / ——— ——
~ 04 1
2 03 3
£ 024 § . | E
Z 01 Al 4201) ]
Z 00 3 7]
i i ) A LR L Al 1 gt 3
2 -03 .
-04 " ]
-05 — T Sy
158 160 162 164 166 1 10 100
Time(sec) Frequency(Hz)
(b) target frequency of 4Hz
08 g — — ]
ik - - 70 E
£ 013 = ]
g_g!l) £ 006 34(Hz) ]
e ]
g—gﬁgj L L I L il el ! 5 001 3401) ]
<,0_4_: . Eooz-_ E
05— 77— 000 —— e R
102 104 106 108 110 1 10 100
Time(sec) Frequency(Hz)
(c) target frequency SHz
05 008 — T —
2 04 ] ]
203
Y I E
__5 01 4
E: 00 4 -
3o R LAk j
Z-03 T
-04 B— . S E
w7771 e
52 54 56 58 60 10
Time(sec)
(d) target frequencyl2.5Hz
05 ~ 00 —— Ty ——
~ 04 1 i 1
£ 03 E
E 02 3z 006 E
I I b o= 3 4 ]
Z 00 Z 004 <
5-01 £ d 4
3 - | il £
4 §
3-g:§ 5 0024 3501) . 270) -
< 04 g J 1230k2) ]
-05 3 e A it sl NI
T < o R EAN Pt
90 92 9 96 98 1 10 100
Time(sec) Frequency(Hz)
(e) target frequency 16Hz
o —— ——r
2
5 0.06 — e
g
=004 -
£ 26(Hz)
; 002 — 36(Hz) -
= 10.7Hz) 29.5(Hz)
) J\_M P
6 1 10 100
Time(sec) Frequency(Hz)
(f) target frequency of 25Hz
~ 0% T ———r
H £ 006 -
E 4 4
H 004 -
3
3 5 002 27(Hz) 36(H2) -
< H 1 19008)9 3112y 40.201z) J
2 Aha P i elon
—_— —— Ty e P
16 18 20 2 1 10 100
Time(sec) Frequency(Hz)

(g) target frequency of 40Hz
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paper designated those seven frequencies as the target frequencies.

The acceleration responses of the bridge are measured at six observation points. The sound
pressure level (SPL) and the acceleration response are acquired during 10 minutes. Table 1 provides
details of observation points. Those observation points also appear in Fig. 1 (a).

Ten peaks selected from time series of SPL of each target frequency are plotted on the criterion
shown in Fig. 4 to assess the LFS. The criterion is categorized as four regions which are divided by
minimum audible line and the boundary for rattling. The meaning of categories I, II, III, and IV in
Fig. 4 is described in Table 2 (Ministry of Environment 2004). The 20.0Hz in the figure is the
border to classify low frequency sound/noise and infrasound, and the SPLs crossing minimum
audible line and rattling at the 20.0 Hz are 76 dB and 80 dB respectively.

In measuring SPL, heavy vehicles passing near the measuring points were observed, and the
air pressure generated by passing vehicles affects SPL of 1 Hz to 2 Hz as a result. Therefore
among peaks over 80 dB which is the minimum value causing rattling of window or door at
20.0 Hz as previously mentioned, ten peaks except those peaks appearing in 1 Hz to 2 Hz are
considered.
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Fig. 9 Acceleration time history observed at AC5 on Span 2 and its moving spectrum, and SPLs of 1/3
octave-band frequency measured at SML2 near Span 2
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Fig. 10 Acceleration time history taken from five seconds before and after the time of peak SPL of each
target frequency and their Fourier spectra observed at AC5 on Span 2
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4. Characteristics of low frequency sound

The time series of SPL of the target frequencies are shown in Fig. 5, which are measured at the
observation point SLM1 of Span 3. Therein SLM is abbreviation of Sound Level Meter and the
time corresponding to vertical broken lines on the time history of SPL indicate the time of those ten
peaks. The SPLs of those ten-peak times with respect to the 1/3 octave-band frequency are also
plotted as shown in Fig. 5.

For the time history of SPL of the target frequency 3.15 Hz shown in Fig. 5(a) as an example,
51.9s, 105.7s, 160.8s, 314.0s, 358.5s, 364.5s, 413.2s, 487.8s, 499.8s and 596.1s indicate those times
of the ten peaks.

For the frequency characteristics of the SPL of the target frequencies from 3.15 Hz to 5.00 Hz as
shown in Figs. 5(a), 5(b) and 5(c) respectively, the peak values of the SPL of each target frequency
reach to the category III of the classification of LFS. The SPLs of 25.0 Hz even reach to the
category IV as shown from Fig. 5(d) to Fig. 5(g), which can bear complaint due to the LFS.
Moreover, the SPLs at 12.5Hz which reach to the category III are also observed as shown in Figs.
5(a), 5(d), 5(e), 5(f) and 5(g). Those frequencies near 12.5 Hz and 25.0 Hz are related to the motion
of vehicle’s un-sprung mass and the vibration of the cantilever decks. The observations demonstrate
that three peaks of the SPL appear near 4 Hz, 12.5 Hz and 25Hz of the 1/3 octave-band frequency.
A noteworthy point is that the peaks of SPL near 40 Hz are also observed as shown in Fig. 5(g),
even though the effect is not so great since it enters the category II.

Those SPLs measured at the observation point SLM2 of Span 2 are summarized in Fig. 6. The
definitions of graphs in Fig. 6 are the same as those depicted to explain Fig. 5. The SPLs on the 1/3
octave-band frequency show similar tendency with that measured at the observation point SLM1. A
difference is in the dominant frequency of the SPL below 10 Hz: for the SPL measured near the
observation point SLM1 of the Span 3 the SPL is dominant near 4 Hz, on the other hand the SPL
measured at SLM2 of Span 2 dominates at 5 Hz as shown in Fig. 6. The dominant frequencies near
4.00 Hz and 5.00 Hz correspond to the torsional modes of Span 2 and Span 3 respectively. It
indicates that the SPL of LFS at an observation point is greatly affected by vibrations of the span
which is close to the observation point.

In order to clarify the effect of vibrations of the span to the SPL of LFS, the mean value of five
peak SPLs is examined and summarized in Table 3. It shows that for target frequencies 3.15 Hz and
4.00 Hz, the SPLs measured at the observation point SLM1 of Span 3 is greater than that measured
at the observation point SLM2 of Span 2. For the target frequency of 5.00 Hz, on the other hands,
the SPL measured at the observation point SLM2 of Span 2 is greater than that of measured at the
observation point SLM1 of Span 3.

Therefore, it can be concluded again that the vibration characteristic of the span which is close to
observation points of LFS greatly influences the SPL of LFS. This result is discussed later again by
comparing frequency features of LFS with those of bridge responses.

5. Correlation between bridge acceleration and LFS

To investigate correlation between the acceleration response of the bridge and LFS that is
observed near the bridge, the dominant frequencies of the acceleration response measured at
observation points AC2, AC5 and AC6 are compared with those of SPLs. In order to see how
vehicles affect bridge vibrations as shown in Figs. 7(a), 9(a) and 11(a), the frequency characteristics
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of bridge’s acceleration responses are firstly investigated using the moving spectrum obtained by
means of a wavelet transformation. Moreover, the correlation between bridge vibrations and LFS is
investigated by comparing the dominant frequency of SPL with Fourier spectra of acceleration
responses which are taken from five seconds before and after the peak-time of SPL of each target
frequency (totally 10 seconds) as shown in Figs. 8, 10 and 12.

The moving spectrum clearly shows the frequency characteristic of each span: 2.5 Hz to 4.0 Hz
are dominant for the observation point AC2 on Span 3, as shown in Fig. 7(a); on the other hand for
ACS on Span 2, frequencies from 4 Hz to 5 Hz are dominant, as shown in Fig. 9(a); for AC6 on the
cantilever deck of Span 2, the dominant frequency near 12.5 Hz is observed including dominant
frequencies from 4 Hz to 5 Hz under normal traffic, as shown in Fig. 11(a). The trend of dominant
frequencies in moving spectra corresponds to the trend of SPL of the 1/3 octave-band frequency
shown in Figs. 7(b), 9(b) and 11(b).

Looking into the Fourier spectra of the acceleration responses taken from five seconds before and
after the time of the dominant SPL of each frequency, the frequency below 5 Hz dominates as
shown in Figs. 8, 10 and 12. A noteworthy point is that the spectrum of the acceleration response of
AC6 of Span 2 shows clear peaks near 12.5 Hz which cannot be clearly observed from the
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responses of observation points AC2 and AC5 at the mid-span of main girder. It is straightforward
having clear peaks near 12.5 Hz because its observation point is on the cantilever deck and is easily
affected by vehicles’ un-sprung mass movement.
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target frequency and their Fourier spectra observed at AC6 on Span 2
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6. Conclusions

In this study traffic-induced LFS radiated from a steel box girder bridge is investigated through a
field experiment. In order to examine the major sources of the LFS near the bridge, the relationships
between bridge vibrations and LFS are investigated: the dominant frequency of SPL is compared
with Fourier spectra of acceleration responses taken from five seconds before and after the time of
the peak SPL.

From the experiment, it demonstrates that the SPLs near 4.0Hz and 5.0Hz which is similar with
bridge’s fundamental frequencies become dominant. Therefore, it can be concluded that the
vibration characteristic of the span near measuring points influences the SPL of low frequency
sound. Especially, the vibration of cantilever decks which are easily induced by vehicles’ un-sprung
mass motion also affects LFS near the bridge.

The study also demonstrates that reducing or controlling bridge vibrations can decrease LFS near
the bridge. In the next step for this study, therefore, the effectiveness of countermeasures against the
LFS will be examined with an analytical method.
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