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Full-scale measurements for noise transmission in tunnels

K. M. Li¥ and K. K. lu
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 bands20@ Acoustical Society of
America. [DOI: 10.1121/1.1859251

PACS numbers: 43.50.Rq, 43.55.Gx, 43.55.Ka Pages: 1138-1145

I. INTRODUCTION here are restricted to perfectly reflecting walls, ceiling, and
The current study is motivated by the need for a bettelground. This simplification is justifiable becaL_Jse the bo_und-
understanding of sound propagation in tunnels. This can pr ary walls of most tunnels are constructed with acoustically
’ Y%ard materials. Two different tunnels, which are normally

vide useful information for improving the acoustic environ- ) . :
. . . . used for road traffic, are chosen for field measurements in the
ments of road traffic tunnels. Despite considerable improve- . )
resent study. The experimental results will be used to com-

ments in computer performance and the acceleratin S .
are with different numerical models.

development of many numerical achemes, full-scale mea- .
b y The structure of the paper is as follows. In Sec. Il we

surements are still popular for studying sound fields in Io.ngoutline the numerical models used in the present study. The
ducts, such as corridors and tunnels. The present work is

continuation of our earlier studythat investigates the theo- Ettect of atmospheric absorption of sound has been incorpo-

. L g ._rated in the numerical analyzes. The issue on the number of
retical models for predicting the propagation of sound in. : )
i : . image sources required for the calculation has also been ad-

long enclosures. A comprehensive literature review of the : . :
. _— dressed. In Sec. lll, we describe experimental studies for

problem can be found in Ref. 1 and its cited references. In . : .
. . noise transmitted in two tunnels. Experimental results are
this paper, we wish to show the robustness of the complex

. compared with numerical predictions. Finally, the outcomes
image source mode(also known as the coherent mopar . :
. . . . . of the current study are summarized in Sec. IV.

the prediction of sound fields in long ducts with geometri-
cally reflecting boundaries. Extensive full-scale field mea-

rements in two tunnels for r raffic ar n n
surements in two tunnels 0 oad t.a c are co ducted a ﬂ NUMERICAL SIMULATIONS
to the results compared with numerical predictions. We en-
deavor to study the importance of the interference effecté\. The effect of atmospheric absorption of sound in
caused by the direct and reflected waves for the accura@r on the prediction models

prediction of sound fields in long tunnels. To demonstrate  Tne attenuation of sound due to atmospheric absorption
that the coherent model is vaIid.for a long propagation disis well known and has been studied for decablaspractical
tance, measurements are taken in the tunnels up to a distangyhod for calculating the attenuation of sound in air is to
of several hundred meters from the source. . multiply an exponential term, expfad), to account for the
The problems are simplified, somewhat, by modeling th&eqyction of sound energy caused by air absorption. This
propagation of sound in long tunnels as an analogous sitUdarm is also known as the air absorption factor wheiethe
tion to the determination of sound fields in a long enclosure,anuation of sound in air ardlis the distance of the re-
bounded by two parallel vertical inwalls of infinite extent ~aiver from the source.
and two parallel horizontal planes. Although impedance Recently, the Acoustical Society of America has pub-
boundary conditions can be implemented onto all verticahshed an American National Standard, ANSI S1.26-1685,
and horizontal planes in our numerical model, the analyseg;oyige a means of calculating the atmospheric attenuation
of sound in air from any source, moving or stationary, for a
dElectronic mail: mmkmli@polyu.edu.hk wide range of meteorological conditions. In view of a recent
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study! the modified expressions for sound propagation in avhich the wavelength is 6.8 m. Consequently, the loud-

long tunnel with geometrically reflecting boundaries may bespeaker used in our experimental studies can be assumed to

written as be a point source.
1 exp(ik'dy)
PIN)="—2 ———, D i
477 T dy C. Number of image sources
wherek’ (=k+0.115a) is the modified wave number ared The use of ray models to compute the sound field re-

is the coefficient of sound attenuation that has units ofjuires the summation of a series of infinite terms. Each “vir-
dBm L. The real part of the modified wave numbdr, tual”image source is represented by a term from the series.
(=wlc), is the ratio of the angular frequency of the sourceThe contributions of the higher-order image sources, which
to the speed of sound in air. The imaginary part of the modibecome weaker in strength when they are located farther
fied wave number accounts for the attenuation of sound in ai@part from the receiver, can be neglected. As a result, only a
due to the effect of atmospheric absorption. The total soundinite number of image sources contribute significantly to the
field is obtained by summing contributions from all image total sound pressure levels. Dance and SRidlescribed a
sources to the receiver witly, as the distance from théth ~ computer-based image-source model for the prediction of
image source to the receiver. The teNnmay also be re- sound distribution in a nondiffuse fitted enclosed space, such
garded as the order reflections from the boundary surfacegs a factory. In their study, the number of “allowable” re-
We refer to the formulation given in Eq1) as the coherent flections was determined by using a percentage of energy
model. It is noteworthy that the use of Ed) implies that  discontinuity. The percentage is set at a level such that the
specularly reflections occur at the boundaries of the enclocontribution from a given image source is negligibly small
sure. This assumption is justifiable because there are usualiglative to the overall sound level. The relationship between
few diffusely reflecting surfaces employed in the constructhe order of reflectionN, and the energy discontinuity per-
tion of road traffic tunnels. The use of a model for diffuse centageE,, is defined by
reflection of boundary surfaces will not be considered in the In(1—E,/100
present study. =— ®F"

The third formulation used in our study is a simple In(1-a)-al
energy-based model developed by the Acoustical Society ofthere « is the average absorption coefficient of the bound-
Japan publisheti® The formula, which may be found in Eq. aries,a is the absorption attenuation of air, ahi$ the mean
(9) of Ref. 1, is referred to as the ASJ model. The attenuatiompathlength from the image sources to the receiver. A typical
of sound due to atmospheric absorption can easily be incowvalue ofE,, which allows accurate predictions of the sound
porated in the ASJ model by multiplying the existing formulafield in a range of enclosed spaces, lies between 90% and
with the same exponential factor, exgd), as discussed 99%2° Obviously, a smaller valug, leads to a shorter com-
earlier in the incoherent model. puting time for ray tracing models because the allowable

reflection orderN, is smaller.
When the coherent model is used, we anticipate that a

B. Noise reduction finite number of terms are required in the prediction of the

The levels of sound energy are usually calculated in thé0und field in long enclosures. However, E4) cannot be
incoherent and ASJ models, but the sound pressure levels a¥ged for determining the number of the required terms in the
predicted by the coherent model. For ease of comparison ¢fY Series. This is because the coherent model is not an
different theoretical models and experimental data, we use §nergy-based scheme. In our study, the relative error at the
term known as the noise reductiéNR), which is defined as Ipwe_st one-third octav_e band of interest in t_he total sc_Jund
the ratio of the total sound fiel®(N), measured at various field is used Fo determmg the number of reqwreq reflections.
receiver locations to the total fielt;o(N), measured at 10 Here, we define the relative error in total sound fied@, by

m in front of the source: P(m+n+2)—P(m+ n)|
- : ®)

4

NR=20lod P(N)/P4(N)]. (2) AP P(m+n)
For the coherent model, the total sound pressure levels cashereP(N) given in Eq.(1). It is the total sound field at a
be calculated from Eq(l). On the other hand, the sound particular receiver location due to an image source Wits
energy is usually used in the incoherent and ASJ models. Wihe order of reflection from the boundary surfaces. The order
may modify Eq.(2) to obtain the corresponding noise reduc- of reflection can be split inton and n where they are the
tion spectrum as follows: respective orders of reflections at the vertical and horizontal

boundaries. The error in truncating the ray seriettoorder

NR=10log(l/110), ®) of reflections is bounded byP if N is sufficiently large. The
wherel is the total sound energy at various receiver locationsmaller the relative error, the more the terfins., more com-
andl (g is the total sound energy at 10 m from the source. Weputational time are required in the ray series given in Eq.
note that 10 m is chosen as a reference point instead of 1 @t).
5 m, as used in other studit&’ The choice of 10 m ensures Figures 1 and 2 show the predicted relative errors for the
that all measurements are conducted outside a hydrodynamperopagation of sound in tunnels with different conditions. In
near-field regiofi for a frequency range down to 50 Hz of Fig. 1, we display the numerical simulations for a tunnel that
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14.2 mx6.0 m, is larger than Western Cross Harbor Tunnel.
The choice of dimensions used in numerical simulations re-
flects the actual sizes of the two tunnels employed for field
measurements. More details about the tunnels will be de-
scribed in Sec. .

In the numerical simulations, the source is placed at the
S 1 centerline andtal m above the ground in Tai Lam Tunnel.
Do 1 The receiver, which is located at a horizontal distance of 200
* | m from the source, is placed at an offset position of 3.5 m
- & from one of the vertical wall and at 2.33 m above the ground.
3\% n g o T

Relative error %

For Western Cross Harbor Tunnel, the source is placed at
VIR BT ¢ \Bafin 6.25 m from one_of the vertical walls and 0.9 m above the
1 o & w0 w0 e & sg o ground. The receiver is placed at 2.65 m from the same ver-
tical wall and at 2.38 m above the ground. Again, the sepa-
ration between the source and receiver is set at 200 m for
FIG. 1. Comparisons of predicted relative errors versus numbers of refledWestern Cross Harbor Tunnel in the numerical simulations.
tions at 50 Hz for sound propagation in a realistic tunnel with a cross-Figure 2 displays the predicted relative errors versus the or-
sectional area of 12.5 w5.8 m. Three source/receiver separations areya o of reflection for the tunnels with different dimensions.
shown.(Dashed line with diamonds: 400 m; solid line with diamonds: 50 m; . . . ..
solid line: 10 m) To achieve a comparable relative error in predicting the total
sound field, more terms are required for a tunnel with a
has a rectangular cross-section of 12.8%8 m. Predictions smaller cross-sectional area. This conclusion agrees with one

of the relative errorAP, is calculated for a receiver locating ©f the finding in an earlier study for the sound propagation in

at different horizontal distances of 10, 50, and 400 m from@ Narrow city stretwhere more higher-order rays are re-

the source. In the simulations, the source and receiver a@-ired for a narrower street. ,
situated at 0.9 and 1.3 m above the ground, respectively, N the current study, the 50 Hz frequency band is used as

Both the source and receiver are placed at a distance of 2.65¢ Pasis to determine the required terms needed if(Bq.
m from one of the vertical walls. Figurg@ shows that the This is because 50 Hz is the lowest frequency considered in

direct distance between the source and receiver affects tHB€ Present study. We find that use of a maximum of 60
required order of reflection, i.e., the number of term in thereflections from the tunnel walls is sufficiently accurate for
ray series. More image sources are generally required f(}pe geometrical config_uration used in our experimgntal stud-
greater separations between the source and receiver sepaigs: Generally speaking, fewer terms are required for a
tion. source with higher frequencies and for shorter separations
Next, we show that the size of the tunnel also affects the?€tween the source and receiver. Although it is possible to
number of terms required for the ray series. This can b@Ptimize the number of terms required in the ray series, no
achieved by comparing P for two tunnels with different attempt has been made in the numerical simulations shown
cross-sectional areas. The first tunfidfestern Cross Harbor [N this paper. Settingl equal to 60 is adequate to ensure that
Tunne) has a cross-sectional area of 12.5%®8 m, which the resultingA P is less than 5% in all calculations.
has the same dimension as the tunnel used in Fig. 1. The
second tunne{Tai Lam Tunne), which has a dimension of IIl. FIELD MEASUREMENTS IN TWO TUNNELS

NN

Number of reflections

In a recent study,we have demonstrated that predic-
tions by the coherent model agree well with the measurement
data in a scale model experiment. To further validate the
coherent model, measurements were conducted at nighttime
in two realistic long tunnels, namely Tai Lam Tunnel and
Western Harbor Crossing Tunnel in Hong Kong. These tun-
nels were designed for use by automobiles but closed for
general maintenance purposes in the nighttime. Hence, it was
a relatively “quiet” environment with a typical background
noise level of 60 dBA) because of the lack of traffic flow
during the measurement period. However, occasional noise
was generated as a result of maintenance activities.

When conducting the measurements at Tai Lam Tunnel,
I T e a subwoof_er, the Tannoy B_475, was chosen as the noise

Number of reflections source. This generates a high definition sound at low and
ultra-low frequencies. The frequency response wasB in
FIG. 2. Comparisons of predicted relative errors versus numbers of reflethe range from 28 to 240 Hz. While the measurements in

tions at 50 Hz for sound propagation in two realistic tunnels with the source&Nestern Harbor Crossing Tunnel are intended to extend to
receiver separation of 200 m. Two cross-sectional areas of the tunnel are.

shown. (Solid line with diamonds: 12.5 m5.8 m: dashed line with dia- Nigh-frequency regions, a genergl-purpose speaker, the Tan-
monds: 14.2 x6.0 m) noy T300, was chosen as the noise source. The Tannoy T300

Relative error %
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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 0.03
315 400 500 630 800 1k 1.25 k 1.6k
0.032 0.034 0.035 0.037 0.039 0.04 0.044 0.047
2k 25k 3.15k 4Kk 5k 6.3 k 8 k
0.05 0.057 0.063 0.07 0.075 0.08 0.09

comprises one 12 in. dual concentric driver, in which theboundaries of the tunnel, i.e., the two vertical walls, the
low-frequency and high-frequency sources were coincidenground and the ceiling are considered to form a long rectan-
tally aligned to a point source, resulting in a smooth uniformgular enclosure in our prediction model. As shown in the
responsé=3 dB) over a wide frequency range from 55 to 22 following comparisons, this simplification does not cause
kHz. significant errors in predicting the overall noise levels in the
As the wall surfaces along the length of the tunnels wergunnel.
made of concrete, we assume that all boundaries have the The experiments were conducted at the location such
same absorption coefficient in the predictions based on thghat the tunnel exits at either end do not have significant
incoherent model. See Table | for the list of the absorptioreffects on the measurements. A Tannoy Superdual B475
coefficients at each octave band used by Yang and Smem-loudspeaker with external dimensions of 0.55<en58 m
In predictions according to the ASJ model, Takagial*  high was used as a sound source generating white noise in
have selected an absorption parameter of a value 0.04 fehe field measurements. The sound source was located 1 m
tunnels with concrete wall surfaces. This value is used in OUg e the concrete ground and either 3.5 or 7.1 m from one
study of the sound propagation in the two tunnels mentionedy he vertical walls. These source locations were chosen to
above. , , simulate the approximate locations of ground-based sources,
Both tunnels were built for the use of automobiles. Toguch as engine noise, emitted from heavy vehicles or el-

minimize the influence of background noise, the MEeasUres ated noise sources, such as jet fans, installed under the

ments were taken in the nighttime with a loudspeaker generéeiling of the tunnel. Measurements of sound pressure levels

ating high levels of random hoise. A precision type sounqn one-third octave bands were recorded using an Ono Sokki
level meter was used as a signal receiver to measure sou .

. . ) ecision Sound Level Meter type LA-5110 at various re-
pressure levels in one-third octave bands. In the foIIowmq:e

. . . iver locations from 10 to 200 m. The receivers were lo-
sections, we shall show comparisons of the theoretical pre- . .
o . . cated at the centerline of the tunnel and on the side at 3.5 m
dictions with experimental measurements.

. : : .. _from one of the vertical walls. These two locations are re-
To facilitate the comparison the theoretical predictions . : . o
with field measurements, each one-third band is divided intc];errEd to as the centerline and offset line, respectively, in this
' . section. The height of the receiver was set at 1.25 and 2.33 m
a number of smaller sub-bands of a constant bandwidth. Thgbove the around. Thev are referred to as the low and high
total sound field is then computed by summing the noise ii 9 t'. | y 9
levels of all sub-bands. Since the number of predicted datgos'l'o?ﬁ’ :cgs;t:)ectlvef Y- ts. th located
for each one-third octave band increases with the increasin n the Tirst set of measurements, the source was locate
center frequency because the one-third octave bands a the centerline, 7.1 m from one of the vertical walls and 1
spaced logarithmically. Consequently, the computational efmdaboye the concrgt?_ grgung. To okt])taln thz values of ?O'S?
fort increases with the increase of the octave-band centéf uction(NR), as 'e ine a. ove, the s'oun prgssure eve
frequencies. To reduce the computational time without af_measured at a receiver location at a horizontal distance of 10
fecting the accuracy of predictions, the sub-bands are als@ In front of the source and at a height 1.25 m above the
spaced logarithmically. A preliminary study suggests that us@round was used as the reference. This receiver location was

of the logarithmic sub-bands is sufficient for the present nu'€ferred to as the reference point. o
merical analyses. Due to the interference effect of the source and its im-

) ) ages, the sound levels at octave bands vary considerably,
A. Measurements in Tai Lam Tunnel even when the receivers were located close to the source.

Tai Lam Tunnel was 3.7 km long with a rectangular Figure 3 shows the experimental results of a frequency spec-
cross-section of a nominal width and height of 14.2 and 6.0rum for the octave bands from 50 to 500 Hz. A typical
m, respectively. The two sides of the tunnel walls were fur-geometry was used in the measurements with a receiver lo-
nished with smooth concrete panels that were slightly curveated at a horizontal distance of 10 m from the source. The
for decorative purposes. These vertical walls were assumetieasurements were taken at the same vertical plane as the
to be reflective flat surfaces. The ground was made of conreference point, but the receiver was moved from the refer-
crete with raised walkways formed adjacent to the verticakence point to the high position at the offset line. As illus-
walls. A slightly curved ceiling made of concrete slab wastrated, the coherent model can be used to predict the inter-
regarded as a reflective flat surface in parallel with theference dips at the low-frequency region considerably well,
ground. The lighting equipment and signal boxes were hungvhile the predictions according to the incoherent and ASJ
from the ceiling of the tunnel. It is remarkable that the models are rather insensitive to the change of receiver loca-
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FIG. 3. A comparison of noise reduction spectra among the predlctlon§ b¥:IG. 5. A comparison of sound attenuation at different source/receiver sepa-
the coherent model, incoherent model, ASJ model, and measurements in T; tions along Tai Lam Tunnel with the noise source logatem above the

Lam Tunnel. The source and receiver were placed, respectively, at 1 al
2.33 m above the ground and at respective distances of 7.1 and 10.7 m fro e source frequency of 160 Hz and the receiver locating at the offset line

one side of the tunnel wall. They were separated by a horizontal distance long the tunnel and 1.25 m above ground. The keys for the lines show in
10 m. The predictions according to the incoherent and ASJ models coincidﬁ]e figure are the same as in Fig. 3.

at all frequencies(Solid line with open circles: Measured results; dashed

line with open circle: predictions according to the coherent model; solid line

with crosses: predictions according to the incoherent model; dot-dasherh above the ground and placed either at the centerline or
line with dark circles: predictions according to the ASJ madel. offset at 3.5 m from one of the vertical walls. Noise mea-
surements were conducted along the tunnel from a horizontal
tions. The comparison shows that the discrepancy betweeatistance of 10 to 200 m at the frequency range from 50 to
the measurement result and the prediction by the incoheres00 Hz. Two typical sets of data are selected for presenta-
and ASJ models can be up to 7 dB at 125 Hz. On the othetion. In Fig. 5, the receiver was placed at the low position at
hand, the variation in the noise reductioNR) gradually  the offset line with the octave-band frequency of the source
arrives at a steady level of about3 dB when the octave- at 160 Hz. On the other hand, in Fig. 6, the receiver was
band frequency exceeds 315 Hz. The incoherent and ASJlaced at the high position at the centerline with the octave
models predict that there is no noise reduction for soundand frequency at 315 Hz. These two plots display typical
transmitted over a source/receiver separation of 10 m. results of the predicted noise reduction by various models
To demonstrate the usefulness of the coherent model iwith the measured noise reduction plotted against the hori-
the prediction of sound propagation in a long-range situationzontal distance from the source. These two figures show that
we move the receiver farther from the source. We show irhigher sound attenuation along the tunnel was achieved
Fig. 4 only the results for the measurements at a horizontakhen the receiver was located at the low position at the
distance of 150 m from the source. Again the spectrum freoffset line. We also note that there was no appreciable sound
quency is shown with the octave bands varying from 50 taattenuation at the receiver locations between 20 and 50 m
500 Hz. In this set of measurements, the source was locatggbm the source. Generally speaking, the coherent model
at the centerline and the receiver at the high position of thgjives a more accurate prediction in all source/receiver con-
offset line. The figure illustrates that the coherent model carigurations. As shown in both figures, the predictions accord-
be used to predict the fluctuations of noise reduction acrosigg to the coherent model agree to within 3 dB of the experi-
the frequency spectrum with accuracy. The incoherent anghental measurements. However, there are noticeable
ASJ models are less accurate prediction schemes for thgiscrepancies between the measurement results and predic-
source frequency below 200 Hz. At the frequency range ofions according to the incoherent and ASJ models. The dif-

interest from 50 to 500 Hz, the ASJ model generally underferences between the ASJ model and the measurements can
estimates the sound attenuations along the tunnel.

In the next set of measurements, the source was set at 1

ound and 7.1 m from the tunnel wall. Measurements were conducted for

5 B v TR

Noise reduction (dB)
&
¥

Noise Reduction (dB)

10 100
Source-receiver distance (m)

200

1%

500
Frequency (Hz)
FIG. 6. The same as Fig. 5, except that the source frequency was 315 Hz
FIG. 4. The same as Fig. 3, except that the source and receiver were sepaad the receiver was located at the centerline along the tunnel and at 2.33
rated by a horizontal distance of 150 m. aboveground.
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be as high as 7 dB. For the source located at the offset 0
position and the receiver located at other distances, compari-
sons of the experimental data with theoretical predictions ~ ,
have rather similar results. These results are not shown here I R s S
for brevity.

The usefulness of using the coherent model, i.e., consid-
ering the interference, in predicting sound propagation at low
frequencies, is generally expected. However, it is of interest
to determine the critical frequency where the incoherent
models should not be used. The critical frequency may be
determined by considering the pathlength difference of the e 10
direct ray and the reflected ray of the first order. Suppose that
the cross-sectional area of the tunneAisnd the horizontal , _ _ o
distance between the source and receivér Ehen, the typi- FIG. 7. A comparison of noise reduction spectra among the predictions b)_/

. . the coherent model, incoherent model, ASJ model, and measurements in
cal length scale of the tunnel with a rectangular cross-sectiofestern Harbor Crossing Tunnel. The source and receiver were placed,
is VA. The paths of the direct and the reflected ray of the firstespectively, at 0.9 and 2.38 m above the ground and at respective distances

i of 9.85 and 6.25 m from one side of the tunnel wall. They were separated by
order have the respective length scales \df*+A and
. .a horizontal distance of 250 m. The keys for the lines show in the figure are
JLZ+2A. Hence, the pathlength difference has an aPProXithe same as in Fig. 3.
mate order ofAL/2(L2+ A) which is derived by assuming

D>0. The effect of interference between the contributory ]
rays is significant if the wavelength of the transmitted 'eceiver was set at 1.3 and 2.38 m above the ground. These

sound is much less than the pathlength difference, ke., &€ referred to as the low and high positions, respectively.

<AL/2(L2+A). The critical frequency is then determined An initial measurement of the sound pressure levels at a
by horizontal distance of 10 m in front of the source was con-

5 ducted in the tunnel. The result was used as the reference
fe~2c(L°+A)/AL, (6)  data for the deduction of the noise reduction spectra in our

wherec is the speed of sound in air. The incoherent modepubsequent field measurements. At the reference location, the
should be adequate in predicting the average levels of theeceiver was placed 1.3 m above the ground. A comprehen-
transmitted noise if the source has a frequency much greatéive set of measurements was then conducted for various
than the critical frequency. source and receiver locations. These experimental data were

We remark that the frequency used in the measurementssed for a comparison with different numerical models.
at Tai Lam Tunnel was not h|gh enough to allow an assessv\/hen the horizontal distance between the source and re-
ment of the critical frequency and source/receiver separatiof€iver was extended beyond 75 m, say, the noise levels
in which the incoherent model may be used to predict thélropped significantly due to the high absorption of sound

average level of the transmitted noise. This issue will beenergy in air, especially at frequency bands over 1 kHz. Itis
addressed in the next section. important to include the air absorption factor in the predic-
tion models in order to accurately predict sound propagation
in tunnels. To illustrate this point, selected noise reduction
spectra are presented for the octave bands varying between
, 50 and 8000 Hz. Figures 7 and 8 display the results for
Western Harbor Crossing Tunnel sva 2 kmthree-lane o caivers at a horizontal distance of 250 and 350 m from the
road tunnel in Victoria Harbor of Hong Kong. This tunnel, source, respectively. In these two examples, the receiver was

which has a rectangular cross-section of a nominal width 0f,cateq at the centerline and at the high position. The figures

12.5 m and a height of 5.8 m, shares a similar design 10 thg,\ e that the coherent model is able to predict peaks and
Tai Lam Tunnel described earlier. The tunnel walls and

ground were made of concrete with flat and smooth surfaces.
Raised walkways adjacent to the vertical walls and other ¢
scattering surfaces hung from the reflective ceiling were s
found. To obtain a full spectrum of measurement results from
50 to 8 kHz, the Tannoy loudspeaker model T300 with ex-
ternal dimensions of 0.37 ®0.59 m in height was used as a
sound source generating pink noise. The sound source was
located at 0.9 m above the concrete ground and at either 2.65
or 6.25 m from one of the vertical walls. An Ono Sokki

...........
7/ | =

Noise reduction (dB)

1000 8000

Frequency / Hz

B. Measurements in Western Harbor Crossing Tunnel

Noise reduction (dB)

Precision Sound Level Meter type LA-5110 was used to take A0
measurements of sound pressure levels in one-third octave s
bands at various receiver locations from 10 to 400 m. The 50 100 1000 8000

receivers were located at the centerline of the tunnel and on Besgeney/ Ha

the side at 2.65 m from_ On'e Of. the vgrtical Wa”S_- This isFIG. 8. The same as Fig. 7, except that the source and receiver were sepa-
referred to as the offset line in this section. The height of theated by a distance of 350 m.
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FIG. 9. A comparison of sound attenuation at different source/receiver sepa- o )
rations along the Western Harbor Crossing Tunnel. The center-band fre=!G. 10. The same as in Fig. 9, except that the receiver was located at a
quency of the source was 50 Hz. The source and receiver were p|aceg!stance of 6.25 m from the same side of the tunnel wall and the center-band

respectively, at 0.9 and 1.3 m above the ground and both at a distance §equency of source was 6300 Hz.

6.25 m from one side of the tunnel wall. The keys for the lines shown in the

figure are the same as in Fig. 3. shows that a strong constructive interference effect occurs at
receiver locations at a distance of between 20 and 30 m.

3 H " ” H
dips occurring at the low-frequency region and gives theRedmoré referred to this phenomenon as a “plateau” in his

highest accuracy across the whole frequency range of interegf(pe”mental data. In our case, both t_he mcohe_rent model
as compared with the ASJ and incoherent models. In thi nd the ASJ model overestimate the noise reduction, and the

geometrical configuration, the ASJ model underestimates th@screpanmes become relatively large at distances when de-

noise reduction of up to 6 dB at 3150 Hz, where destructives'trucuve Interference occurs. . .
In the next set of data, the receiver was shifted to the

interference occurs. On the other hand, the incoherent mode .
overestimates the noise reduction of up to 6 dB at 100 ané‘fset line and at 2.38 m above the ground. The center-band

630 Hz, where constructive interference oceurs. requency of the source is 6.3 kHz. Despite the fact that the

As discussed in the last section, we can roughly estimatinterference effect becomes less significant at high frequen-
the critical frequencied,., for these two examples in Figs. 7 cies, Fig. 10 shows that_ prediction results by the c_oherent
and 8. According to Eq(6), they are about 2 and 3 kHz for model agree very well with the measurements at this set of

the horizontal distances of 250 and 350 m, respectively. Wfata for the separation between the source and receiver ex

expect that the incoherent model should be adequate to es ?ndlng t0 400 m. The results pred@ted by the A.S‘]. model
pear to be the least accurate in this example. Similar con-

mate the average levels of the transmitted noise if the sourc%D ) be d based on th ; f d
frequency is higher than the critical frequency. This is sup-C usions can be drawn based on the comparison of measure

ported by the experimental results shown in Figs. 7 and 8 ir‘?md predicted results for other geometrical configurations but

which the incoherent model gives a fair estimation of thethese results are not shown here for brevity.

Noise Reduction in the tunnel. Nevertheless, the incoherent
model can only provide the average noise levels and ar Y. SUMMARY
unable to predict the variation of NR in the spectrum as  The experimental data for the full-scale field experi-
shown in the figures. ments at Tai Lam Tunnel and Western Harbor Crossing Tun-
To prove the robustness of the coherent model in prenel confirms a finding in a recent study on scale model ex-
dicting sound attenuation along the tunnel in a long rangeeriments. The coherent model gives the best agreement with
propagation and at all frequencies of interest, noise measurexperimental results among all three prediction schemes, par-
ments were conducted from horizontal distances of 10 to 40@cularly at the low- and mid-frequency regions. The varia-
m from the source, with the mid-band frequency rangingtion of the noise reduction at different frequencies is a fea-
from 50 to 8000 Hz. To present the results, we have choseture that can only be predicted by the coherent model with
only two representative sets of data for the purposes of illusaccuracy to within 3 dB. The effect of mutual interference
tration in the following paragraphs. Similar results compar-caused by the direct and reflected rays is an important factor
ing the experimental data with theoretical predictions can béor the accurate prediction of sound fields in long enclosures.
found elsewheré? The incoherent model generally gives satisfactory pre-
In the first set of experimental data, the noise source wadictions when the total sound field shows a less significant
set at the centerline and at 0.9 m above the concrete grouneffect of interference between contributory rays. This will
The receiver was located at the centerline, and the centeoccur when the source frequency is sufficiently high and
band source frequency was 50 Hz. The noise reduction alonghen the separation between source and receiver is small.
the tunnel at various one-third octave bands are plotted t&or instance, as shown in a typical set of experimental mea-
compare the measurement results with the predictions bgurements, the agreements are good for a source frequency of
various models. Figure 9 illustrates that the predictions by6.3 kHz and a horizontal separation of 30 m. In this case, the
the coherent model give the best agreement with the medetal sound field can be approximated by summing all con-
surement results for sound propagation up to 400 m. It alstributory rays incoherently.
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