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Abstract: In this paper, a piecewise-defined function is proposed to estimate traffic noise in urban
areas. The proposed approach allows the use of the model even in the case of very low or zero flows
for which the classical logarithmic form is not suitable. A model based on the proposed approach is
calibrated for a real case and compared with the results obtained with a model based only on the
logarithmic form. The results obtained show how the proposed piecewise-defined function, linear
for low traffic flows and logarithmic for medium-high volumes, is able to better represent real noise
pollution levels in all conditions. The proposed approach is particularly useful when comparing two
plan scenarios from the point of view of noise effects.
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1. Introduction

In urban areas, road traffic contributes significantly to environmental noise and is its main source.
As is evident to anyone living in congested cities, noise causes annoyance, sleep disturbance and
damage to human health, reducing the quality of life.

The World Health Organisation [1] has estimated that at least one million years of life are lost every
year due to road traffic noise in Western Europe. Impacts on human health have been widely studied.
Muzet [2] and Pirrera et al. [3] studied the effects of environmental noise on sleep and, consequently,
on health. Some studies [4–8] focused on cardiovascular problems related to noise. Sakhvidi et al. [9]
studied the association between noise exposure and diabetes. Jafari et al. [10] evaluated if noise
exposure can accelerate cognitive impairment and Alzheimer’s disease. Noise and annoyance were
studied in [11–15]. Other general studies can be found in [16–18], while the effects of noise on property
prices were studied in [19–21].

There is extensive literature on models for estimating noise pollution. Some reviews can be found
in [22–24]. Most of the proposed models relate road traffic noise to vehicle flows; some also consider
other variables such as average speed or certain characteristics of the road infrastructure (slope, type
of pavement, distance and height of buildings, etc.); here, we just mention [25–43].

The analysis of the literature allows us to identify two main types of models:

• general, i.e., applicable to different situations and case studies;
• specific, calibrated in correspondence with a specific case study and applicable only in the reference

context or in very similar contexts.

General models relate noise to vehicle flow and/or average speed, but also take into account other
context-specific characteristics (traffic type, gradient, road surface, barrier geometry, mean wind speed,
traffic composition, local topography, etc.). Some examples are the models FHWA [44], CoRTN [45],
RLS (see [46,47]), ASJ RTN [48], Harmonoise [49,50], Son Road [51], Nord 2000 [52], NMPB-2008 [53]
and CNOSSOS-EU [43]. A comparison of these models and more details can be found in [23].
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On the other hand, specific models are calibrated for specific situations, such as urban roads
with similar characteristics, or sometimes for single infrastructures. These models estimate the noise
emissions, for that specific case study, as a function of the traffic flow and sometimes the average
speed of that traffic. Most models are based only on traffic flows; the simplest functional form is the
following:

Leq (f ) = β0 + β1 · log10 f (1)

where:

Leq is the equivalent noise level at a specific distance from the centre of the road, in dB(A);
β0 and β1 are the coefficients of the model to be calibrated;
f is the homogenised traffic flow (veh/h).

Other models include the distance of the receiver from the source within the formula, or other
features such as the percentage of heavy vehicles or the average flow speed, trying to extend the use of
the model to other contexts as much as possible. In almost all formulations, the term log10 f, or its
functional transformation, is present and plays the main role in the calculation. Some papers that use
the approach (1) or similar are [26,27,46,54–59].

Model (1) surely cannot be easily generalised but it is very easy to calibrate in specific contexts.
A specific model, once calibrated in correspondence of some roads of a city, can be used to estimate
noise pollution levels also in other roads of the same city, in order to estimate the exposed population,
identify the most critical areas to intervene on and assess the overall effects of interventions on traffic
circulation [60].

In this paper, the calibration of a specific model based on a piecewise-defined function is proposed,
to avoid the use of the logarithmic form that can create problems for zero or very low flow, which can
occur in simulation models of a whole road network.

The paper is organised as follows. Section 2 introduces the proposed approach. Section 3 calibrates
a specific model based on the proposed approach and compares it with other models. Section 4
concludes and discusses the research prospects.

2. The Proposed Approach

Model (1) and most models based on the logarithm of traffic flows work very well when traffic
flows are not extremely low or zero. It is well known that power and sound pressure levels vary with a
logarithmic law. Indeed, the intensity of auditory sensations is in first approximation proportional to
the logarithm of the stimulus and not to its absolute value.

For example, if we use the model calibrated in [59], below:

Leq (f ) = 17.594 + 17.377 · log10 f (2)

we can see that it is not applicable in case of null flow (the second term would tend to less infinite)
and would give a value equal to 17.594 dB(a) in case of 1 veh/h and 34.971 in case of 10 veh/h. As
also written in [59], the model is valid only if the flow is greater than about 50 veh/h, at which the
equivalent noise level is equal to 47.1 dB(A).

In most cases, this underestimation of equivalent noise levels for very low flows is not a problem,
because roads with low traffic, or periods with low traffic, do not receive attention in noise analysis.
The problem arises when we want to analyse the overall noise level of a city, perhaps by comparing
pre- and post-intervention scenarios. For example, in Urban Traffic Plans, it is useful to check with
simulation whether changes in traffic patterns may or may not have a positive impact on noise pollution.
The approximations included in the simulation models, such for example the discretisation of the
study area into traffic zones (zoning), may lead to estimate zero or very low traffic flows on some links
of the network and any comparative analysis would be compromised in these cases.
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To avoid this problem, in this paper we propose the use of a piecewise-defined function, in order to
calibrate specific models, which has a first linear part (for low traffic values) and a second logarithmic
part (for high traffic values). In any case, the function must be continuous and derivable; therefore,
we propose to extend linearly model (1), with an inclination equal to the first derivative of the model,
for flows lower than a minimum value, fmin. This way, we can formulate a model that is valid for all
traffic conditions. Under these assumptions, the model can be formulated as follows:

Leq (f ) = [β0 + β1 · log10 fmin − fmin · (1/(fmin · ln(10))) · β1] + [(1/(fmin · ln(10))) · β1] · f if f < fmin (3)

Leq (f ) = β0 + β1 · log10 f if f ≥ fmin (4)

The calibration of models (3)–(4) requires the calculation of three values, in contrast to model (1)
for which it was sufficient to calibrate two coefficients (β0 and β1); indeed, in addition to the β0 and β1

coefficients, it is necessary to calibrate the value of fmin.

3. Model Calibration

The calibration of the model is performed using the same data collected in the testing campaign
reported in [59] in the city of Benevento. These data refer to four road sections (see Figure 1)
representative of the prevailing type of roads in the urban network; the pavement was bituminous in
all cases.Infrastructures 2020, 5, x FOR PEER REVIEW 4 of 10 
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Figure 1. Survey locations.

The phonometric surveys were conducted by a specialised technician using a Svantek 949 sound
level meter, with the periodic certification, equipped with a preamplifier Svantek SV 12L and a
pre-polarised microphone Svantek SV22. Before and after the measurements, the tuning of the
system was verified with a precision calibrator DELTA OHM. A microclimatic station for measuring
temperature and wind speed and direction was used; indeed, the phonometric measures must be
recorded in absence of rain, snow or fog and the maximum wind speed must be lower than 5 m/s. The
phonometer is disposed to 1.5 m in height from the road level and on the side of the road. The traffic
surveys were obtained with a manual procedure, counting cars, light-duty vehicles (LDV) and
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heavy-duty vehicles (HDV) every 15 min (motorcycle flows are negligible in Benevento), and assuming
the following equivalence coefficients: LDV = 2 cars; HDV = 8 cars. Overall, 32 measures were
conducted; in Table 1 the main data are summarised.

Table 1. Survey measures.

Location Hom. Flow [veh/h] Leq [dB(A)] Leq
c [dB(A)]

A

500 62.3 64.4
648 67.1 69.2
496 61.9 64.0
368 58.6 60.7
168 54.2 56.3
48 49.9 52.0

1260 70.2 72.3
1040 71.0 73.1
704 69.8 71.9

B

528 63.5 65.6
628 65.9 68.0
436 60.9 63.0
312 57.9 60.0
120 52.1 54.2
856 66.3 68.4
828 67.7 69.8
792 65.9 68.0

C

648 61.8 61.8
568 63.1 63.1
436 60.0 60.0
228 56.9 56.9
80 50.1 50.1

1184 70.0 70.0
544 69.4 69.4

D

552 62.0 62.0
568 63.4 63.4
364 58.8 58.8
208 56.2 56.2
104 51.0 51.0
772 65.2 65.2
680 70.0 70.0
536 68.1 68.1

The phonometric measures have to be corrected for the locations A and B according to the distance
from the centre of the road; indeed, as reported in Figure 2, the distances are different in these locations
since there are parking lots (the measures were, anyway, performed where no cars were parked).
Assuming a linear noise source, the sound in locations A and B arrives to the receptor attenuated by
the following factor:

∆Leq = 10 · log10 (6.18/3.81) = 2.1 dB(A)
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Therefore, the measures on locations A and B are incremented of 2.1 dB(A); these corrected values,
Leq

c, are reported in the third column of Table 1.
The model was calibrated using the generalized least squares method and the following values

were obtained: β0 = 4.427; β1 = 22.109; fmin = 287 veh/h. With these values, models (3)–(4) become:

Leq (f ) = 49.160 + 0.0335 · f if f < 287 (5)

Leq (f ) = 4.427 + 22.109 · log10 f if f ≥ 287 (6)

The value of the coefficient of determination, R2, is significantly high (0.878); Figure 3 reports the
comparison between measured and estimated data and the comparison between the model curve and
the experimental data. This model improves model (2) for which R2 was equal to 0.847. The RMSE
value also improved, decreasing from 2.48 to 2.22.

It is interesting to compare the results obtained between the two models for low traffic flow
values. It is noted that the proposed model can provide plausible results in all flow ranges, while the
logarithmic model provides acceptable values only for sufficiently high flow values (see Table 2 and
Figure 4).

Table 2. Comparison of models.

Flow [veh/h] Leq Model (2) Leq Model (5)–(6) Leq Model (7)

0 N/A 49.16 N/A
1 17.59 49.19 47.29
5 29.74 49.33 54.42

10 34.97 49.50 57.49
20 40.20 49.83 60.56
30 43.26 50.17 62.35
40 45.43 50.50 63.63
50 47.12 50.84 64.62
60 48.49 51.17 65.43
100 52.35 52.51 67.69
150 55.41 54.19 69.48
200 57.58 55.86 70.76
250 59.26 57.54 71.75
300 60.64 59.19 72.55
350 61.80 60.70 73.24
400 62.81 61.96 73.83
500 64.49 64.10 74.82
600 65.87 65.85 75.63
700 67.03 67.33 76.31
800 68.04 68.61 76.90
900 68.93 69.74 77.42

1000 69.75 70.75 77.89
1500 72.78 74.64 79.68
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Moreover, the proposed model was also compared with the model proposed in [54], which has
been widely used:

Leq (f ) = 55.5 + 10.2 · log10 f + 0.3 P − 19.3 log10 d (7)

where:

P is the percentage of heavy vehicles;
d is the distance from the source.

For the comparison, we assume a percentage of heavy vehicles of 10% and a distance from the
source equal to 3.81 m.

It should be noted that model (7) was not calibrated for the case study, so it is possible to compare
only the trend of the function, which is similar to that of model (2); model (7) overestimates the noise
levels for the case study examined, but, from the trend of the function, it presents the same problems
as model (2).

4. Conclusions

Noise pollution is one of the main external impacts of the road transport system. Numerous
models have been proposed in the literature, some more general, others more specific, for its estimation.
In almost all models, equivalent noise levels are assumed to be a function of the logarithm of traffic
flows; this theoretically correct hypothesis does not, however, allow the use of such models for very
low or zero flows.

On the other hand, in practice, in particular for urban roads, there is always background noise to
which the noise emitted by vehicular traffic is added. The approach proposed in this paper, based on
the use of a piecewise-defined function to be calibrated for the specific context, makes it possible to use
the calibrated model even on roads with very low or no traffic.

Comparison with a logarithmic model calibrated with the same data shows the robustness of the
proposed approach.

In the literature, the need to estimate noise emissions at low traffic values has always been
considered unimportant, because noise pollution is usually a real problem in case of high traffic flows.
Often, models have been calibrated and used only on high traffic roads and at peak times.
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The need to have a model that is also valid for low (or no) traffic flows occurs when we want to
examine, in simulation, the situation of an overall city network, also before and after interventions on
traffic schemes. In these cases, it may occur that on some road sections, the level of traffic is very low
or zero, even for the approximations of the model. The proposed approach makes it possible to use a
unique model to estimate all traffic conditions and, consequently, to compare the intervention scenarios.

The proposed approach can be used to calibrate specific models in other contexts; the calibrated
models (5)–(6), on the other hand, have uses limited to the case study or very similar situations.

The research prospects can be directed to test the proposed approach on other urban contexts and
to generalise the model based on this type of function so that it can also be used in contexts other than
the one in which it has been calibrated.
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