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Full-scale measurements for noise transmission in tunnels
K. M. Lia) and K. K. Iu
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

~Received 21 February 2004; revised 27 December 2004; accepted 27 December 2004!

In many previous studies, energy-based methods are used to predict the attenuation of sound in long
tunnels. However, these models do not address the interference effects of the sound fields generated
by all image sources. A numerical model has been developed, in which the total sound field is
computed by summing contributions from all image sources coherently. This numerical model also
incorporates a correction term for calculating the atmospheric absorption of sound in air. To validate
the numerical models in practical situations, two road traffic tunnels have been chosen for extensive
measurements. The levels of the transmitted noise have been recorded in one-third octave band
frequencies at various separations up to a maximum of 400 m. The predictions using the coherent
model agree reasonably well with the measured data at all frequencies. The agreements between the
field data and the theoretical predictions using the energy-based model are tolerable at high
frequency, but less so at low frequency. In most cases, the predictions of the coherent model give
the best results, with an accuracy to within 3 dB. On the other hand, the energy-based models are
not able to predict the peaks and dips across the frequency spectra, the variance with the
measurement results being up to 7 dB at low-frequency bands. ©2005 Acoustical Society of
America. @DOI: 10.1121/1.1859251#

PACS numbers: 43.50.Rq, 43.55.Gx, 43.55.Ka Pages: 1138–1145
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I. INTRODUCTION

The current study is motivated by the need for a be
understanding of sound propagation in tunnels. This can
vide useful information for improving the acoustic enviro
ments of road traffic tunnels. Despite considerable impro
ments in computer performance and the accelera
development of many numerical achemes, full-scale m
surements are still popular for studying sound fields in lo
ducts, such as corridors and tunnels. The present work
continuation of our earlier study1 that investigates the theo
retical models for predicting the propagation of sound
long enclosures. A comprehensive literature review of
problem can be found in Ref. 1 and its cited references
this paper, we wish to show the robustness of the comp
image source model2 ~also known as the coherent model! for
the prediction of sound fields in long ducts with geome
cally reflecting boundaries. Extensive full-scale field me
surements in two tunnels for road traffic are conducted
to the results compared with numerical predictions. We
deavor to study the importance of the interference effe
caused by the direct and reflected waves for the accu
prediction of sound fields in long tunnels. To demonstr
that the coherent model is valid for a long propagation d
tance, measurements are taken in the tunnels up to a dis
of several hundred meters from the source.

The problems are simplified, somewhat, by modeling
propagation of sound in long tunnels as an analogous s
tion to the determination of sound fields in a long enclos
bounded by two parallel vertical inwalls of infinite exte
and two parallel horizontal planes. Although impedan
boundary conditions can be implemented onto all verti
and horizontal planes in our numerical model, the analy

a!Electronic mail: mmkmli@polyu.edu.hk
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here are restricted to perfectly reflecting walls, ceiling, a
ground. This simplification is justifiable because the boun
ary walls of most tunnels are constructed with acoustica
hard materials. Two different tunnels, which are norma
used for road traffic, are chosen for field measurements in
present study. The experimental results will be used to co
pare with different numerical models.

The structure of the paper is as follows. In Sec. II w
outline the numerical models used in the present study.
effect of atmospheric absorption of sound has been inco
rated in the numerical analyzes. The issue on the numbe
image sources required for the calculation has also been
dressed. In Sec. III, we describe experimental studies
noise transmitted in two tunnels. Experimental results
compared with numerical predictions. Finally, the outcom
of the current study are summarized in Sec. IV.

II. NUMERICAL SIMULATIONS

A. The effect of atmospheric absorption of sound in
air on the prediction models

The attenuation of sound due to atmospheric absorp
is well known and has been studied for decades.3 A practical
method for calculating the attenuation of sound in air is
multiply an exponential term, exp(2ad), to account for the
reduction of sound energy caused by air absorption. T
term is also known as the air absorption factor wherea is the
attenuation of sound in air andd is the distance of the re
ceiver from the source.

Recently, the Acoustical Society of America has pu
lished an American National Standard, ANSI S1.26-1995,4 to
provide a means of calculating the atmospheric attenua
of sound in air from any source, moving or stationary, fo
wide range of meteorological conditions. In view of a rece
117(3)/1138/8/$22.50 © 2005 Acoustical Society of America
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study,1 the modified expressions for sound propagation i
long tunnel with geometrically reflecting boundaries may
written as

P~N!5
1

4p (
N

exp~ ik8dN!

dN
, ~1!

wherek8(5k10.115ia) is the modified wave number anda
is the coefficient of sound attenuation that has units
dB m21. The real part of the modified wave number,k
(5v/c), is the ratio of the angular frequency of the sour
to the speed of sound in air. The imaginary part of the mo
fied wave number accounts for the attenuation of sound in
due to the effect of atmospheric absorption. The total so
field is obtained by summing contributions from all ima
sources to the receiver withdN as the distance from theNth
image source to the receiver. The termN may also be re-
garded as the order reflections from the boundary surfa
We refer to the formulation given in Eq.~1! as the coheren
model. It is noteworthy that the use of Eq.~1! implies that
specularly reflections occur at the boundaries of the en
sure. This assumption is justifiable because there are us
few diffusely reflecting surfaces employed in the constr
tion of road traffic tunnels. The use of a model for diffu
reflection of boundary surfaces will not be considered in
present study.

The third formulation used in our study is a simp
energy-based model developed by the Acoustical Societ
Japan published.1,5 The formula, which may be found in Eq
~9! of Ref. 1, is referred to as the ASJ model. The attenua
of sound due to atmospheric absorption can easily be in
porated in the ASJ model by multiplying the existing formu
with the same exponential factor, exp(2ad), as discussed
earlier in the incoherent model.

B. Noise reduction

The levels of sound energy are usually calculated in
incoherent and ASJ models, but the sound pressure level
predicted by the coherent model. For ease of compariso
different theoretical models and experimental data, we u
term known as the noise reduction~NR!, which is defined as
the ratio of the total sound field,P(N), measured at variou
receiver locations to the total field,P10(N), measured at 10
m in front of the source:

NR520 log@P~N!/P10~N!#. ~2!

For the coherent model, the total sound pressure levels
be calculated from Eq.~1!. On the other hand, the soun
energy is usually used in the incoherent and ASJ models.
may modify Eq.~2! to obtain the corresponding noise redu
tion spectrum as follows:

NR510 log~ I /I 10!, ~3!

whereI is the total sound energy at various receiver locatio
andI 10 is the total sound energy at 10 m from the source.
note that 10 m is chosen as a reference point instead of
5 m, as used in other studies.1,6,7The choice of 10 m ensure
that all measurements are conducted outside a hydrodyn
near-field region8 for a frequency range down to 50 Hz o
J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005
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which the wavelength is 6.8 m. Consequently, the lou
speaker used in our experimental studies can be assum
be a point source.

C. Number of image sources

The use of ray models to compute the sound field
quires the summation of a series of infinite terms. Each ‘‘v
tual’’ image source is represented by a term from the ser
The contributions of the higher-order image sources, wh
become weaker in strength when they are located far
apart from the receiver, can be neglected. As a result, on
finite number of image sources contribute significantly to
total sound pressure levels. Dance and Shield9 described a
computer-based image-source model for the prediction
sound distribution in a nondiffuse fitted enclosed space, s
as a factory. In their study, the number of ‘‘allowable’’ re
flections was determined by using a percentage of ene
discontinuity. The percentage is set at a level such that
contribution from a given image source is negligibly sm
relative to the overall sound level. The relationship betwe
the order of reflection,N, and the energy discontinuity pe
centage,Ep , is defined by

N5
ln~12Ep/100!

ln~12a!2al
, ~4!

wherea is the average absorption coefficient of the boun
aries,a is the absorption attenuation of air, andl is the mean
pathlength from the image sources to the receiver. A typ
value ofEp , which allows accurate predictions of the sou
field in a range of enclosed spaces, lies between 90%
99%.10 Obviously, a smaller valueEp leads to a shorter com
puting time for ray tracing models because the allowa
reflection order,N, is smaller.

When the coherent model is used, we anticipate tha
finite number of terms are required in the prediction of t
sound field in long enclosures. However, Eq.~4! cannot be
used for determining the number of the required terms in
ray series. This is because the coherent model is no
energy-based scheme. In our study, the relative error at
lowest one-third octave band of interest in the total sou
field is used to determine the number of required reflectio
Here, we define the relative error in total sound field,DP, by

DP5UP~m1n12!2P~m1n!

P~m1n!
U, ~5!

whereP(N) given in Eq.~1!. It is the total sound field at a
particular receiver location due to an image source withN as
the order of reflection from the boundary surfaces. The or
of reflection can be split intom and n where they are the
respective orders of reflections at the vertical and horizo
boundaries. The error in truncating the ray series toNth order
of reflections is bounded byDP if N is sufficiently large. The
smaller the relative error, the more the terms~i.e., more com-
putational time! are required in the ray series given in E
~1!.

Figures 1 and 2 show the predicted relative errors for
propagation of sound in tunnels with different conditions.
Fig. 1, we display the numerical simulations for a tunnel th
1139K. Li and K. Iu: Transmission of noise in tunnels
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has a rectangular cross-section of 12.5 m35.8 m. Predictions
of the relative error,DP, is calculated for a receiver locatin
at different horizontal distances of 10, 50, and 400 m fr
the source. In the simulations, the source and receiver
situated at 0.9 and 1.3 m above the ground, respectiv
Both the source and receiver are placed at a distance of
m from one of the vertical walls. Figure 1~a! shows that the
direct distance between the source and receiver affects
required order of reflection, i.e., the number of term in t
ray series. More image sources are generally required
greater separations between the source and receiver se
tion.

Next, we show that the size of the tunnel also affects
number of terms required for the ray series. This can
achieved by comparingDP for two tunnels with different
cross-sectional areas. The first tunnel~Western Cross Harbo
Tunnel! has a cross-sectional area of 12.5 m35.8 m, which
has the same dimension as the tunnel used in Fig. 1.
second tunnel~Tai Lam Tunnel!, which has a dimension o

FIG. 1. Comparisons of predicted relative errors versus numbers of re
tions at 50 Hz for sound propagation in a realistic tunnel with a cro
sectional area of 12.5 m35.8 m. Three source/receiver separations
shown.~Dashed line with diamonds: 400 m; solid line with diamonds: 50
solid line: 10 m.!

FIG. 2. Comparisons of predicted relative errors versus numbers of re
tions at 50 Hz for sound propagation in two realistic tunnels with the sou
receiver separation of 200 m. Two cross-sectional areas of the tunne
shown. ~Solid line with diamonds: 12.5 m35.8 m; dashed line with dia-
monds: 14.2 m36.0 m.!
1140 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005
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14.2 m36.0 m, is larger than Western Cross Harbor Tunn
The choice of dimensions used in numerical simulations
flects the actual sizes of the two tunnels employed for fi
measurements. More details about the tunnels will be
scribed in Sec. III.

In the numerical simulations, the source is placed at
centerline and at 1 m above the ground in Tai Lam Tunne
The receiver, which is located at a horizontal distance of 2
m from the source, is placed at an offset position of 3.5
from one of the vertical wall and at 2.33 m above the grou
For Western Cross Harbor Tunnel, the source is placed
6.25 m from one of the vertical walls and 0.9 m above t
ground. The receiver is placed at 2.65 m from the same
tical wall and at 2.38 m above the ground. Again, the se
ration between the source and receiver is set at 200 m
Western Cross Harbor Tunnel in the numerical simulatio
Figure 2 displays the predicted relative errors versus the
ders of reflection for the tunnels with different dimension
To achieve a comparable relative error in predicting the to
sound field, more terms are required for a tunnel with
smaller cross-sectional area. This conclusion agrees with
of the finding in an earlier study for the sound propagation
a narrow city street6 where more higher-order rays are r
quired for a narrower street.

In the current study, the 50 Hz frequency band is used
the basis to determine the required terms needed in Eq.~1!.
This is because 50 Hz is the lowest frequency considere
the present study. We find that use of a maximum of
reflections from the tunnel walls is sufficiently accurate f
the geometrical configuration used in our experimental st
ies. Generally speaking, fewer terms are required fo
source with higher frequencies and for shorter separat
between the source and receiver. Although it is possible
optimize the number of terms required in the ray series,
attempt has been made in the numerical simulations sh
in this paper. SettingN equal to 60 is adequate to ensure th
the resultingDP is less than 5% in all calculations.

III. FIELD MEASUREMENTS IN TWO TUNNELS

In a recent study,1 we have demonstrated that predi
tions by the coherent model agree well with the measurem
data in a scale model experiment. To further validate
coherent model, measurements were conducted at night
in two realistic long tunnels, namely Tai Lam Tunnel an
Western Harbor Crossing Tunnel in Hong Kong. These t
nels were designed for use by automobiles but closed
general maintenance purposes in the nighttime. Hence, it
a relatively ‘‘quiet’’ environment with a typical backgroun
noise level of 60 dB~A! because of the lack of traffic flow
during the measurement period. However, occasional n
was generated as a result of maintenance activities.

When conducting the measurements at Tai Lam Tun
a subwoofer, the Tannoy B475, was chosen as the n
source. This generates a high definition sound at low
ultra-low frequencies. The frequency response was63 dB in
the range from 28 to 240 Hz. While the measurements
Western Harbor Crossing Tunnel are intended to extend
high-frequency regions, a general-purpose speaker, the
noy T300, was chosen as the noise source. The Tannoy T
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TABLE I. Absorption coefficients of the tunnel boundaries at 1/3-octave bands.

Frequency~Hz! 50 63 80 100 125 160 200 250
Absorption coefficient 0.015 0.018 0.02 0.022 0.025 0.027 0.029 0

315 400 500 630 800 1 k 1.25 k 1.6 k
0.032 0.034 0.035 0.037 0.039 0.04 0.044 0.0
2 k 2.5 k 3.15 k 4 k 5 k 6.3 k 8 k
0.05 0.057 0.063 0.07 0.075 0.08 0.09
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comprises one 12 in. dual concentric driver, in which t
low-frequency and high-frequency sources were coincid
tally aligned to a point source, resulting in a smooth unifo
response~63 dB! over a wide frequency range from 55 to 2
kHz.

As the wall surfaces along the length of the tunnels w
made of concrete, we assume that all boundaries have
same absorption coefficient in the predictions based on
incoherent model. See Table I for the list of the absorpt
coefficients at each octave band used by Yang and Shie10

In predictions according to the ASJ model, Takagiet al.11

have selected an absorption parameter of a value 0.04
tunnels with concrete wall surfaces. This value is used in
study of the sound propagation in the two tunnels mentio
above.

Both tunnels were built for the use of automobiles.
minimize the influence of background noise, the measu
ments were taken in the nighttime with a loudspeaker ge
ating high levels of random noise. A precision type sou
level meter was used as a signal receiver to measure s
pressure levels in one-third octave bands. In the follow
sections, we shall show comparisons of the theoretical
dictions with experimental measurements.

To facilitate the comparison the theoretical predictio
with field measurements, each one-third band is divided
a number of smaller sub-bands of a constant bandwidth.
total sound field is then computed by summing the no
levels of all sub-bands. Since the number of predicted d
for each one-third octave band increases with the increa
center frequency because the one-third octave bands
spaced logarithmically. Consequently, the computational
fort increases with the increase of the octave-band ce
frequencies. To reduce the computational time without
fecting the accuracy of predictions, the sub-bands are
spaced logarithmically. A preliminary study suggests that
of the logarithmic sub-bands is sufficient for the present
merical analyses.

A. Measurements in Tai Lam Tunnel

Tai Lam Tunnel was 3.7 km long with a rectangul
cross-section of a nominal width and height of 14.2 and
m, respectively. The two sides of the tunnel walls were f
nished with smooth concrete panels that were slightly cu
for decorative purposes. These vertical walls were assu
to be reflective flat surfaces. The ground was made of c
crete with raised walkways formed adjacent to the verti
walls. A slightly curved ceiling made of concrete slab w
regarded as a reflective flat surface in parallel with
ground. The lighting equipment and signal boxes were h
from the ceiling of the tunnel. It is remarkable that th
, Vol. 117, No. 3, Pt. 1, March 2005
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boundaries of the tunnel, i.e., the two vertical walls, t
ground and the ceiling are considered to form a long rect
gular enclosure in our prediction model. As shown in t
following comparisons, this simplification does not cau
significant errors in predicting the overall noise levels in t
tunnel.

The experiments were conducted at the location s
that the tunnel exits at either end do not have signific
effects on the measurements. A Tannoy Superdual B
loudspeaker with external dimensions of 0.55 m30.58 m
high was used as a sound source generating white nois
the field measurements. The sound source was located
above the concrete ground and either 3.5 or 7.1 m from
of the vertical walls. These source locations were chose
simulate the approximate locations of ground-based sour
such as engine noise, emitted from heavy vehicles or
evated noise sources, such as jet fans, installed unde
ceiling of the tunnel. Measurements of sound pressure le
in one-third octave bands were recorded using an Ono S
Precision Sound Level Meter type LA-5110 at various
ceiver locations from 10 to 200 m. The receivers were
cated at the centerline of the tunnel and on the side at 3.
from one of the vertical walls. These two locations are
ferred to as the centerline and offset line, respectively, in
section. The height of the receiver was set at 1.25 and 2.3
above the ground. They are referred to as the low and h
positions, respectively.

In the first set of measurements, the source was loca
at the centerline, 7.1 m from one of the vertical walls and
m above the concrete ground. To obtain the values of no
reduction~NR!, as defined above, the sound pressure le
measured at a receiver location at a horizontal distance o
m in front of the source and at a height 1.25 m above
ground was used as the reference. This receiver location
referred to as the reference point.

Due to the interference effect of the source and its i
ages, the sound levels at octave bands vary consider
even when the receivers were located close to the sou
Figure 3 shows the experimental results of a frequency sp
trum for the octave bands from 50 to 500 Hz. A typic
geometry was used in the measurements with a receive
cated at a horizontal distance of 10 m from the source. T
measurements were taken at the same vertical plane a
reference point, but the receiver was moved from the re
ence point to the high position at the offset line. As illu
trated, the coherent model can be used to predict the in
ference dips at the low-frequency region considerably w
while the predictions according to the incoherent and A
models are rather insensitive to the change of receiver lo
1141K. Li and K. Iu: Transmission of noise in tunnels
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 26 February 2025 08:24:29
tions. The comparison shows that the discrepancy betw
the measurement result and the prediction by the incohe
and ASJ models can be up to 7 dB at 125 Hz. On the o
hand, the variation in the noise reduction~NR! gradually
arrives at a steady level of about23 dB when the octave
band frequency exceeds 315 Hz. The incoherent and
models predict that there is no noise reduction for sou
transmitted over a source/receiver separation of 10 m.

To demonstrate the usefulness of the coherent mode
the prediction of sound propagation in a long-range situat
we move the receiver farther from the source. We show
Fig. 4 only the results for the measurements at a horizo
distance of 150 m from the source. Again the spectrum
quency is shown with the octave bands varying from 50
500 Hz. In this set of measurements, the source was loc
at the centerline and the receiver at the high position of
offset line. The figure illustrates that the coherent model
be used to predict the fluctuations of noise reduction ac
the frequency spectrum with accuracy. The incoherent
ASJ models are less accurate prediction schemes for
source frequency below 200 Hz. At the frequency range
interest from 50 to 500 Hz, the ASJ model generally und
estimates the sound attenuations along the tunnel.

In the next set of measurements, the source was set

FIG. 3. A comparison of noise reduction spectra among the prediction
the coherent model, incoherent model, ASJ model, and measurements
Lam Tunnel. The source and receiver were placed, respectively, at 1
2.33 m above the ground and at respective distances of 7.1 and 10.7 m
one side of the tunnel wall. They were separated by a horizontal distan
10 m. The predictions according to the incoherent and ASJ models coin
at all frequencies.~Solid line with open circles: Measured results; dash
line with open circle: predictions according to the coherent model; solid
with crosses: predictions according to the incoherent model; dot–da
line with dark circles: predictions according to the ASJ model.!

FIG. 4. The same as Fig. 3, except that the source and receiver were
rated by a horizontal distance of 150 m.
1142 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005
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m above the ground and placed either at the centerline
offset at 3.5 m from one of the vertical walls. Noise me
surements were conducted along the tunnel from a horizo
distance of 10 to 200 m at the frequency range from 50
500 Hz. Two typical sets of data are selected for prese
tion. In Fig. 5, the receiver was placed at the low position
the offset line with the octave-band frequency of the sou
at 160 Hz. On the other hand, in Fig. 6, the receiver w
placed at the high position at the centerline with the octa
band frequency at 315 Hz. These two plots display typi
results of the predicted noise reduction by various mod
with the measured noise reduction plotted against the h
zontal distance from the source. These two figures show
higher sound attenuation along the tunnel was achie
when the receiver was located at the low position at
offset line. We also note that there was no appreciable so
attenuation at the receiver locations between 20 and 5
from the source. Generally speaking, the coherent mo
gives a more accurate prediction in all source/receiver c
figurations. As shown in both figures, the predictions acco
ing to the coherent model agree to within 3 dB of the expe
mental measurements. However, there are notice
discrepancies between the measurement results and pr
tions according to the incoherent and ASJ models. The
ferences between the ASJ model and the measurement
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FIG. 5. A comparison of sound attenuation at different source/receiver s
rations along Tai Lam Tunnel with the noise source located 1 m above the
ground and 7.1 m from the tunnel wall. Measurements were conducted
the source frequency of 160 Hz and the receiver locating at the offset
along the tunnel and 1.25 m above ground. The keys for the lines sho
the figure are the same as in Fig. 3.

FIG. 6. The same as Fig. 5, except that the source frequency was 31
and the receiver was located at the centerline along the tunnel and at
aboveground.
K. Li and K. Iu: Transmission of noise in tunnels
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be as high as 7 dB. For the source located at the of
position and the receiver located at other distances, comp
sons of the experimental data with theoretical predictio
have rather similar results. These results are not shown
for brevity.

The usefulness of using the coherent model, i.e., con
ering the interference, in predicting sound propagation at
frequencies, is generally expected. However, it is of inter
to determine the critical frequency where the incoher
models should not be used. The critical frequency may
determined by considering the pathlength difference of
direct ray and the reflected ray of the first order. Suppose
the cross-sectional area of the tunnel isA and the horizontal
distance between the source and receiver isL. Then, the typi-
cal length scale of the tunnel with a rectangular cross-sec
is AA. The paths of the direct and the reflected ray of the fi
order have the respective length scales ofAL21A and
AL212A. Hence, the pathlength difference has an appro
mate order ofAL/2(L21A) which is derived by assuming
D@0. The effect of interference between the contributo
rays is significant if the wavelengthl of the transmitted
sound is much less than the pathlength difference, i.el
!AL/2(L21A). The critical frequency is then determine
by

f c;2c~L21A!/AL, ~6!

wherec is the speed of sound in air. The incoherent mo
should be adequate in predicting the average levels of
transmitted noise if the source has a frequency much gre
than the critical frequency.

We remark that the frequency used in the measurem
at Tai Lam Tunnel was not high enough to allow an asse
ment of the critical frequency and source/receiver separa
in which the incoherent model may be used to predict
average level of the transmitted noise. This issue will
addressed in the next section.

B. Measurements in Western Harbor Crossing Tunnel

Western Harbor Crossing Tunnel was a 2 kmthree-lane
road tunnel in Victoria Harbor of Hong Kong. This tunne
which has a rectangular cross-section of a nominal width
12.5 m and a height of 5.8 m, shares a similar design to
Tai Lam Tunnel described earlier. The tunnel walls a
ground were made of concrete with flat and smooth surfa
Raised walkways adjacent to the vertical walls and ot
scattering surfaces hung from the reflective ceiling w
found. To obtain a full spectrum of measurement results fr
50 to 8 kHz, the Tannoy loudspeaker model T300 with e
ternal dimensions of 0.37 m30.59 m in height was used as
sound source generating pink noise. The sound source
located at 0.9 m above the concrete ground and at either
or 6.25 m from one of the vertical walls. An Ono Sok
Precision Sound Level Meter type LA-5110 was used to t
measurements of sound pressure levels in one-third oc
bands at various receiver locations from 10 to 400 m. T
receivers were located at the centerline of the tunnel and
the side at 2.65 m from one of the vertical walls. This
referred to as the offset line in this section. The height of
J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005
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receiver was set at 1.3 and 2.38 m above the ground. Th
are referred to as the low and high positions, respectivel

An initial measurement of the sound pressure levels
horizontal distance of 10 m in front of the source was co
ducted in the tunnel. The result was used as the refere
data for the deduction of the noise reduction spectra in
subsequent field measurements. At the reference location
receiver was placed 1.3 m above the ground. A compreh
sive set of measurements was then conducted for var
source and receiver locations. These experimental data w
used for a comparison with different numerical mode
When the horizontal distance between the source and
ceiver was extended beyond 75 m, say, the noise le
dropped significantly due to the high absorption of sou
energy in air, especially at frequency bands over 1 kHz. I
important to include the air absorption factor in the pred
tion models in order to accurately predict sound propaga
in tunnels. To illustrate this point, selected noise reduct
spectra are presented for the octave bands varying betw
50 and 8000 Hz. Figures 7 and 8 display the results
receivers at a horizontal distance of 250 and 350 m from
source, respectively. In these two examples, the receiver
located at the centerline and at the high position. The figu
reveal that the coherent model is able to predict peaks

FIG. 7. A comparison of noise reduction spectra among the prediction
the coherent model, incoherent model, ASJ model, and measuremen
Western Harbor Crossing Tunnel. The source and receiver were pla
respectively, at 0.9 and 2.38 m above the ground and at respective dist
of 9.85 and 6.25 m from one side of the tunnel wall. They were separate
a horizontal distance of 250 m. The keys for the lines show in the figure
the same as in Fig. 3.

FIG. 8. The same as Fig. 7, except that the source and receiver were
rated by a distance of 350 m.
1143K. Li and K. Iu: Transmission of noise in tunnels
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dips occurring at the low-frequency region and gives
highest accuracy across the whole frequency range of inte
as compared with the ASJ and incoherent models. In
geometrical configuration, the ASJ model underestimates
noise reduction of up to 6 dB at 3150 Hz, where destruct
interference occurs. On the other hand, the incoherent m
overestimates the noise reduction of up to 6 dB at 100
630 Hz, where constructive interference occurs.

As discussed in the last section, we can roughly estim
the critical frequencies,f c , for these two examples in Figs.
and 8. According to Eq.~6!, they are about 2 and 3 kHz fo
the horizontal distances of 250 and 350 m, respectively.
expect that the incoherent model should be adequate to
mate the average levels of the transmitted noise if the so
frequency is higher than the critical frequency. This is su
ported by the experimental results shown in Figs. 7 and
which the incoherent model gives a fair estimation of t
Noise Reduction in the tunnel. Nevertheless, the incohe
model can only provide the average noise levels and
unable to predict the variation of NR in the spectrum
shown in the figures.

To prove the robustness of the coherent model in p
dicting sound attenuation along the tunnel in a long ran
propagation and at all frequencies of interest, noise meas
ments were conducted from horizontal distances of 10 to
m from the source, with the mid-band frequency rang
from 50 to 8000 Hz. To present the results, we have cho
only two representative sets of data for the purposes of il
tration in the following paragraphs. Similar results comp
ing the experimental data with theoretical predictions can
found elsewhere.12

In the first set of experimental data, the noise source
set at the centerline and at 0.9 m above the concrete gro
The receiver was located at the centerline, and the cen
band source frequency was 50 Hz. The noise reduction a
the tunnel at various one-third octave bands are plotted
compare the measurement results with the predictions
various models. Figure 9 illustrates that the predictions
the coherent model give the best agreement with the m
surement results for sound propagation up to 400 m. It a

FIG. 9. A comparison of sound attenuation at different source/receiver s
rations along the Western Harbor Crossing Tunnel. The center-band
quency of the source was 50 Hz. The source and receiver were pla
respectively, at 0.9 and 1.3 m above the ground and both at a distan
6.25 m from one side of the tunnel wall. The keys for the lines shown in
figure are the same as in Fig. 3.
1144 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005
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shows that a strong constructive interference effect occur
receiver locations at a distance of between 20 and 30
Redmore13 referred to this phenomenon as a ‘‘plateau’’ in h
experimental data. In our case, both the incoherent mo
and the ASJ model overestimate the noise reduction, and
discrepancies become relatively large at distances when
structive interference occurs.

In the next set of data, the receiver was shifted to
offset line and at 2.38 m above the ground. The center-b
frequency of the source is 6.3 kHz. Despite the fact that
interference effect becomes less significant at high frequ
cies, Fig. 10 shows that prediction results by the coher
model agree very well with the measurements at this se
data for the separation between the source and receive
tending to 400 m. The results predicted by the ASJ mo
appear to be the least accurate in this example. Similar c
clusions can be drawn based on the comparison of meas
and predicted results for other geometrical configurations
these results are not shown here for brevity.

IV. SUMMARY

The experimental data for the full-scale field expe
ments at Tai Lam Tunnel and Western Harbor Crossing T
nel confirms a finding in a recent study on scale model
periments. The coherent model gives the best agreement
experimental results among all three prediction schemes,
ticularly at the low- and mid-frequency regions. The var
tion of the noise reduction at different frequencies is a f
ture that can only be predicted by the coherent model w
accuracy to within 3 dB. The effect of mutual interferen
caused by the direct and reflected rays is an important fa
for the accurate prediction of sound fields in long enclosur

The incoherent model generally gives satisfactory p
dictions when the total sound field shows a less signific
effect of interference between contributory rays. This w
occur when the source frequency is sufficiently high a
when the separation between source and receiver is sm
For instance, as shown in a typical set of experimental m
surements, the agreements are good for a source frequen
6.3 kHz and a horizontal separation of 30 m. In this case,
total sound field can be approximated by summing all c
tributory rays incoherently.

a-
e-
ed,
of

e

FIG. 10. The same as in Fig. 9, except that the receiver was located
distance of 6.25 m from the same side of the tunnel wall and the center-
frequency of source was 6300 Hz.
K. Li and K. Iu: Transmission of noise in tunnels
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Although the coherent model gives reasonably accu
results in most cases, some discrepancies between the
data and theoretical predictions are found. This is proba
due to the scattering of sound from the raised walkway
jacent to the vertical walls and other scattering surfaces h
from the ceiling. The fact that the tunnel section is not a t
rectangular shape also affects the results.
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