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1. INTRODUCTION

The method used by the Department of Transport for predicting the noise generated by road traffic is
contained in the Technical Memorandum, "Calculation of road traffic noise” {CRTN) [1]. The method was
developed by TRRL with the specific objective of praviding a means of calculating entitlement for sound
insulation treatment of residential propenties as part of the powers given by the Noise Insulation Regulations
of the Land Compensation Act of 1973. For these manual calculations the method had to be transparent
and relatively simple. Although it copes well with fairly simple highway geometrics, if is Jess able to deal
with complex propagation problems involving both screening and reflection of the noise. Such situations
can occur in urban arcas where the presence of buildings located in close proximity to roads can introduce
multiple reflections between facades and scartering, diffraction and screening.  Similar phenomena can also
occur for some motorway constructions such as deep vertical cuttings or where there are tall vertical noise
screens located on either side of the road. Additionally the statvtory method does not cater for the
inclusion of purpose~buill sound absorbing materials placed on the reflecting surfaces of barriers or cuttings,
since it assumes that all such surfaces are highly reflective.

The model described in this paper has been formulated since the development of CRTN with the aim of
providing a practical prediction method for complex traffic noise propagation conditions. A pasticular
objective has been to determine a model which can be used to obtain a better understanding of the noise
altenuation provided by roadway constructions which involve both screening and reflection of traffic noise
such as retained cuttings, multiple barrier configurations and structures which involve a combination of these
features.

2. FORMULATION OF THE MODEL

2.1 General

The modelling philosophy adopted has atiempted 1o address all significant aspects of traffic noise generation
and propagation. For example, the model includes consideration of the source sirength, location, directivity,
scattering by reflecting elements and attenuation with distance as a function of both the ground cover and
the height of prepagation. The principles of ray acoustics and image source modelling have been employed
to account for both single and multiple reflections, absorption by suifaces and diffractions by the edges of
barriers and screcning walls. The formulation of the model is described fully in a rcpont by Tobutt and
Nelson [2]. The following sections give an overview of the various elements of the modcl, the validation
studies thal were carried out to detcrmine the accuracy of prediction for different highway geometries and
some examples of the use of the model 1o predict the screening performance of some idealised roadway
consiructions.
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2.2 Basic Assumptions .

The model described in this paper is limited to single segment roadways, i.e. where the road effectively
extends infinitely in a straight line either side of the reception paint. For the types of highway construction
and prediction problem envisaged, this represents a valid approximation 1o all but a few cases. The model
can, however, be fairly simply extended to deal with situations which require the roadway to be divided into
more than one segment [2]. The model requires the geometry of the highway o be defined along the cross—
section drawn through the reception point along the normal o the source line. An example of a typical
cross-section is given in Figure 1 for the situation where a dual camriageway is constructed in a cutting.
It should be noted that the source lines are assumed to be located af the centre of each carriageway and 0.5
metres above the surface of the road,
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Fig. 1 Single segment roadway and cross-ssctional geometry

23 Source strength and directivity.

In this model the source strength is computed directly in terms of Ly dB using the Department of
Transport's method, ‘Calculation of Road Traffic Noise' (CRTN). The functional form of the basic noise
level described in CRTN was determined initially using both empirical and compuler modelling techniques
and has since been fully validated against-an independent data set involving a data bank with over 2000 site
measurements [3). The form used, standardised for a horizomtal road and a reference distance of 13.5 metres
from the source line is given by~

Lao= -28.8 + 10 Log,q + 33 Logq (V + 40 + 500/V)
+10Log, (1 +5pV). ... o

Where q is the vehicle flow in vehicles per hour, V is the mean speed of the traffic stream in kmvh, and p
is the percentage of vehicles with an unladen weight greater than 1525 kg.

Modifications to the source sirength according to the direction of propagalion have been incorporated in the
model. Previous models generally assume that the individual vehicles comprising the traffic strcam madiate
noise omnidirectionally so that the wave front expands in a hemispherical manncr above the ground plane
and the resulting line source generated by the traffic siream exhibits cylindrical spreading. In practice
deviations from this simple rule can occur due, in pan, to the individual directivities of different sources
on the moving vehicles and lo differential screening of these sources by parts of the vehicle when viewed
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from different angles. Consequently the noise propagating to receptor positions located above the waffic
stream could be expected to differ appreciably from the noise radiated (o receptors Jocated nearer to the
ground plane.

The directional characteristics of the source were calculated by averaging the palar plots obtained for noise
radiated by individual vehicles under different operating conditions, These plats are reproduced in Figure
2. and were oblained from data reported by Ringheim and Storeheier [4] and Storeheier et al [5] for cars
and lorries respectively. The figures show the much greater screening of the noise radiated by the vehicles
in the vertical than the horizontal direction. This is particularly noticeable for the car group. .

o0°

a0®

Sped = G0kmih 80

Spegd = BOkm/N

LLILY)

dB{A}

(a1 Cars tfrom Ringheim & Storehsier, |4]) {b) Lorries (from Storehoier ot al, [5))

Fig. Z Spatiel distribution in a vartics) plane normal to the
travel direction of sound pressurs levels for cars
and lorries [distance 7.5metres)

2.4 Treatment of reflection and screening by barriers and walls

2.4.1 Reflection. The model includes in the formulation a consideration of the sound which is radiated
from the source lines and is reflected by the various elements which form the cross-section. The absorbing
characteristics of the surfaces involved are characterised by the Noise Reduction Coefficient (NRC), which
is 'the arithmetic average of the normal incidence absorption coefficients for 250, 500, 1000 and 2000 Hz,
This is modified 1o take account of the angle of incidence of each relevant acoustic ray [2]. .

In the model the number of reflections of each acoustic ray is limited to two since il was found thal in

practice the influence of higher orders of reflection did not contribute significantly to the overall noise levels
generated al reception points located alongside the road.
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Figure 3 illustrates a typical cross—section showing the direct ray path constructed from the source line o
the reception point and alternative viable ray paths involving primary and secondary reflections between the
source and receptor.

Direct my: 5—eR
Single raflection: §—e-A —»R end 5—D—=R
Doubles reflection: 5—-B=e-C —=R

Fig. 3 Illustration of ray paths drawn between the soures,
8, and the receiver, R, for a road in 8 cutting ’

242 Screening by Barricrs. The method adopted in the model to deal with the screening afforded by
acoustically thin barriers is based upon the well established semi-~empirical relaticn determined initially by
Mackawa [6] for the attenuation of point sources. The modification of Maekawa's point source function
to account for barrier attenuation in relation to traffic nois¢ (line) sources has been determined by several
suthors [7-10). In the model the transform developed by Fisk [10] was used.

Further considerations are given te the screening provided by bamiers which cannot be regarded as
acoustically thin, ¢g, wedge shaped barmiers, thick screens etc. For thick barriers an equivalent thin barrier
is calculated in the model using the method described by Ford [11] and the Fisk transform of the Maekawa
formula is then applied to the cquivalent barricr. For wedge shaped barriers the diffraction attenuation is
calculated using the method developed by Mackawa and Osaki {12]. This form of correction is important
when dealing with the diffraction at the edges of retained cultings.

2.5 Distance Attenuation )

The propagation of traffic noise is affected by the ground surface between the source and the receptor. The
determining factors are the separation of the source and the receiver, their heighls above the ground and the
acoustical absorbing characteristics of the surface. Despite the potentially complex ¢ffects introduced by the
ground plane, for waffic sources it has been found experimentally [3,13] that, for a given height above
ground, distance aticnuation can be represented, to a good approximation, by a simple logarithmic funclion
of distance. The form used in the model was derived from the aticnuation function uscd in CRTN but was
adapted to take account of propagation over a wider range of different ground surfaces. The function uscd
in the model is:
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Attenuation = 10 log,, (d/d.) +

. log, [3/(6H-1.5)]
12.1 (NRC), log,, {d, { d) log,,[d/3)

where d_ is

the distance from the source to the receptor, and 4, is a reference distance from the source line normally
taken to be 13.5 metres for traffic noise prediction purposes. H is the mean height of the propagation path
above the ground drawn between the source and the receptor, and it is required that 0.75 < H < (d, + 1.5)/6.
(NRC), is the normal incidence Noise Reduction Cocfficient used to characterise the acoustical properties
of the ground under the propagation path. Values of (NRC), for different types of ground cover are given
by Tobutt and Nelson [2].

It should be noted that for a hard, reflecting surface such as concrete, (NRC), = 0 and the attenuation is then
given by the first term in equation (2) which is the familiar form of the attenuation function for propagation
over a reflecting surface. Similarly, when the height of the propagation is well above the ground plane such
that H > (d, + 1.5)/6 the absorbing characteristics of the ground are assumed to have no effect on the
propagation. For these conditions, attenuation function again reverts 1o the reflecting ground condition i.e.
the first term only of equation (2).

3. VALIDATION OF THE MODEL

31 General

The mode? bas been tested by comparing predicted values of L,;, with noise measurements taken at different
sites. Additionally the method has been compared with data obtained from scale models. In order to camry
out the necessary calculations a compuler program known as CROSECT was developed which was designed
to run on a small desk-top computer. The program requires as input the dimensions of the cross-section
in terms of the end point coordinates of a scries of connecting straight line elements. These data are entered
together with the values of (NRC), assigned to each element of the cross-section. The source and receptor
positions are also defined at the input stage together with basic traffic flow paramelers, the road gradient
and the texture depth of the road surface. The program compultes values of L, either at previously defined
receptor positions or in the form of a two dimensional map of the noise levels drawn in the same plane and
scale as the cross-section. Contours of the L,,, values can be achicved using a specialised contouring
package.

3.2 Comparison with Site Data

A total of 18 road sites were located covering a broad range of highway cross-scctions where access for
noise measurcment was possible.  These included sites with noise barriers, cuttings with both vertical and
sloping walls, and more complex silcs which combined several of these features. The main objective in the
sclection of sites was to provide a rigorous test of the absolute prediction accuracy of the model as
formulated in the CROSECT program. Figure 4 gives the cross-section studied at 4 of the chosen sites.
The approximate positions of the measurement points are indicated on the Figure.
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_The noise measurcments were taken using %" omnidirectional condenscr microphones connected to a
portable noise analyser which computed the L., noise level over a period of 20 to 30 minutes.
Measurements were only taken during periods of dry weather and when the wind was slight. During the
recordings measurements were taken of the traffic flow and the numbers of vehicles in the heavy vehicle
class (> 1525 kg unladen weight). The mean speed of the traffic was eslimated from the speed limit and
road classification using the method described in CRTN (1988) [1] and the road gradient was determined
from the sile map. Details of the cross seclion were obtained from large scale (1:1250)
maps of the sites and from measurements taken on site with a theodolite.

Figure 5 gives the results of the comparison between the predicted values of L, using CROSECT and the
site measurements. A statistical analysis of the distribution of errors (predicted — measured) showed that
the mean emor was -0.24 dBA with a standard deviation of 1.82 dBA. This standard of prediction
accuracy is generally regarded as being very satisfactory., A comparison using the CRTN model with the
seme data gave a mean error of +1.39 dBA with a standard deviation of 2.96 dBA.

Although the comparison indicates that the errors produced by CRTN are subslaniially greater than that
produced by the CROSECT modecl, it must be noted that CRTN does not cater for reflection from absorbent
surfaces and the attenuation with distance function used in the CRTN does not caver highly absorbing
ground conditions.

3.3 Comparison with scale models
In addition to comparing the predictions with site data, a comparison was also made between predictions
obtained using CROSECT and measurements taken using a 1:30 scale model developed by Delany et al
{14]. In this scale model a range of road geometries, principally cuttings, were modelled in an anechoic
chamber. The sound source was an air jet mounted in close proximity to a sharp edge. The effect was 1o
produce a broad band high frequency sound source which, with suitable enclosure design, was made to
fadiate in a roughly omnidirectional manner. The source was mounted on & sledge which was drawn
through the model at a constant speed to simulate the drive-by of a single vehicie, In the scale model the
ground cover was chosen 1o represent an absorbing grassland surface by scaling the porosity and air
tesistivily to values found fo be typical for grassland. The attenuation with distance function used by the
CROSECT program was matched with the scale model characteristic by iterative adjustment of the ground
" cover absorption coefficient, initially taking values which were rcpresentative of short grass.  Figure 6
shows a general comparison between the resulis oblained using the scale model and the predictions made
using the CROSECT program. In the Figure the atienuations compared are in terms of the L, and refer
to the differences between the values at the reception point and the value determined at a reference distance
of 7.5 m from the source line. The data comparcd in the Figure represents a broad range of retained
cuttings with depths of cut ranging between 2 to 6 m and receplor positions located between 2 and 4 m
above ground and between 10 and 100 m  from the edge of the cutting. The data in the Figure
differentiates between retaincd cuts which have reflecting surfaces , ie with (NRC), = 0.02, and cuttings
fitted with absorbent linings, ie with (NRC), = 0.90.

A statistical analysis of the diffcrences (CROSECT minus scale medel) showed that for the data set of 113
points the mean crror was ~0.4 dBA with a standard deviation of 1.66 dBA, which, as before, demonstrates
a very close degree of overall prediction accuracy.
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4. APPLICATIONS OF THE MODEL

Having established the validity of the method it is possible to use the model with some confidence to
examine the relative screcning performance of different highway cross—sections including the use of
absorbing pancls fitted to barriers and cuttings. The following gives two examples of the use of the model
to predict screening performance of barriers and cuttings. Clearly, since there are potentially a very large
number of design possibilities that could be examined, the following sections will enly highlight some of

the peneral features to emerge from the use of the program. Further examples are given in the paper by
Tobunt and Nelson [2).

4.1 Screening by absorbing bamiers

To examine the effccts of filting absorbing faces to basriers, calculations have been carricd out using
CROSECT for an idealised molorway cross-section where there is a plane vertical barrier located
symmetrically on either side of the road. Using this configuration, contours of L, were produced in the
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Fig. 6 General comperiton of noise level attenuations obtained
{or various retained cut configurations using ‘CROSECT”
and 8 1:30 teale mode! developed by Delany et al

2—dimensional space behind the screening barrier for the condition where the barriers were of the reflective
type, with low absorption coefficients, (NRC), = 0.02, and for the case where the bamiers were highly
absorbing with (NRC), = 0.83. This latter figure was found 10 be appropriale for an actual barrier panel,
The differences in the contour plots between the 2 conditions were then determined.  The results of this
calculation are shown for 2 barrier heights in Figure 7, In this example the roadway was modelled o
represent a dual 3-lane carriageway with 2 road width of 50 m, including the hard shoulders. The traffic
stream sources were located at the centre of each carriageway and 0.5 m above the 1oad surface.

The Figure shows that the absorbent face produces significant reductions in the L,,; sound field located
behind the screening barrier for both barrier heights considered. The reductions achicved, in excess of those
achieved by the reflecting barriers, are gencrally between 2 and 3 dBA for most of the region where, in
practice, conventional dwellings might be located. As expected, a greater improvement is achieved for the
taller barrier, although for this particular configuration, where both barricrs are the same height, the noise
reductions due 1o the absorber exbibit only a marginal improvement with barrier height. It is worth noling,
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however, that the L,,, contours do exhibit a significant shift in the vertical direction with increasing barrier
height which could be a useful design consideration when attempting to screen sensitive areas in the receptor
field.
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Fig. 7 Differences in L dB(A)} for dua) barriers with and
without aborbant. (Posted vatues are Lyg (without
absorbentl — L1 (with atsorbentl; (NRCY, for
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4.2 Design of cuttings for noise control

The CROSECT program can be used to determine both the screening provided by cuttings of different
cross-section design and also Lo investigate the performance of absorbing materials fitted 10 the facing walls.
Figure 8a shows the results of a calculation carried out using CROSECT for a vertical culting 6 m deep
lined with absorbent materials. As before values of the contours plotted in the receptor field are differences
between the noise levels produced with reflective walls and with absorbing retaining walls. 1t can be seen
that the resulls are similar to, although slightly greater than, those obtained for the dual barrier cases.

Cuttings are often constructed with some form of barricr located close to the edge for reasans of both safety
and nois¢ control. Figure 8b shows the resulls of a calculation using CROSECT for a 4 m decp cuiting
combined with dual 2 m high acoustic bamiers.  Again, the contours relate to the reduction in Lo when
adding absorbent facings to the bariers and cutting, as shown. In this case the impravements obtained
using the absorbent treatment are similar 10 those achicved for the § m deep cutlings.
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5. DISCUSSION

The mathematical mode] described in this paper has been constructed with the aim of providing a practical
prediction method for complex traffic noise Propagation conditions. A particular objective has been to
determine a model which can be used 1o obtain a better understanding of the noise attenuation provided by
foadway constructions which involve both screening and reflection of traffic poise such as retained cultings,
multiple barrier configurations and structures which involve a compilation of these featurcs,

The modelling philosophy adopted has attempted to address all significant aspects of traffic noise gencration
and propagation. For cxample, the model includes consideration of the source sirength, location and
dircclivity; the scattering by reflecting clements; and atlenuation distance as a function of both ground
cover and the height of propagation. The principles of ray acoustics and image source modelling have been
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employed to account for both single and multiple reflections, absorption by surfaces and diffractions by the
edges of barriers and screening walls.

By adopting this comprehensive and pragmatic approach to the formulation of the model it has been possible
lo predict, with reasonable confidence, both the insertion loss characteristics provided by different idealised
roadway cross-sections and the absolute values of L,,, for real road situalions where propagation conditions
are wide ranging and complex. The model therefore provides the user with both a practical design tool
which can be used to investigate basic design concepts and a prediction method of general application which
can be used to calculate performance of actual road schemes over the full range of receptor locations.

The model can be used to identify and rank order the principle rays affecting propagation of a given
roadway cross-section. Using this facility, it is possible to associate positioning of absorbent material or
the determination of shape or angle of a reflecting wall with the control of the dominant acoustic rays which
affcct the levels of noise at sensitive recepior locations. This particular facility of the program could also
be linked to other features of design such as costs and maintenance. For example, in general it is unlikely
that the lower parts of barriers will be found to contribute o the reflected component at most receptor
locations, and 5o it may not be necessary to place costly absorbing material in this region.

The extension of the model to cater for multiple segments would provide & uscful link towards the
development of a more comprehensive program for complex screening conditions. For example, in
association with the work reported here a program has been developed at the TRRL which optimises the
dimensions of a barrier or screening wall in terms of its length and height and distance from the source line
for a given source and receplor location and noise level inserfion loss. [t would be possible, therefore, to
combine a multiple segment version of CROSECT with the optimisation program o provide a method which
will give design guidance on both cross-sectional geometry and the longitudinal profile, and which will also
seek 10 reduce the cost of the construction by determining the optimum dimensions and location of the
screening wall for a specified Jevel of noise reduction.

6. CONCLUSIONS

1. A semi-empirical model has been constructed for the prediction of traffic noise L0 9B for conditions
where the propagation of traffic noise is complex.

2. The model formulation has been incorporated in a computer program known as CROSECT. This
program uliliscs ray tracing and image source theory 1o account for reflection, absorption and diffraction
associated with barriers and cuttings.

3. Overall the prediction accuracy of the CROSECT mode] was considered 1o be highly satisfactory for a
broad range of complex propagation conditions.

4. Funther devclopment of the model could include enbancing its ability to deal with muitiple line source
segments and longitudinal screcning and to couple this with cost minimisation,
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