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Abstract: Challenges that emerge in roundabout design are mostly related to space constrictions and
provision of appropriate deflection around the central island. This can result in speed profiles on
roundabouts that might reduce their potential as a noise abatement measure. Because of this, the
impact of a roundabout on noise levels and its applicability as a traffic calming device and a noise
abatement measure should be investigated in the early design stage, by modeling noise levels. In this
paper, the following hypothesis is tested: vehicle movement trajectories, defined during the fastest
path performance check in roundabout early design phase, can be used as the road traffic noise
sources when modeling noise at roundabouts using static noise model. This procedure (1) simplifies
the preparation of the noise model, (2) results in a model that is closer to the real-world in terms of
traffic flow conditions, (3) allows the noise calculations in the early stages of roundabout design, and
(4) includes the influence of roundabout deflection on calculated noise levels. The abovementioned
simplifications of the road traffic noise modeling process should encourage the optimization of
roundabout geometry in terms of its noise reduction capabilities in the preliminary design phase of
these intersections.

Keywords: noise emission model; fastest path; relative speed

1. Introduction

Among various definitions of sustainable transportation, many experts use the follow-
ing: “a sustainable transportation system is one that:

e  Allows the basic access needs of individuals and societies to be met safely and in a
manner consistent with human and ecosystem health, and with equity within and
between generations.

e s affordable, operates efficiently, offers a choice of transport mode, and supports a
vibrant economy.

e Limits emissions and waste within the planet’s ability to absorb them, minimizes
consumption of non-renewable resources, limits consumption of renewable resources
to the sustainable yield level, reuses and recycles its components, and minimizes the
use of land and the production of noise” [1,2].

The goal of sustainable transportation is to protect the environment and conserve
resources while taking into consideration societal needs as well as benefits and costs [3]. Nu-
merous studies have shown that the abovementioned sustainability goals can be achieved
in road traffic network planning, design, and management by the introduction of modern
roundabouts in the road network. According to [3-17], these intersections have proven
to be very successful at improving safety (due to the reduced number of conflict points
and lower speed compared to the traditional intersections) while enhancing mobility by
reducing the total delay compared to other controlled intersections. Moreover, modern
roundabouts usually perform better than traditional intersections with traffic lights in
terms of environmental sustainability. Previous studies have shown that the application
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of roundabouts can help reduce the excessive emissions and fuel consumption associated
with idling time, acceleration, and deceleration of vehicles that usually occur on traditional
intersections with traffic lights, as well as noise pollution in the vicinity of road intersec-
tions. Reported average reductions varied from 21 to 42% in emissions of carbon monoxide,
16-59% in emissions of carbon dioxide, 20-48% in emissions of oxides of nitrogen, 18-65%
in emissions of hydrocarbons, and from 1 to 4 dB(A) in noise emission [4,11,13-15,18-28].

Since noise pollution is still considered a major environmental health problem in
Europe [29], and since road traffic is the dominant noise source in urban and suburban
areas, the noise abatement opportunities should be an integral part of every road planning,
design and/or reconstruction process. In urban areas, the average vehicle speed is low
(50 km/h or lower), so the road traffic noise level is influenced by vehicle speed, accel-
eration, and deceleration [20,30,31]. To achieve a required reduction in noise levels, it is
necessary to match the physical layout of the road to the intended speed and to provide
as smooth a driving pattern as possible [20]. Modern roundabout, as a traffic calming
device on which operating speed depends on the geometry (deflection around the circular
island) [32,33], and a device that can carry smooth traffic flow by minimizing the start-stop
operations of drivers, fulfills the abovementioned requirements for the effective noise
abatement measure.

A smooth speed profile through the roundabout is achieved by ensuring the clarity of
the situation for approaching drivers, visibility between road users, comprehensibility of
traffic operations, and appropriate accommodation of the design vehicles. This means that
the impact of a modern roundabout on noise reduction is directly linked to the quality of its
design. Roundabout design is an iterative process that consists of the identification of initial
design elements, performance checks (the design vehicle swept path analysis, the definition
of the fastest path, and visibility tests), and final design details. A good design results in
the smooth curvature, channelization, and deflection required to achieve consistent speeds,
and appropriate sight distance. As mentioned above, to achieve the required reduction
in vehicular emissions, the speed profile through the roundabout must be as smooth as
possible [34-36]. This can be ensured in the roundabout’s designing phase by conducting
the abovementioned performance checks, specifically the definition of the fastest path
through the roundabout. This performance check aims to determine the negotiation
speed for a particular movement into, through, and exiting the roundabout, and the
relative speed between consecutive geometric elements as well as between conflicting traffic
movements. If the determined relative speed is high, large decelerations and accelerations
will occur, which will result in negative impacts on drivers and on the road environment.
Therefore, according to [32], the maximum relative speed on traffic calming devices such
as roundabouts should be less than 20 km/h.

Environmental benefits of the introduction of modern roundabouts in the road net-
work in terms of their noise reduction capabilities can be determined either by field
measurements [4,13-15,24,26,28,37-42] or by physical modeling, using established or new
noise models that are verified by field measurements [18,23,28,43-50]. The most important
attributes of traffic influencing the noise are traffic flow, vehicle speed, and percentage of
heavy vehicles, and these attributes are incorporated in established traffic noise emission
models to a varying degree of detail [51-54]. Problems that emerge while modeling noise at
roundabouts relate primarily to capturing the impact of their specific traffic flow conditions
in the noise emission model. These specific traffic flow conditions are minimized start-stop
operations and queuing, as well as the smaller average speed of approaching and passing
traffic compared to the traditional intersections with traffic lights.

Depending on the way noise models account for traffic flow, the temporal and spatial
variations in vehicle kinematics at intersections are more-or-less accurately captured. In
static noise models, roads are divided into sections where traffic flow is considered smooth
and homogeneous. These noise models usually include a propagation correction term for
noise levels in the vicinity of an intersection, the value of which depends on the distance to
the intersection [51,52]. Analytic noise models attempt to capture the impact of interrupted
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traffic on the average vehicle speed profile. They split each road section into subsections
where vehicles are assumed to have a constant average speed and homogeneous traffic
flow conditions [52]. Dynamic noise models or micro-simulation noise models are based
on a dynamic traffic model, and as such can capture the specific traffic flow conditions in
the vicinity of intersections [52,55-60].

The usability of each noise model depends on its reliability and accuracy. According to
the previous studies, static models usually underestimate the noise levels compared to the
analytic and dynamic noise models [52]. On the other hand, previous studies have shown
that the increased complexity of a model that includes more physical phenomena and
effects will not automatically produce better results in terms of model accuracy [53,61]. The
optimal model is one in which the reliability of the result is harmonized with the available
input data, and the costs and time required to create a noise model. Based on that, a static
noise model RLS-90 was selected as a baseline for road traffic noise calculations conducted
in the research presented in this paper. Previous research showed that modifications of the
standard RLS-90 model (described in Section 2) can result in the reduction of differences
between measured and calculated noise levels ranging from 1.0 to 2.8 dB(A) for streets
and intersections [62,63]. However, the modifications concerning the position of noise
sources showed to be too detailed and time-consuming when modeling traffic noise at
roundabouts, especially roundabouts with more than one entry and exit lane. Another
issue with these modifications is that they do not represent real traffic flow conditions at
roundabouts, especially concerning the movement trajectories of vehicles negotiating these
types of intersections.

The main aim of the research presented in this paper is to establish whether the
modern roundabout design procedure (that includes the abovementioned performance
checks) could be expanded to facilitate the evaluation process of the road traffic impact
on the environmental noise levels in the vicinity of these intersections. The research is
focused on the modification of the established RLS-90 method that will allow the modeling
of the influence of roundabout design on the calculated noise levels. The modification
includes the positioning of the noise sources on the movement trajectories derived from the
roundabout fastest path performance check. The research results should provide answers
to following questions: (1) whether the abovementioned noise model modification could
be used in modeling the influence of roundabout deflection on its efficiency as a noise
abatement measure; and (2) could this approach be useful for the assessment of the planned
roundabout’s impact on the environmental noise, since the fastest path performance check
is conducted to assess a roundabout’s safety performance in the early design phase.

2. Materials and Methods

The first part of the research presented in this paper was focused on the validation
of modified RLS-90 noise models. RLS-90 noise model requires input data on the average
hourly traffic flow, the percentage of heavy vehicles, the average speed for each vehicle
group, the dimension, geometry, type of the road, and the road surface. Traffic data (average
hourly traffic flow, the percentage of heavy vehicles, and the average speed) can be derived
from the average annual daily traffic data and the type of road, or measured values can
be included as calculation input [64]. All the above-mentioned data is readily available in
the preliminary roundabout design phase, which gives RLS-90 model an advantage over
other noise emission models. Following noise propagation influences are also considered:
obstacles, vegetation, air absorption, reflection, and diffraction [51,65]. RLS-90 model
is a static noise model, which means that traffic lanes are divided into sections where
traffic flow is considered smooth and homogeneous [52]. Since this assumption does not
hold in the vicinity of intersections, RLS-90 model includes a propagation correction term.
Therefore, the sound pressure level for the street (L;) is given by:

L.=Ly, +K, 1)
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R; - path radius (i=1-5)

a - distance to the elevated curb (1.5m)

e - superelevation

where Ly, is the mean A-weighted level and K is the addition for the increased effect of
traffic light-controlled intersections and other intersections. This value ranges from 0 to
3 dB(A), depending on the proximity of the intersection to the receiver [65].

Previous research conducted on the University of Zagreb Faculty of Civil Engineering
showed that the following modifications of the standard RLS-90 model (hereinafter referred
to as VAR-1) improve the accuracy of calculated sound pressure levels for urban streets
and intersections [62,63]:

e Noise sources are situated at 0.5 m above the road surface on the axis of each lane
(according to RLS-90, they are situated above the axis of the external road lanes on
multilane roads), and traffic load is divided equally over lanes.

e Heavy vehicles are vehicles with a total weight of over 3.5 tons (according to RLS-90,
heavy vehicles are vehicles with a total weight over 2.8 tons).

e Periods “day”, “night”, and “evening” are defined in the accordance with the Environ-
mental Noise Directive (END) [66] (in RLS-90, only two periods are defined: period

“day”, lasting from 6:00 to 22:00, and “night”, lasting from 22:00 to 6:00).

During the research presented in [67], the modifications concerning the position of
noise sources showed to be too detailed and time-consuming when modeling traffic noise
at roundabouts, especially roundabouts with more than one entry and exit lane. Another
issue with these modifications is that they do not represent real traffic flow conditions at
roundabouts, especially concerning the movement trajectories of vehicles negotiating these
types of intersections. Because of that, the research presented in this paper is focused on
the additional modifications of RLS-90 method (hereinafter referred to as VAR-2):

e  The addition for the increased effect of intersections (K) is set to 0.
e Noise sources are positioned on the movement trajectories derived from the round-
about fastest path performance check.

The fastest path performance check is conducted to determine theoretical attainable
speeds of vehicles traversing through the roundabout entry, around the central island, and
out the relevant exit [68,69] during the roundabout design stage. The fastest path is defined
as the smoothest, flattest path possible for a single vehicle negotiating a roundabout, in
the absence of other traffic and ignoring all lane markings. It is represented by 3rd-degree
splines (piecewise polynomials of 3rd degree with function values and 2nd derivatives that
agree at the points where they join), with a safety lateral width of 1.5 m along all elevated
curbs [70] (shown on Figure 1).

Figure 1. Fastest paths on a four-legged single-lane roundabout.

After the fastest path is defined, the minimum radii are determined, compared, and
used in the estimation of vehicle speed. To achieve required entry (V1, Vs), circulating (V»,
V4), and exit speeds (V3), appropriate critical radii relationships for each approach must be
achieved. Entry path radius (R;) must be larger than circulating path radii (R, and Ry), but
at the same time smaller than exit path radius (R3); also, circulating path radius (Rp) must
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be smaller than exit path radius (R3). Vehicle speed estimation is based on the following
speed-radius relationship [68-71]:

Vi= /(127 x R; x (f £ e)), @)

where V; (km/h) is the design speed (i = 1-5), R; (m) is the fastest path minimum radius
(i=1-5), f (-) is the side friction factor defined in [71], and e (m/m) is the superelevation.
The predicted speed values are used to assess a roundabout’s safety performance and
are used in the intersection and stopping sight distance computations. Fastest path per-
formance checks include the estimation of attainable speeds as well as the relative speed
between conflicting traffic movements and between consecutive geometric elements on
each fastest path. Recommended maximum theoretical entry design speeds (V1) depend on
the roundabout type: for single-lane roundabouts, this speed is 40 km/h, and for multi-lane
roundabouts 40 to 50 km /h [68].

In the first part of the research, the validation of VAR-1 and VAR-2 models was
conducted by comparing observed and simulated sound pressure levels at the receivers
placed in the vicinity of three roundabouts located in the suburban area of Zagreb, Croatia.
Basic geometric and design elements of these intersections are given in Table 1, and their
plan view is shown in Figure 2.

Table 1. Basic geometric and design elements of analyzed roundabouts.

Number of Lanes on

. Inscribed Circle Circulatory Roadway .
Intersection Radius (m) Approach Legs Width (m) the Circulatory
Roadway
ROUNDABOUT-1 32 2 two-lane 135 2
1 single-lane
ROUNDABOUT-2 23 3 two-lane 11.0 1
ROUNDABOUT-3 25 4 two-lane 10.0 1

The receivers were placed along the roundabout entrance (approach link), the cir-
culatory roadway, and the roundabout exit (next departure link). Short-term 15 min
measurements of the noise levels were carried out by Briiel & Kjeer hand-held analyzers
and sound level meters type 2270, 2260, and 2250 (manufacturer Briiel & Kjeer Sound &
Vibration Measurement A /S, DK-2850 Neerum, Denmark). Field measurements of noise
and traffic were carried out from 14:10 to 17:20, as it was observed during research location
scouting that in this period undersaturated traffic flow conditions prevailed, upstream
signals enabled uniform approach platooning, there was no queuing in the approach traffic
streams, and progression was fair on all three roundabouts. Noise measurements were
carried out under favorable meteorological conditions (according to the norm ISO 1996-
2:2017 [72]), at the height of 1.2 m above the ground surface, and approximately 10 m from
the axis of the closest traffic lane. At each measuring point, measurements were repeated
three times.

Data on the road traffic load and the percentage of heavy vehicles for each direction
of movement (Table 2), as well as average speed for each noise source segment (Figure 2),
were determined using hourly video recording of the traffic, which was conducted during
noise measurements. Traffic flow during measurements was continuous. Data on the
remaining noise emission and propagation parameters (road surface type, the longitudinal
slope of road, relief, ground surface type, barrier, and building height and material) was
collected during the field measurements and consolidated in a digital 3D terrain model
that was based on the available digital maps.
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Figure 2. Plan view of the analyzed intersections and the average speed for each noise source segment in VAR-1 and VAR-
2 model.

Table 2. Road traffic load and the percentage of heavy vehicles.

. . . Traffic Load Percentage of Heav
Intersection Movement Direction (Vehicle/Hour) Vehi%les %) y
1-2 56 19
1-3 139 10
2-1 39 7
ROUNDABOUT-1 2.3 209 20
3-1 164 8
3-2 300 19
1-2 95 6
1-3 277 4
2-1 68 4
ROUNDABOUT-2 2.3 171 2
3-1 412 4
3-2 153 3
1-2 28 5
1-3 25 0
14 101 4
2-1 85 2
2-3 80 0
2-4 300 6
ROUNDABOUT-3 3.1 47 3
3-2 85 2
3-4 216 2
4-1 121 3
4-2 285 4
4-3 385 2
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Fastest path segments

[ segment with design speed V,
Il segment with design speed V,
. segment with design speed V,

B segment with design speed V;

The calculation of equivalent noise levels for the period “day” was conducted using
specialized noise prediction software LimA v 5.2 at the height of 1.2 m (due to the compari-
son to field measurement results) using two modified RLS-90 models. In the first modified
model (VAR-1), noise sources were situated on the axis of each lane, while in the second
modified model (VAR-2), noise sources were placed on the vehicle movement trajectories.

In the second part of the research, to investigate the impact of deflection and relative
speed on simulated noise levels, seven single-lane roundabouts with different speed profiles
were modeled with the VAR-2 method. Basic geometric and design elements of analyzed
roundabouts, the fastest path segments, the direction of translatory movement, and the
position of the receivers are shown in Figure 3. Different speed profiles were achieved
by varying the deflection of the central island (d) from 8 to 16 m. The variations in the
deflection values (d) were achieved by the translatory movements (A) of approaches 1 and
3 from the center of the circular island in the direction of a straight parallel to the axis of
approaches 2 and 4, as shown in Figure 3, in which the roundabout with the deflection
value of 8 m is presented (roundabout model 6). This resulted in the construction of the
seven fastest paths for the straight passage of the vehicle. On each path, five segments
were defined (Figure 3). On segments 2, 3, and 4 the design speed was determined based
on the speed-radius relationship (2), while on the segments 1 and 5 the design speed was
set to 50 km/h.

4 © receiver FFi

x center of the circular island
\I/ direction of translatory movement
[s] fastest path/noise source segment

@ approach leg

<
22
K
£A=4m
4 19
3 > B o
2 bFF4 FF5
F
30 | 30 |

Figure 3. Basic geometric and design elements, fastest path segments, the direction of translatory movement, and the

position of the receivers (roundabout model 6: d =8 m, A =4 m).

The design speed of each segment was used in the calculation of noise levels at five
receivers placed along each analyzed fastest path. These receivers were placed 30 m
apart, at 10 m from the carriageway edge, as shown in Figure 3. Direction and values
of translatory movements (A), the design speed for each trajectory segment (V;), and the
relative speed between consecutive elements of the constructed fastest paths that were
used in the noise calculations are given in Table 3.
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Table 3. Direction and values of translatory movements, the design speed for each trajectory segment
and the relative speed between consecutive elements of the analyzed fastest paths.

Design Speed (km/h) Relative Speed (km/h)
Fastest Path A (m)
Vo Vi Va V3 Vo-Vi ViV V3V, V-V3
T1 0 50 33 21 38 17 12 17 12
T2 +2 50 37 22 40 13 15 18 10
T3 -2 50 32 21 34 18 11 13 16
T4 +3 50 38 23 41 12 15 18 9
T5 -3 50 34 18 35 16 16 17 15
T6 +4 50 39 24 44 11 15 20 6
T7 —4 50 32 17 34 18 15 17 16

According to [68], for vehicles to safely negotiate the roundabout, the maximum
relative speed should be approximately 15 to 25 km/h, while according to [69] this value
should be approximately 10 to 20 km/h. According to [32], to avoid negative impacts on
drivers and on the road environment, the maximum relative speed on roundabouts should
be less than 20 km/h. The relative speed between consecutive elements on the analyzed
fastest paths varies from 6 to 20 km/h (Table 3), which is below the abovementioned
maximum values. The calculation of equivalent noise levels for the period “day” (from 7:00
to 19:00 h) was conducted using software LimA v 5.2 at the height of 1.5 m above ground
level. Remaining noise model input data was as follows:

e  Noise sources were placed at the height of 0.5 m above the road surface, on the fastest
path movement trajectories derived for the straight passage through the intersection;
The average hourly traffic flow for the period “day” was 30 vehicles [64];
The percentage of heavy vehicles was set to 10 % [64].

3. Results

In the first part of the research, the validation of the analyzed models (VAR-1 and
VAR-2) was conducted by comparing measured and modeled noise levels at the receivers
placed in the vicinity of three suburban roundabouts. These noise levels and the difference
between them are given in Table 4. A comparison between measured and modeled noise
levels at analyzed locations (Table 4), showed that the median difference was 1.9 dB(A) for
the VAR-1, and 1.2 dB(A) for the VAR-2, and that all observed differences (errors) are smaller
than 3 dB(A). The median difference was used as a relevant measure of representativeness
in this analysis due to the relatively small data sample. As shown in Table 4, the largest
difference between modeled and measured noise levels for both models occurred at the
measurement point MP7 (2.5 and 2.9 dB(A)). This difference can be explained by the
complexity of the real world near this measurement point (the complex geometry of the
nearby facades and acoustically soft surfaces between the noise source and the receiver),
which was not modeled. Both models over-predict noise levels at the receivers, which is
favorable in terms of noise protection. Smaller differences between modeled and measured
levels in the receivers that were placed in the vicinity of the circulatory roadway (MP2,
MP5, and MP8) were observed for the VAR-2. At the same time, smaller differences at the
receivers located in the vicinity of the roundabout entry and exit (MP3, MP4, MP6, MP?7,
and MP9) occurred for the VAR-1. This result was expected, due to the different position
of noise sources and their traffic load in the analyzed models. Compared to the VAR-1,
noise sources in the VAR-2 are closer to the receivers on roundabout entry and exit, and
further away from the receivers placed by the circulatory roadway (Figure 2). Furthermore,
in VAR-1, the traffic load is distributed equally over lanes on the approaches with more
than one entry and exit lane (Figure 2), while in VAR-2 the entire traffic load on these
approaches is concentrated on the noise source placed in the fastest path trajectory, 1.5 m
from the carriageway edge.
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Table 4. Measured and modeled noise levels and the difference between them.

Noise Levels (dB(A))

Receiver Modeled Difference
Measured
VAR-1 VAR-2 VAR-1—-Measured VAR-2—Measured VAR-1—-VAR-2
MP1 65.3 66.3 65.5 1.0 0.2 0.8
MP2 65.6 66.7 66.3 1.1 0.7 0.4
MP3 65.1 67.0 67.4 1.9 23 —-0.4
MP4 64.0 65.9 66.5 1.9 2.5 —0.6
MP5 62.7 64.8 63.9 2.1 1.2 0.9
MP6 59.1 61.1 61.8 2.0 2.7 -0.7
MP7 60.8 63.3 63.7 2.5 29 —-0.4
MP8 63.9 65.7 64.8 1.8 0.9 0.9
MP9 65.7 65.8 66.0 0.1 0.3 -0.2
Median 1.9 1.2 -

In the second part of the research, focused on the noise simulations conducted on
the seven modeled four-legged single-lane roundabouts with different speed profiles,
calculations showed that the noise source segments that contribute to the resulting noise
levels in receivers FF1 and FF5 are segments 1 and 2, and segments 4 and 5 (shown on
Figure 3), respectively, and that noise levels at the receivers FF2, FF3, and FF4 are influenced
by all noise source segments. Results showed that the increase in the design speed did not
result in higher noise levels at receivers FF1, FF2, FF4, and FF5 until the increase in the
design speed reached 6 km/h (Table 5, T6). At the same time, only a slight decrease in entry
and exit design speed (Table 5, T3) resulted in decreased noise levels at all receivers. The
largest difference in noise levels was achieved at the receiver FF3, placed by the circulatory
roadway. This result was expected because the design speed is the lowest on the section
that is nearest to this receiver. At the receivers FF1 and FF5, which are furthest from the
roundabout central island (center of the intersection), negligible changes in noise levels
were recorded, even when the deviations of the design speed reached the maximum value.
Table 5. Deviations of the design speed and calculated noise levels.

Design Speed Deviations (km/h) Noise Levels Deviations (dB(A))
Fastest Path

AV, AV, AV, Median FF1 FF2 FF3 FF4 FF5
17 -1 —4 —4 —4 -0.1 -0.2 -0.9 -0.2 0.0
T5 1 -3 -3 -3 —0.1 0.0 —0.8 —0.1 0.0
T3 -1 0 —4 -1 -0.1 -0.2 -0.6 -0.3 0.0
T1 0 0 0 0 0.0 0.0 0.0 0.0 0.0
T2 4 1 2 2 0.0 0.0 0.0 0.0 0.0
T4 5 2 3 3 0.0 0.0 0.2 0.0 0.0
T6 6 3 6 6 0.2 0.2 0.6 0.2 0.1

4. Discussion

Modeling road traffic noise at roundabouts is not incorporated in the established static
noise modeling methods such as RLS-90 [53,54]. According to [73], another shortcoming of
static noise models is that they are insensitive to traffic conditions (i.e., they are unable to
capture the effects of transient queues under unsaturated traffic conditions and stop-and-go
behaviors under saturated conditions). At the same time, they are considered unsuitable
for estimating noise emissions from vehicle flows traveling below 30 km/h [73]. Moreover,
according to [52], static models usually underestimate the noise levels compared to the
analytic and dynamic noise models. The main contribution of the research presented in
this paper is the integration of the road traffic noise estimation at roundabouts in the
established RLS-90 noise model. Namely, the first part of the research was focused on
the validation of two noise models (VAR-1 and VAR-2) that suggest the modification of
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the static RLS-90 noise model intended for the noise calculations at roundabouts with
unsaturated traffic flow. The modification included changing the plan position of noise
sources, the definition of heavy vehicles, the definition of periods “day”, “night”, and
“evening”, and dividing the noise sources into segments that are defined by the observed
average speed on each lane. These models were applied in the noise calculations at three
suburban roundabouts with different geometric design features and dimensions, under
unsaturated traffic conditions. Research results validated the proposed models and showed
that they over-predict noise levels by 1.9 dB(A) and 1.2 dB(A), which is in line with the
results of similar studies [62,63,67]. It was concluded that the VAR-2 model is more suitable
for the application in road traffic noise calculations on roundabouts because the calculation
results were closer to the measured values, and because it required a shorter preparation
time compared to the VAR-1 model. Due to the relatively small data sample used in the
validation of the models, future research should include more noise measurements on both
suburban and urban roundabouts.

In the second part of the research, the VAR-2 model was applied for the noise calcula-
tions at roundabouts designed with different geometric elements to analyze the influence
of the roundabout geometry on noise levels. Seven single-lane roundabouts with different
speed profiles were modeled to investigate the impact of deflection and relative speed
between consecutive elements of the vehicle movement trajectories on noise levels. The
results of this part of the research indicated that for the analyzed roundabouts even a
small change in the deflection around the central island had an influence on the noise
levels generated by road traffic. Namely, the results showed that the decrease in deflection
around the central island caused the increase in design speed on the fastest path segments
on the entry, exit, and around the central island, which is in line with the previous studies
on the vehicle speed on roundabouts [33,74,75]. The impact of this design speed increase
on modeled noise levels was negligible until the median speed deviations reached 6 km/h
(deflection decrease of 4 m). On the other hand, a slight decrease in speed (a median
deviation of only 1 km/h), caused by the increase of the deflection around the central
island of 2 m, generated a decrease in modeled noise levels. Due to the small number of
modeled roundabouts and fastest path trajectories, the impact of the relative speed between
the consecutive elements of the vehicle movement trajectories on noise levels could not
be quantified.

In future research, it is necessary to investigate whether there is an optimal relative
speed that generates lower noise levels while maintaining a suitable ratio of geometric
elements of roundabouts from the safety point of view. This will be done by modeling
noise contributions at a larger number of roundabouts with different outer radii and
deflection around the central island. Noise sources placed in the vehicle trajectories
for movement into, through, and exiting the roundabout will be investigated for their
individual and combined contribution to the noise levels. Moreover, the influence of the
traffic flow and its composition will be taken into consideration, as more and more studies
confirmed that these parameters significantly influence the impact of the intersection on
noise levels [41,46,76,77].

5. Conclusions

The introduction of modern roundabouts in road network has proved to be a good
solution for reaching the transportation sustainability goals, but one should be aware that
only a well-designed roundabout—the one whose geometry provides smooth traffic flow
by minimizing the start-stop operations of drivers—will be effective as a noise abatement
measure. The iterative process of roundabout design includes standard performance checks
that ensure the smooth speed profile through the roundabout. These checks are the design
vehicle swept path analysis, the definition of the fastest path, and visibility tests. When the
results of performance checks are satisfactory in terms of roundabout operation and safety,
the final design details of a roundabout are defined.
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Challenges that emerge in roundabout design are mostly related to space constrictions
and provision of appropriate deflection around the central island. This can result in speed
profiles on roundabouts that might reduce their potential as a noise abatement measure.
Therefore, the impact on noise levels and its applicability as a traffic calming device should
be investigated in the early design stage of roundabouts, by modeling road traffic noise
levels. Established noise models used in noise prediction are either too complex for use
in the preliminary design stage of roundabouts when the available input data is limited,
or they do not even include intersection contribution to noise levels. At the same time,
their creation can be rather time-consuming. This makes them less than optimal for use in
noise predictions at roundabouts, as an optimal model is the one in which the reliability of
the result is harmonized with the available input data, and the costs and time required to
create a noise model.

In the research presented in this paper, modification of the established static RLS-90
road traffic noise model was proposed and validated. In the proposed modified model,
intended for noise calculations at suburban roundabouts with unsaturated traffic flow, the
following results of the fastest path performance check were utilized:

Vehicle movement trajectories (for the position of road traffic noise sources), and
Design speed (for noise calculations at roundabouts that are still in the design phase).

Research results showed that these modifications:

Simplify the preparation procedure of the noise emission model;
Result in a model that is closer to the real-world in terms of traffic flow conditions
compared to the standard RLS-90 model;

e  Allow the simulation of the impact of the intersection on the noise situation in the early
stages of roundabout design, before the definition of the horizontal signalization, as the
positions of the vehicle movement trajectories depend primarily on the carriageway
edge; and

e  Enable modeling the influence of roundabout deflection on calculated noise levels.
These modifications could encourage the optimization of roundabout geometry in its

preliminary design phase not only in terms of safety, but also in terms of its noise reduction

capabilities, and/or emissions in general. Furthermore, the results of the research presented
in this paper demonstrated the influence of roundabout design concerning the achieved
deflection around the central island on noise levels that cannot be overlooked. Future
research will be focused on defining the optimal relative speed on a roundabout—one

that will provide benefits in terms of its noise abatement capabilities while maintaining a

suitable ratio of geometric elements of roundabouts from the safety and efficiency point

of view.
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