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Propagation of sound in long enclosures
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 22 July 2004; accepted 4 August 2004!

The propagation of sound in long enclosures is addressed theoretically and experimentally. In many
previous studies, the image source method is frequently used. However, these early theoretical
models are somewhat inadequate because the effect of multiple reflections in long enclosures is
often modeled by the incoherent summation of contributions from all image sources. Ignoring the
phase effect, these numerical models are unlikely to be satisfactory for use in predicting intricate
patterns of interference due to contributions from each image source. In the present paper, the effect
of interference is incorporated by coherently summing the contributions from the image sources. To
develop a simple numerical model, the walls of long rectangular enclosures are represented by either
geometrically reflecting or impedance boundaries. Measurements in a one-tenth-scale model are
conducted to validate the numerical model. In some of the scale-model experiments, the enclosure
walls are lined with a carpet to simulate the impedance boundary condition. It has been shown that
the proposed numerical model agrees reasonably well with experimental data. ©2004 Acoustical
Society of America.@DOI: 10.1121/1.1798351#

PACS numbers: 43.20.Fn, 43.20.Mv, 43.28.Js@SFW# Pages: 2759–2770
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I. INTRODUCTION

Based on the assumption of a diffuse sound field,
classic room acoustics theory has been developed and
for more than a century.1 In long enclosures, such as corr
dors and tunnels, the classic formulas are unsatisfactory
the assumption of a diffuse field does not necessarily h
due to the extreme dimensions. Kang2 conducted measure
ments showing that classical room acoustics was not ap
cable in a long enclosure. In general, it would be rather
ficult to determine the reverberant levels in a long enclos
because the sound field is inhomogeneous and the lev
sound will not be constant throughout.

We note that a number of investigations relating to
reverberation in long enclosures have been carried out s
the 1960s. Yamamoto3 was among the first to study th
propagation of sound in corridors. Davies4 and Redmore5

were also interested in the subject in the 1970s and 19
respectively. The ray-tracing technique and image sou
method were used to predict the attenuation of sound in l
corridors. In the late 70s, Sergeev6 used an image sourc
model to derive simple formulas to estimate the propaga
of sound in city streets and long tunnels. A point source w
considered in his study and the total sound field was ev
ated by summing contributions from all rays incoheren
However, he offered no measurement results to suppor
model. In the 1990s, Kang7,8 proposed theoretical expres
sions derived from the image source method to calculate
verberation times in long rectangular rooms with geome
cally reflecting walls. In the late 1990s, Imaizumiet al.9 used
a conical beam method, which combined the advantage
the ray-tracing technique and the image source method
predict the propagation of sound along a ‘‘T’’-shaped tunn
In a recent study, Yang and Shield10 developed a ray-tracing

a!Electronic mail: mmkmli@polyu.edu.hk
J. Acoust. Soc. Am. 116 (5), November 2004 0001-4966/2004/116(5)/2
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computer model for the detailed investigation of sound fie
in long enclosures.

The effects of interference due to multiple reflections
sound rays from boundary walls were generally ignored
all of the previous studies mentioned above. It is importan
point out that in the late 70s Gensane and Santon11 consid-
ered the wave nature of sound in their study of sound fie
in bounded and arbitrarily shaped spaces. Lemire
Nicolas12 extended this approach by using a spherical-wa
reflection coefficient instead of a plane-wave reflection co
ficient to model the propagation of waves in a bound
space. In particular, they investigated the sound fields i
rectangular enclosure and in the region bounded by two
finite parallel planes. Their predicted results agreed very w
with the standard normal-mode solutions, but no experim
tal validations were presented. It is also notable that
Acoustical Society of Japan published a simple numer
scheme to predict the propagation of road traffic noise
tunnels.13 This numerical scheme is referred as the A
model in the following discussions and analysis.

The current study is motivated by the need to reduce
levels of noise inside a road traffic tunnel. A simple yet a
curate model for prediction is required to assess the pro
gation of sound in tunnels with absorptive lining. In th
paper, we wish to investigate the propagation of sound
long enclosures both theoretically and experimentally. A n
merical scheme is developed using a complex image so
theory according to Lemire and Nicolas.12 Scale-model ex-
periments are conducted to validate their theory. This p
liminary study will provide a basis for assessing the prop
gation of sound in tunnels.

In Sec. II, we describe three models frequently used
model the propagation of sound in long enclosures: the in
herent model, the complex image source model~also known
as the coherent model!, and the ASJ model. Section III pre
sents experimental results as well as theoretical predict
2759759/12/$20.00 © 2004 Acoustical Society of America
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according to coherent and incoherent models for various
pedance boundary conditions. Finally, conclusions are dr
in Sec. IV.

II. THEORETICAL MODELS

A. Ray model—Incoherent summation

In studying the effects of interference due to the dir
ray and its reflected rays from the boundaries of long en
sures, the propagation model reviewed here was based
typical case of rectangular long enclosures with geome
cally reflecting boundaries~see Fig. 1!. Diffusion is ignored
and the absorption coefficient of the boundaries is assu
to be independent of the incident angle.

According to the acoustic ray models developed
Yamamoto3 in the 1960s, by Davies4 in the 1970s, by
Redmore5 in the 1980s, and by Kang2 in the 1990s, the
sound field at a particular receiver position is considered
be a summation of the intensities from the direct and e
image source. Taking into consideration the absorption of
boundaries, the total intensity,I, can be obtained by incohe
ently summing all contributory components to yield

I 5I refdref
2 (

N

RN

dN
2

, ~1!

whereI ref is the free-field sound intensity of the source a
reference distance ofdref from the source,dN is the length of
the path from the image source to the receiver, andRN is the
reflection factor which represents the fraction of sound
ergy reflected from the boundaries. We remark that the
tenuation due to the absorption of sound in air has b
ignored in Eq.~1!. The path lengthdN can be determined in
a straightforward manner by simple geometrical consid

FIG. 1. Rows of image sources formed in a tunnel by reflections of f
boundaries.
2760 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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ations. The reflection coefficient for each interaction with
boundary surface is simply given by

RN512a j , ~2!

where a j ( j 51,2,3,4) is the respective absorption coef
cients of the walls of the rectangular enclosure. The refl
tion factorRN is the combined reflection coefficient assoc
ated with the image sourcen. The amplitude ofRN is
reduced by a factor (12a j ) for each interaction with the
corresponding boundary surface. An implicit assumption
the model given in Eq.~1! is that the mutual effects of the
interference of direct and all reflected waves are ignored.
refer to this model as the incoherent model.

The absorption coefficients of the boundaries of lo
enclosures vary from case to case depending on the su
finish. Kang,8 and Yang and Shield10 conducted field mea-
surements in an underground station, the surfaces along
length of which were all of concrete. They assumed in th
models that the absorption coefficients of all boundar
were the same, ranging from 0.03 to 0.07 at octave band
125 to 4000 Hz. In our study, these parameters for absorp
coefficients are used in our subsequent numerical analy
unless otherwise stated.

B. Complex image source theory—Coherent model

Although the wave nature of sound fields in enclos
spaces was studied by Gensane and Santon,11 and by Lemire
and Nicolas,12 they presented no experimental validations
their theoretical formulations. In a recent study, Dan
et al.14 have developed an interference model for calculat
the total sound fields in an industrial space. However, th
model is only accurate at receivers located close to the
flecting surfaces. We plan to explore these earlier mod
both theoretically and experimentally to investigate the eff
of finite impedance on the overall sound fields in a lo
enclosure.

In previous publications, Iu and Li15 derived an expres-
sion for the propagation of sound in a narrow city stre
Lemire and Nicolas12 formulated a solution for the propaga
tion of sound in a bounded space. These two theoret
models are based on an analytic Green’s function that
also a complex image source model. A spherical wave refl
tion coefficient was included in their numerical models
account for the reflection from the surface of an impeda
boundary. In the current study, we follow Lemire and Nic
las in representing a long enclosure using two parallel ve
cal inwalls of infinite extent and two parallel horizont
planes, namely, the ground and ceiling. The width of the lo
enclosure isW, with the left vertical wall located at a plan
of x50. The height of the long enclosure isH, with the
ground situated at a plane ofz50. Both the ground and
ceiling are assumed to be perpendicular to the vertical wa
The schematic diagram in Fig. 1 shows a view of the plan
the posed problem, and illustrates formation of the first- a
second-order image sources. The source and receiver ar
cated at (xs,0,zs) and (x,y,z), respectively. As the sound
field is symmetrical at about they50 plane, we are inter-
ested in the region wherexP@0,W#, yP@0,̀ ), and z
P@0,H#.

r

K. M. Li and K. K. Iu: Sound propagation in long enclosures
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 26 February 2025 09:13:14
As can be seen from Fig. 1, the total sound field
composed of contributions from the direct source, and a
ries of image sources is produced by reflections of the
parallel walls from the source located at (xs,0,zs). In addi-
tion, the total sound field is augmented by infinite rows
image sources due to the presence of a reflecting ceiling
the reflecting ground. The total sound field due to a mo
pole of unit strength can be computed by summing all c
tributions coherently to yield

P5
1

4p (
N50

`

QsN

eikdN

dN
, ~3!

wheredN is the distance of the image sourcen and the re-
ceiver, andQsN is the combined complex wave reflectio
coefficient associated with the image sourcen. At each inter-
action with a boundary plane, the complex wave reflect
coefficient,QN , is determined according to16

QN[Q~dN ,b i ,uN!5Rp1~12Rp!F~wN!, ~4!

with the plane-wave reflection coefficient,Rp , given by

Rp5
cosuN2b j

cosuN1b j
, ~5!

whereuN is the incident angle of the reflected wave of t
image sourcen, andb j ( j 51, 2, 3, and 4 for the four bound
ary surfaces of the long enclosure! is the specific normalized
admittance of the corresponding boundary surface. The t
F(wN) is known as the boundary loss factor, which can
determined by

F~wN!511 iApwNe2wN
2

erfc~2 iwN!, ~6!

with the parameterw, which is also known as the numeric
distance, defined by

wN5AkdN/2~11 i !~cosuN1b j !. ~7!

The successive reflections of a spherical wave due to an
age sourcen are then modeled by the product of the spheri
wave reflection coefficientQN pertaining to each reflection
in the sequence. This product, the overall complex wa
reflection coefficient, is labeled asQsN in Eq. ~3!. As pointed
out by Lemire and Nicolas, Eq.~3! represents a first-orde
approximate solution, but Allen and Berkeley17 have shown
that this solution is an exact one when all of the bound
walls are rigid, i.e.,b j50 and henceQsN51. In this case,
the solution can be written simply as

P5
1

4p (
n50

`
eikdN

dN
. ~8!

Hodgsonet al.18 revealed that the introduction of porou
absorbers into a scale model of a factory led to unexpe
effects. He found that the absorptive effect of boundaries
dependent on the shape of the enclosure and could no
measured in the usual way in a reverberation chamber.
cently, Kang19 studied the effect of architectural acous
treatments to improve the intelligibility of speech in a lon
enclosure. He pointed out that the attenuation of sound a
the length of the enclosure is greater when the sound abs
ers are along three or four boundaries rather than along
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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or two. However, at present, there is no validated theoret
model that takes into account the effects of mutual interf
ence from all image sources for predicting the propagation
sound in a long enclosure with impedance boundary con
tions.

C. The ASJ prediction model

The Research Committee on Road Traffic Noise of
Acoustical Society of Japan published a Prediction Mo
1998 for Road Traffic.13 Hereafter, we refer to this numerica
scheme as the ASJ model. The model is used to predict
propagation of road traffic noise in tunnels. It is based o
sound energy balance inside the tunnel. Numerically, it i
simple model for the calculation of noise radiation in t
tunnels, as two imaginary sources are assumed in the mo
The first imaginary source represents the direct sound fiel
the tunnel. The residual sound field due to the effect of m
tiple reflections between the tunnel walls is calculated by
second imaginary source, which represents a distribution
surface sources.

The ASJ model was adopted by Kobayashiet al.20 to
predict noise propagation in a road tunnel. Attenuation at
straight and curved sections of the tunnel showed sim
reduction characteristics, with a reduction rate of 4 dB p
doubling of distance, up to a distance of 250 m. It was o
served that the measured data over a distance of 30
showed a greater reduction than predicted. The effect du
air absorption was ignored in the ASJ model.

Although the predicted tunnel attenuation agreed qu
well with the experimental data, the measured decay rate
the 63-Hz and 125-Hz octave bands were rather irregular
clear attenuation was observed. Kobayashiet al. indicated
that this was possibly due to mode resonance at partic
sections of the tunnel, or reflections at the open ends of
tunnel.

Tachibanaet al.21 carried out experimental measur
ments in a 1:40 scale-model tunnel to validate the A
model. Their experimental results showed that the propa
tion of sound was dependent on the source frequency. T
concluded that the ASJ model could only be used as a fi
order approximation for estimating the noise attenuation
tunnels.

In a recent study, Takagiet al.22 demonstrated that the
ASJ model was a simple and useful numerical scheme ap
cable to the prediction of road traffic noise in tunnels.
predict the road traffic noise in tunnels of a rectangular cr
section, they derived a simple expression for the attenua
of sound energy as follows:

I 5I ref

2dref
2

wH
tan21S wH

A~a td!41~w21H2!~a td!2D , ~9!

where I is the predicted sound intensity at a horizontal d
tanced from the source,I ref is the reference sound intensit
at a reference distance ofdref from the source in the free-field
condition,H is the height of the tunnel, and 2w is the width
of the tunnel. The absorption parameter,a t is an empirical
factor used to account for the acoustical characteristics of
tunnel walls. It vanishes when the tunnel has a perfec
2761K. M. Li and K. K. Iu: Sound propagation in long enclosures
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Both source and receiver are 0.065 m above the gro
and are separated from each other at 1.0 m.~Measure-
ment: dashed line with crosses; Theoretical predictio
solid line!.
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reflecting boundary. The absorption parameter was norm
obtained by experimental measurements and a value of
was determined for the concrete walls.22 Takagiet al.22 pro-
posed an empirical formula for the determination ofa t as
follows:

12a t5~12a!0.48, ~10!

wherea is the sound absorption coefficient of the materia
It is worth pointing out that the ASJ model offers

simpler formula than the incoherent model proposed
Redmore5 and Kang7 for predicting the sound field. Result
of sound measurements in a highway tunnel showed g
agreement with the ASJ model where discrepancies of
than 2 dB were reported between measured data
predictions.22

III. NUMERICAL SIMULATIONS AND EXPERIMENTAL
RESULTS

A. Numerical simulations

The total sound field is composed of contributions fro
the direct source and from a series of image sources
duced by multiple reflections of the two parallel walls due
the source located at (xs,0,zs). In addition, the total sound
field is also augmented by infinite rows of image sources
to the presence of a reflecting ceiling on the top and a gro
surface on the bottom. The total sound field can be estim
by summing up the contributions from each of these sour

In the presentation of numerical and experimental
sults, we use the term excess attenuation~EA!. EA is defined
as the ratio of the total sound field at various receiver lo
tions, P, to the free-field sound pressure at 1 m from t
source. Thus, EA is given by

EA520 log~P!. ~11!

On the other hand, a comparable definition is needed for
excess attenuation if the incoherent model is used to pre
the sound fields. In this case, the excess attenuation ca
2762 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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defined as the ratio of the total intensity level,I, to the free-
field intensity level measured at 1 m from the source. It is
simply given by

EA510 log~ I !, ~12!

where the total intensity level can be obtained from Eq.~1!.

B. Scale-model experiments

To study the sound field in nondiffuse spaces, Hodgs
et al.18 used a 1:50 scale model to investigate factory sou
fields with considerable success. However, it was found
the introduction of porous absorbers into the model resu
in unexpected effects. In the 1990s, Orlowski23 built a model
of an existing factory at a scale of 1:16. Comparisons of
measurements of field and scale models showed good ag
ment. In the late 90s, Orlowski24 used scale modeling to
study the intelligibility of speech in underground station
Tachibanaet al.21 used a 1:40 scale model to predict th
radiation of sound from the mouths of tunnels. Kang25 de-
veloped a computer model to predict the temporal and spa
distribution of train noise in underground stations. In h
study, a 1:16 scale physical model was constructed to v
date the prediction model. To compensate for the effec
the absorption of air at high frequencies, measurements w
carried out in a test tunnel filled with oxygen-free nitrogen
a concentration of 97% to 99%.

In the present study, a larger model tunnel at a scale
one-tenth was built for our experimental measurements.
perimental data were obtained to validate the theoret
models described in Sec. II. In fact, the use of a larger sc
in the construction of a model tunnel proved to be a re
tively simple and inexpensive technique, because the m
surements can be carried out in normal atmospheric co
tions without the need to fill the test tunnel with oxygen-fr
nitrogen. Sandwich-type steel panels 60 mm thick were u
to build the model long duct with acoustically hard boun
aries. The outer skin of the panel was made of 1.5-mm-th
K. M. Li and K. K. Iu: Sound propagation in long enclosures
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 26 February 2025 09:13:14
galvanized steel sheet and the infill with 50-mm-thick fib
glass. To minimize the effects of vibration from the galv
nized steel sheet, a 9-mm-thick gypsum board was stuc
the inside surface of the steel sheet. Due to the size of
model long duct, all measurements were conducted in
open space in a factory. During our measurements, the l
of background noise was monitored to ensure that it w
always below 60 dB, with typical signal levels inside th
model long duct well above 75 dB. This precautionary s
was necessary for all experimental measurements to m
mize any effects from the background.

The steel panels were assembled to have an inte
width and height of 1.0 and 0.6 m, respectively. To prev
the sound waves from reflecting back into the model lo
duct due to the effect of end reflection, an anechoic term
tion was designed according to ISO 7235-1996.26 The
anechoic termination was erected at the end of the test
on the receiving side for all experimental measurements.
overall length of the model long duct was 8.5 m. At fu
scale, the model represents a cross section of a rectan
tunnel 10 m in width and 6 m in height. In the following
paragraphs, we refer to all dimensions as scaled dista
unless otherwise stated.

A Brüel & Kjær 1/2-in. condenser microphone and
Tannoy driver were used as a receiver and a point sou
respectively. A PC-based maximum length sequence sys
analyzer~MLSSA!27 was used both as a signal generator
the source and as an analyzer for the subsequent proce
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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of data. The maximum length sequence~MLS! technique
was chosen in the present study because Vo¨rlanderet al.28

had confirmed the validity of applying MLS techniques
measure sound in highly reverberant sound fields. Inde
the MLS technique was also chosen by Kang8 to carry out
his site measurements in an underground train station wi
tunnel having a dimension of 20 m in width, 5.7 m in heigh
and 200 m in length.

In the current study, the MLS technique has the adv
tage that no correction of background noise is necessary f
signal-to-noise ratio of 0 dB. As MLSSA was operated in t
time domain where the impulse response was measured
chosen data for processing were based on the time betw
the arrival of the direct and the last order rays. The tim
series data were converted to spectral data by the fast Fo
transform ~FFT! technique. Each spectrum level was th
normalized by the prerecorded direct field measurem
taken at 1 m from the source at the free field. The final outp
was then the required excess attenuation spectrum.

In addition to hard duct walls, some measurements w
conducted to model conditions when the boundary wa
were covered with sound absorption materials. Carpets w
fixed on one or both vertical panels of the model duct a
were used to simulate a soft wall surface. Prior experime
were performed to characterize the acoustic impedance o
carpet at the open space of the factory. The MLS techni
was again used for the characterization, with both the sou
and receiver set at a height of 0.065 m above the carpet
n-
FIG. 4. The schematic sketch illustrates the model tu
nel with anechoic termination.
2763K. M. Li and K. K. Iu: Sound propagation in long enclosures
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 26 February 2025 09:13:14
FIG. 5. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with hard boundari
Both the source and receiver were located at 0.11
above the ground. The source/receiver geometries
as follows: ~a! source at~0.5,0,0.11! and receiver at
~0.25,5,0.11!, and ~b! source at~0.25,0,0.11! and re-
ceiver at ~0.25,5,0.11! ~Measurement: dashed-dotte
line with closed circles; Coherent prediction: solid line
Incoherent prediction: solid line with open circles; do
ted line with crosses!.

FIG. 6. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with hard boundari
The source and receiver are located at different heig
of 0.11 and 0.3 m, respectively. In addition, the sour
is situated at the centerline and the receiver at the off
line. They are separated by a horizontal distance of 4
The key of this figure is same as Fig. 5.
2764 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 K. M. Li and K. K. Iu: Sound propagation in long enclosures
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FIG. 7. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with an impedan
wall and both the source and receiver were located
the offset line. The key of this figure is same as Fig.
The source/receiver geometries are as follows: sourc
~0.25,0,0.11! and receiver at~0.25,1,0.11!; ~b! source at
~0.25,0,0.11! and receiver at~0.25,2,0.11!.
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their horizontal separation set at between 0.5 and 1.0 m
A two-parameter model,29 with respective best-fit pa

rameter values for the effective flow resistivityse and the
effective rate of change of porosity with depthae of 250
kPa s m22 and 300 m21, was used to calculate the impe
ance. A typical measurement of the excess attenuation s
trum with the horizontal separation set at 1 m was shown in
Fig. 2. In the same figure, we also show the numerical p
dictions indicating a reasonably good fit with the experime
tal data for the given parameter values.

While the impedance characterized by the tw
parameter model is used in the coherent ray model, an
sorption coefficient at a normal incidence is used in the
coherent model. It is determined by means of the impeda
tube method according to ASTM C384-98,30 where the data
acquisition system includes a Bru¨el & Kjær two-microphone
impedance measurement tube type 4206, a power amp
type 2706, two 1/4-in. microphones type 4187 with prea
plifiers, a data acquisition front-end type 2827, and a p
sonal computer with pulse software. Figure 3 shows the m
sured absorption coefficients versus the frequency.
measured absorption coefficient,a, of the carpet used in the
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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experimental measurements varies from 0.05 to 0.6 at
quencies ranging from 500 to 5000 Hz.

The excess attenuation was measured experimental
various receiver locations, with the source located 0.11
above the ground. The height of the source was chose
simulate the approximate locations of noise emitted fr
heavy vehicles at about 1.1 m~full scale! above the surface
of tunnel roads. The source and receiver were located ei
at the centerline or on the side of the tunnel 0.25 m aw
from the centerline. In all measurements, the receivers w
located at heights of either 0.11 or 0.3 m from the grou
The horizontal distances between the source and rece
ranged from 1 to 5 m~see Fig. 4 for the monitoring station
of the experimental setup!.

In the numerical simulations, we can show that 30 to
reflections are generally required to give satisfactory res
in this model long enclosure. The final choice of the numb
of reflections is dependent on the boundary condition of
enclosure and the source/receiver geometry. The path le
from the 50th image sources to the receiver correspond
about 30 m in our scale-model measurement. The absorp
of sound in air was not significant at such a path length a
2765K. M. Li and K. K. Iu: Sound propagation in long enclosures
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FIG. 8. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with an impedan
wall and both the source and receiver were located
the centerline. The key of this figure is same as Fig.
The source/receiver geometries are as follows:~a!
source at~0.5,0,0.11! and receiver at~0.5,1,0.11!, and
~b! source at~0.5,0,0.11! and receiver at~0.5,2,0.11!.
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at frequencies up to 10 kHz; hence, its effect was not
cluded in our analyses.

1. Validations in the model tunnel with hard
boundaries

To demonstrate the effect of mutual interference, the
ceiver was placed at the offset line and at a height of 0.11
Measurements were taken at a horizontal distance of 5 m
front of the source, which was also located at a height of 0
m above the ground. In the measurements, the source
placed at either the centerline or at the offset line loca
0.25 m from the centerline. Figures 5~a! and ~b! show the
experimental results for the source located at the cente
and the offset line, respectively. The measured excess att
ation spectra fluctuate considerably as the source frequ
increases. In Fig. 5~a!, there is a distinct ‘‘dip’’ that occurs a
a frequency of around 1250 Hz~125 Hz at full scale!, while
Fig. 5~b! illustrates no destructive interference effect occ
at the same frequency. The measured excess attenua
around 1250 Hz shown in Fig. 5~b! are increased by mor
than 5 dB when comparing with Fig. 5~a!. In the same figure
predictions according to the incoherent model and A
model are also shown. We note that predictions by the in
2766 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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herent model and ASJ model are only based on the p
lengths between the source and receiver. Consequently
same prediction of EA was obtained across the whole sp
trum in Figs. 5~a! and ~b!. As shown in the comparisons
only the predictions by the coherent model give good agr
ments with the measurements. The incoherent model
ASJ model cannot predict such fluctuations in frequen
The results predicted by the incoherent model and A
model are independent of the frequency of sound and do
give good agreements with the measurements.

The pattern of the fluctuation in frequency spectrum
dependent on the relative positions of source and receive
illustrate this point, another measurement was taken with
source and receiver located at respective heights of 0.1
and 0.3 m above the ground. The horizontal separation
tween the source and receiver was reduced to 4 m in this set
of measurements. During the measurement, the source
situated at the centerline and the receiver at the offset line
the measured results shown in Fig. 6, several distinct d
occur at frequency below 1000 Hz~100 Hz at full scale!. The
pattern of fluctuation in the frequency spectrum is quite d
ferent from that shown in Figs. 5~a! and ~b!.
K. M. Li and K. K. Iu: Sound propagation in long enclosures
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FIG. 9. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with two impedan
walls and the receiver was located at the offset line. T
key of this figure is same as Fig. 5. The source/recei
geometries are as follows:~a! source at~0.5,0,0.11! and
receiver at~0.25,5,0.11!, and~b! source at~0.25,0,0.11!
and receiver at~0.25,5,0.3!.
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The effect of interference was also found when both
source and receiver were situated at other locations. Th
results were shown elsewhere,31 and not repeated here
Again, only the predictions using the coherent model ag
reasonably well with the measurements. The incoherent
ASJ models can only give an indication of the average lev
of noise. These two models tend to give a better agreeme
the average noise levels with measured results at frequen
higher than about 3000 Hz for the typical geometry used
the present study. However, the incoherent and ASJ mo
are unable to predict variations with frequency because t
ignore the effects of the interference from all contributi
rays.

2. Validations in the model tunnel with an impedance
wall surface

The effect of mutual interference also occurs in tunn
with an impedance wall surface. Figure 7~a! illustrates that a
distinct dip occurs at around 1100 Hz~110 Hz at full scale!
when the receiver is located 1 m directly in front of and at
the same height as the source. When the receiver is mov
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
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a distance of 2 m in Fig. 7~b!, the effect of destructive inter
ference becomes less significant. We note that only the
sults of the prediction by the coherent model agree reas
ably well with the measurements, while the incoherent mo
and ASJ model give an approximate mean value of the
cess attenuations across the frequency spectra. In Figs.~a!
and~b!, both the source and receiver are located at the of
line close to the impedance wall. If the source and recei
are moved to the centerline, by locating the receiver at 1
directly in front of and at the same height as the source,
dip at 1100 Hz disappears as shown in Fig. 8~a!. Apparently,
it seems that the impedance wall will reduce the levels
sound if both the source and receiver are located close to
impedance wall. However, by locating the receiver 2 m di-
rectly in front of and at the same height as the source at
centerline, Fig. 8~b! shows that there a distinct dip at aroun
900 Hz ~90 Hz at full scale! while Fig. 7~b! displays a peak
there. This shows that there is no simple relationship
tween the position of the impedance wall and the location
the source–receiver when predicting sound fields in lo
tunnels.
2767K. M. Li and K. K. Iu: Sound propagation in long enclosures
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FIG. 10. Comparison of the measured spectrum of e
cess attenuation with the respective predictions by
coherent, incoherent, and ASJ models. Measureme
were conducted in a model tunnel with different boun
ary conditions. The source was located at~0.25,0,0.11!
and receiver at~0.5,3,0.11!. The key of this figure is
same as Fig. 5. The source/receiver geometries are
follows: ~a! hard boundaries~no impedance wall!; ~b!
one impedance wall; and~c! two impedance walls.
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3. Validations in a model tunnel with two impedance
wall surfaces

The coherent model can be used to predict the peaks
dips of the interference in the tunnel with impedance w
surfaces. The usefulness of the coherent model for predic
the sound field in a tunnel with an impedance wall has b
demonstrated in the last section. Here, we extend the stud
cover the situation where there are two parallel impeda
wall surfaces in the long enclosure. To compare the num
cal and experimental results, the predicted excess atte
tions, together with the measured excess attenuations
plotted against the frequency. Figures 9~a! and ~b! illustrate
two typical examples for the receiver located at the off
position and at a horizontal distance of 5 m from the source.
Figure 9~a! displays the experimental results where both
source and receiver were located at 0.11 m above the gro
but the source was located at the centerline. On the o
hand, the configuration for Fig. 9~b! was the same as Fig
9~a! except that the source was located at the offset l
2768 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004
nd
ll
ng
n
to
e

ri-
a-
re

t

e
nd
er

e.

Again, good agreements between the theoretical predict
by the coherent model and experimental measurements
evident from the results as shown in these two figures.
reiterate that the most important point to note is that
coherent model can well predict the general trend of the
perimental data in the frequency spectrum, while the in
herent and ASJ models tend to give higher estimated ex
attenuations and cannot predict the fluctuations in freque
caused by the effects of interference.

It is increasingly common to install sound absorpti
panels onto wall surfaces in tunnels to reduce the noise f
traffic.32 In this section, we explore the effects of adding
impedance wall or two parallel impedance walls in a tun
with a stationary source, a point monopole source at a he
of 0.11 m ~1.1 m at full scale! above the ground. Figure
10~a!–~c! show the effect of the impedance wall on the lev
of sound produced by the source located at the offset l
which is 0.25 m away from the centerline of the tunnel. T
receiver is located 0.11 m above the ground at the center
K. M. Li and K. K. Iu: Sound propagation in long enclosures
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and at a horizontal distance of 3 m from the source. The
impedance wall leads to decreased values in the level
sound throughout the whole frequency range. Figures 10~a!–
~c! compare the levels of sound in tunnels with reflecti
hard surfaces, one impedance wall, and two impeda
walls. By introducing an impedance wall, sound levels
reduced by about 3 dB across the whole frequency spec
being displayed. By adding another impedance wall, the
els of sound are further reduced by about 2 to 3 dB.

In general, the theoretical predictions by the coher
model agree reasonably well with the measurements u
experimental scale model. This suggests that the effec
interference should not be ignored when predicting
propagation of sound along tunnels. Although the meas
ments are conducted for a frequency range of 0.5 to 10
~50 to 1000 Hz at full scale!, for the sake of clarity all of the
figures displayed are from 500 to 5000 Hz. We also wish
point out that the spectra of the excess attenuation are
sented in the current study. These measured results a
detailed comparisons of experimental data with the num
cal models in a more precise manner. The investigation
sound attenuation in octave bands in tunnels is a subjec
future studies.

IV. CONCLUSIONS

In this paper, three prediction schemes, the coher
incoherent, and ASJ models, were presented to predict
propagation of sound in long enclosures. The incoherent
ASJ models were based on a summation of the intens
from the direct and image sources without taking into
count the effect of mutual interference. The coherent mo
on the other hand, included the effects of the interfere
caused by the direct and reflected waves in the computa
of sound fields. The total sound field was calculated by
herently summing the contributions from all image sourc
An extensive set of one-tenth scale-model experiments w
conducted in frequencies ranging from 500 to 5000 Hz a
at a horizontal distance of up to 5 m in amodel tunnel with
a cross-sectional area of 130.6 m. It was shown that the
theoretical predictions by the coherent model agree rea
ably well with the results of the measurement, with an ac
racy in most cases of well within 3 dB. However, the inc
herent and ASJ models give less satisfactory agreement
the experimental measurements and their predictions are
able to match the peaks and dips caused by the effect
interference in the frequency spectra. They are only cap
of predicting average noise levels at the high-frequency
gime where the overall effect of multiple reflections becom
more significant. It is interesting to note that, as expected,
introduction of impedance walls resulted in a considera
increase in the attenuation of sound in the long enclosur
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