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ABSTRACT
The Climate Action Plan developed by the city of Fortaleza encouraged public and active mobil-
ity. Recent interventions in avenues replaced Asphalt Concrete (AC) surface layers by Inter-
locking Concrete Pavers (ICP) and Porous Friction Course (PFC). This work aims to evaluate
the impact of these infrastructure changes on environmental noise levels. As a case study, 25
measurements on an urban avenue were made on 6 road sections with AC, ICP and PFC. Noise
levels were modeled in CADNA-A software and scenarios with different traffic conditions were
compared. The results showed that the use of PFC led to a noise attenuation of 3.0 dB in LAeq
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when compared to AC. Reducing the maximum speed limit from 60 kmph to 50 kmph led to a
noise attenuation of 1.2 dB. In the section with ICP, the measured data showed a reduction in
speed and traffic flow when compared to other pavement surfaces. Thus, despite the higher
tire/road noise caused by ICP, its application on urban roads led to a noise reduction of 1.5 dB.
The authors conclude that the application of these alternative pavements surface, when accom-
panied by traffic calming strategies, can reduce road traffic noise.

1. INTRODUCTION

During COP26, Development Bank of Latin America (CAF) presented climate change vulnerability
indices and action plans for several cities in Latin America. The Fortaleza Climate Vulnerability In-
dex, published in 2019, analyzed data from the metropolitan region of Fortaleza (3.6 million inhabit-
ants), in Northeast Brazil. The main risks that are expected to be faced by 2040 were identified and
include: temperature increase, prolonged droughts, extreme rainfall and sea level rise (Figure 1). In
this context, since 2016, the Fortaleza city government have been establishing agreements with inter-
national agencies as CAF, Local Governments for Sustainability/South America (ICLEI) and Agence
Francaise de Développement. The Local Climate Action Plan (LCAP) [1] was created within the
scope of the Urban- LEDS 1 Project and following the UN-Habitat principles. The urban mobility
axis of the LCAP addresses the reduction of emissions from vehicles circulating through the city,
encouraging the use ofpublic transportation, and implementing and improving cycle paths and side-
walks. The main goal ofthe LCAP is to increase the tourism potential and competitiveness of the city,
creating conditions to improve the social and economic development of the population.
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Figure 1: Critical Risks for the City of Fortaleza elaborated by Local Climate Action Plan.

Regarding the pavement engineering, some changes in the traditional paving solutions have oc-
curred in the city of Fortaleza. Road interventions, for instance 30 kmph zones, have been designed to
improve traffic safety. It generally results in reduction of environmental impacts caused by the traf-
fic, making some areas more pleasant for both residents and pedestrians. In the literature, combining
the use of low noise road surfaces and traffic management measures, the overall potential for noise
reduction on urban roads maybe from 3.0 to 8.0 dB in Laeq [2]. The use of two-layer porous asphalt
achieved outdoor advantage of 5.0 dB and was related as potential solutions for reducing atmospheric
temperatures in heat islands [3,4]. Recent studies in the city of Fortaleza [5,6] analyzed tire-pavement
noise in traditional Asphalt Concrete (AC), PFC and ICP using the Controlled Pass-By (CPB) method.
PFC offered a reduction in maximum noise levels (LAmax) of up to 5.6 dB compared to AC. ICP
offered higher noise levels at same velocities, as mentioned in other studies [7].
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The present study aims to evaluate the potential of different pavement engineering solutions on
sustainability from noise environmental impact perspective. An avenue in the city is usedas a case
study. The noise caused by traffic is evaluated using simulated scenarios in CADNA-A software.
Strategic noise maps have been made since 2002 in the Fortaleza City Noise Map (FNM). The city
was the first Brazilian city to adopt this strategy by a local government and nowadays the continuity
of the project is being done in partnership with research projects [8]. FNM project was already used
to analyze interventions in transportation systems due to the 2014 World Cup [9]. The maps indicate
Laeq,r @S main evaluation parameter for community noise at daytime and nighttime. In the present work,
FNM methodology is reviewed and the type of pavements analyzed are validated through 25 meas-
urements in this avenue. The results are compared with thermal and drainage characteristic of the
interventions and discussed in accordance with LCAP objectives.

2. METHODS

2.1. Location of study

The present work was carried out on an important avenue in the city of Fortaleza (Brazil). In 2020 a

requalification intervention was completed on Desembargador Moreira Avenue, a commercial and

administrative urban road. The project aimed to provide safe urban mobility necessary for everyone

to circulate, creating a new corridor to induce economic growth. To evaluate noise impact of these

intervention, measurements occurred at six points on the following sections of the avenue:

» Orange Section (P1 and P2): AC surface was replaced by ICP; speed limit was reduced from60 to
40 kmph; insertion of rumble areas and signalization enforcing slow driving (Figures 2 and 3).

» Blue Section (P3): AC surface was maintained; speed limit was reduced from 60 to 50 kmph.

» Green Section (P4, P5 and P6): AC surface was replaced by PFC; speed limit was reducedfrom
60 to 50 kmph.

-

Figure 3: (A) ICP surface in P1 and P2; (B) AC surface in P3; (C) PFC Surface in P4, P5 and P6.
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The ICP are concrete blocks with 16 faces (22x11x8cm), compressive strength of 35MPa, laid
on a 20 cm compacted base of crushed stone. The material used for interlocking the blocks are
medium sand and stone dust compacted over the pieces to finish the execution process. The PFC are
asphalt mixtures containing polymer modified binder (PMB) in their composition. The implemen-
tation in the urban areas was due to improving resistance and durability.

The position of these six points intended to minimize the heterogeny boundary conditions of the
urban space (Figures 4 and 5). It because the focus of this study is the difference in noise values
caused by pavements surfaces. All corners of this regions have traffic lights with the same cycle
time. Despite that, point P2, P3 and P6 are near intersections with other avenues with high traffic
flow, which influence the green time of traffic light. In these points the influence of acceleration or
deacceleration was more notable than in the other cases. A camera filmed the traffic to quantify this
variable during the measurements and to allow estimation of the average speed of the vehicles by
passing through reference points with known distances. To calculate medium velocity, 100 obser-
vations of light vehicles passages were sampled for each measurement point. Due to the low traffic
at P1 the sample collected consisted only of 56 light vehicles. For the velocity of heavy vehicles,
from three to five observations were considered for each point.

Figure 5: (A) Point P3 W|th AC surface and(B) pomt P6 W|th PFC'surface

The measurements took place in December of 2021 during daytime (14:00 to 17:00), when re-
striction due to COVID-19 have been decreased. NBR 10151 methodology [10] was followed and a
KIMO class 2 sound level meter was used to perform the acoustic measurements, positioned 1.5 m
above the ground and at least 2.0 m in radius free from obstacles. Two or three measurements of 10-
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minute duration at each point were made. Vehicles were categorized as motorcycles, light (cars,
SUVs) and heavy (trucks, buses, and minivans). A Davis Vantage Vue weather station was used to
check wind speed and direction (NBR10151 recommends maximum wind speed of 4 m/s).

2.2. Modelling in CADNA-A

The area of study was modeled in CADNA-A software using the RLS-90 predictive model [11]. RLS
90 is a German calculation methodology widely used in Brazilian simulations [12,13]. One of the lim-
itations of this model is to consider the reality of vehicle flow specific for other country. The FNM
methodology assumes that 2% of motorcycles are heavy vehicles because in Brazil some motorcycles
change the exhaust system causing higher noise levels.

The geometry of the roads and buildings were updated from the government cartography in Auto-
CAD software. It was the input to modelling on CADNA-A, with the configuration of barriers, build-
ings, curve lines, roads, and receipt points. The digital terrain model imports the direction and gradient
of each road line. The heights of the buildings (Hbuild) were updated through satellite images from
Google Earth (2020), defining a height of 3.5m for the first floor and 3m for the others. In the final
model, the road width at the measured points varies between 29 m and 34 m, Hbuild vary approxi-
mately from 3.5 m to 45 m and the distance of the points at the edge of the road also varied between
1.7 mand 7 m (Figure 6). For calculation, the soil and building facades absorption was defined as
zero. The number of reflections caused by parallel walls was defined as 1.

The definition of the road surface was a major question on the simulated tests. RLS90 doesn’t refer
to Brazilian types of pavements, but typical European pavements. The present study uses the visual
inspection technique suggested by the European Good Practices Guide [14]. Configuration followed
the CADNA-A manual for the RLS90 model [11], using Smooth mastic asphalt to AC surface, Pave-
ment with a smooth surface for ICP surface and Open-Pore Asphalt to PFC surface (Table 1). Dstro
parameter vary with type of pavement and vehicle speed. AC road surfaces are widely validated in
Fortaleza Noise Map and ICP was validated in some Brazilian cities [13,15].

Table 1: Dstro in dB(A) at the maximum permissible speed.

kmph 30 40 50 > 60
Smooth mastic asphalt* 0 0 0 0
Pavement with a smooth surface* 2.0 2.5 3.0 3.0
Openpore asphalt* 0 0 0 -3.0
NLO2 Cnossos porous surface** -1.0t0-3.0
Porous Friction Course*** No data No data -4,6 -4,4

* CADNA-A manual for RLS90 predictive model [11].** CNOSSOS-EU Road Equivalence [16].
*** Difference between PFC and AC in Lamax for 1 passenger car [5].

The CADNA-A manual refers to Dstro @5 minus 3.0 dB for low noise road surfaces at permissible
speeds > 60 kmph. This speed is not reached in Fortaleza urban areas, so another Dsyro Value were
tested. The Cnossos-EU predictive model considerer -1.0 to -3.0 for porous surface, depending on
speed [16]. Research conducted in Finland evaluated the noise reducing properties of SMAS (stone-
mastic asphalt with 5 mm maximum aggregate size) and reached 3.0 dB noise reduction at 50 km/h
in relation to the original asphaltic pavement [17]. In Fortaleza, the difference between AC and PFC
reached 4.6 dB and 4.4 dB at speeds of 50 and 60 kmph, respectively (Table 1). This result shows
similar attenuation for the speeds compared, although these values could not be used because it refers
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to Lamax instead of Laeq. Considering this, the parameter Dsiro Were tested as -3.0 dB and -2.0 dB for
PFC surface. The model was validated with 25 measured (table 2) using +/- 2.0 dB margin of error.

After validation, three scenarios were defined with a range of typical speeds in urban areas (30
kmph to 60 kmph). In the case of ICP, another scenario was used considering an 18% reduction in
traffic flow, as will be discussed later. For the scenarios comparison, 20 random receipt points were
positioned 2 m from the building facades in the model (Figure 6). The height of these points was set
as 4 m, which corresponds to the height adopted by the European Directive for noise maps [18]. The
value considered for analysis was the average of LAeq at the 20 receipt points.

Figure 6: 3D model in CADNA-A software.

3. RESULTS

3.1. Volume, speed, and traffic composition

The percentages of heavy vehicles (PHV) and motorcycle (PM) were similar in all measured points,
with 5% of PHV and PM ranging from 10% to 30%. From Table 2 and Figure 7A it is notable that the
hourly traffic on the ICP sections (1345 veicph) is 18% lower than on AC and PFC sections (1810
veicph). It could be related to lower speed limit of vehicles in the ICP section and the resistance of
vehicles to go through roads with many traffic calming interventions. The reduction in speed and
volume in the ICP sections leads to Laeq ranging from 67.6 to 72.1 dB. These results are not very
different from the range of AC (68.7 to 70.8 dB), although these values are difficult to compare due
to differences in boundary conditions. Comparing AC to PFC points, both have similar volumes and
speed of vehicles and PFC points showed lower Laeq levels.

The results of PFC were in accordance with previous studies performed in the city of Fortaleza for
the Lamax parameter, obtained from the passage of a single car (CPB method) in three types of pave-
ment surfaces (Figure 7B). These studies used a different vehicle in ICP tests than the one used in the
AC and PFC tests. However, at any speed, ICP surface implies in higher noise levels than AC and
PFC surfaces. It indicates that if only the type of road surface is considered the ICP surface has the
worst acoustic performance. On the other hand, when other aspects such as speed and volume are
considered, this road surface could show similar results to others.
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Figure 7: (A) Laeq results obtained under different boundary conditions. (B) Lamax results obtained
from [6] for ICP and from [5] for AC and PFC for the passage of a single car.

Table 2: Data measured, and input data used for validation.

Medium Hourly LAeq LAeq

Point Speed Vear  Viruck traffic PHV Measured  Modeled A
1 1326 3,6% 67,6 67,9 0,3
2 P1 1374 7,2% 68,5 69,7 1.2
3 (ICP) 32,7 30 30 1254 6,8% 68,6 69,5 0,9
4 1374 7,2% 67,72 69,9 2,2
5 1254 6,8% 71,17 71,8 0,6
6 1194 4,0% 70,9 70,6 -0,3
T 1266 4,1% 71,3 70,2 -1,1
8 (ICP) 27,6 30 30 1572 5,1% 72,1 72,1 0,0
9 1266 4,1% 69,94 69,9 0,0
10 1572 5,1% 71,16 71,9 0,7
11 1752 7,2% 68,75 71,3 2,5
12 P3 1680 5,5% 68,65 70,8 2,1
13 (AC) 35,7 40 30 1860 6,3% 69,71 71,9 2,2
14 2105 3,4% 70,25 71,3 1,0
15 2076 2,3% 70,84 71 0,2
16 1511 3,5% 65,86 66,3 0,4
17 P4 1674 2,5% 68,48 65,6 -2,9
18 (PFC) 354 3 30 1723 3,6% 65,22 65,9 0,7
19 1608 4,4% 66,52 66,1 -0,4
20 P5 1902 2,8% 66,51 68 15
21 (PFC) 45,5 45 40 1782 2,7% 66,30 67,3 1,0
22 1872 4,4% 67,00 68,3 13
23 PG 1878 3,5% 68,12 68,5 0,4
24 (PFC) 41,3 40 40 1836 3,6% 67,85 67,6 -0,2
25 1914 4,5% 70,55 69,1 -1,5
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3.2.  Model Validation

To model validation, some input variables were tested. RLS90 uses maximum road speed limit, which
generally cause more errors than using average speed [13]. A preliminary analysis of the data indi-
cates that the average speed of the light vehicle category was 10 kmph below the allowed speed limit.
For example, in ICP road section, the allowed speed limit is 40kmph, and the average speed collected
was 32,7 kmph in P1 and 27.6 kmph in P2. In modeling using average speed, as expected, the medium
error between modeled and measured values was 2.2 dB when using maximal allowed speed and 0.5
when using medium speed (Figure 8). It occurs because the model generally overestimates the Laeg
values. Thus, for the scenario evaluation, it will be used an average speed that is 10 kmph lower than
the maximum speed limit.
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Figure 8: Comparison of modeling errors when considering maximum or average speed.
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The acceleration and deceleration effect in RLS90 are related to the distance of points from traffic
lights. The model adds +1.0 dB, +2.0 dB and +3.0 dB to points distant from traffic 70 m to 100 m,
40 m to 70 m and lower than 40m, respectively. The medium error between modeled and measured
values was 2.1 dB when considering traffic lights and 0.5 when not considering it. Studies in city of
S&o Paulo and Dublin recommended not to use traffic lights to produce noise maps because their
application does not improve the accuracy of results [13, 19]. Thus, traffic lights were not used as
input parameter. With this recommendation, only five errors were superior to +/- 2.0 dB and most of
these are related to AC section, which is the traditional surface validated in Fortaleza Noise Map. The
mean absolute error values were A = 0.73 dB to ICP surface, A = 1.6 dB to AC surface and A =1.03
dB to PFC surface. When considering -2.0 dB attenuation for Dstro parameter for PFC, the mean ab-
solute error was A = 1.5 dB. Thus, for PFC surface it was considered the value of - 3.0 dB for Dstro.

3.3.  Analysis of Scenarios

In the modelling scenarios, the reduction in maximum allowed and average speed causes reduction
on average noise levels (Laeq). For the AC surface, reducing speed from 60 kmph (scenario without
intervention) to 50 kmph (scenario 1), results in 1.2 dB reduction (Figure 9). This type of intervention
generally causes a positive effect on traffic safety but can cause noise levels to rise when speed re-
duction measures result in driving patterns where vehicles are completely stopped. In the case of
heavy vehicles, it could lead to more frequent gear changing and increase body rattle noise due to
acceleration in low gears.

The PFC surface showed the highest Laeq attenuation, corresponding to 3.0 dB in the Dstro. The
noise levels in this pavement surface at 60 kmph speed limit is lower than AC at 40 kmph and ICP



R\ /7 o i s [l M
° °
inter.noise

21-24 AUGUST
SCOTTISH EVENT CAMPUS 2 O 2 2
GLASGOW

at 30 kmph. In the scenario similar to Blue section of the road, with PFC and 50kmph speed limit
(scenario 2), the Laeq in receiving point at 4 m height is 65 dB. Brazilian standards NBR 10151
define values of 60 dB at daytime (06:00 to 22:00) and 55 dB at nighttime (22:00 to 6:00) in Laeq
as recommended for mixed outdoor areas with commercial and administrative vocation. To achieve
this, other interventions should be done to obtain more pleasant areas.

The combined use of traffic management measures and noise reducing pavements can offer an
optimized solution for noise abatement. Table 3 summarizes the potential effects of different types of
traffic management measure in noise attenuation. The authors indicate that true effects of the different
measures depend very much on the precise design of the measures, how they are implemented and
the reaction to them by vehicle drivers. When only speed signalization was used to enforce slow
driving in a 30 kmph zone, it could achieve -2.0 dB, but when combined with other intervention it
could achieve — 4.0 dB. It can generally be concluded that average noise levels can be reduced by up
to 4.0 dB, although higher reductions may be achieved with some special measures.
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40 kmph 5
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—e—AC ——ICP ICP (reduced flow) —@—PFC

Figure 9: Scenarios of pavement surfaces at different velocities.

Table 3: Traffic management measures and corresponding noise reducing

Traffic management measure Potential change in Laeq
Traffic calming/Environmentally adapted through-roads 0to-4.0
30 kmph zone 0to-2.0
Flat-top road humps 0to +6.0
Speed limits combine with signs warning of noise disturbance -1t0-4.0
Rumble areas (paving stones) 0to +3.0

The use of uneven surfaces, rumble zones, block paving and cobblestones can increase noise levels
if is an isolated measure. The +3.0 dB in Table 3 is similar to value of Dstro adopted by CADNA-A
for the ICP surface. If only speed reduction is considered, the resulting Laeq is higher than Laeq in other
scenarios. However, the avenue evaluated was redesigned with implementation of road markings that
were useful to reinforce the information conveyed by traffic signs. These traffic calming strategies
combined with the new pavement were appropriated for the intended reduction on speed and traffic
flow. When this reduction is considered (scenario 3), the Laeq resulting from the intervention on ICP
section with 30kmph is similar to that on the AC section with 40kmph. Figure 10 shows the noise
maps of the four described scenarios on the avenue of this study.
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3.4.  Sustainable benefits of interventions
Other sustainable aspects of the pavements were evaluated in order to highlight integrated urban
planning. For Temperature (Ts) parameter, the AC and PFC reached 62°C when measured 30 cm
above the pavement surface on a sunny day in the city of Fortaleza [6]. The Ts registered for ICP at
the same hour (1 pm) was 55°C for both red and white paving stones colors. This difference may be
due to the darker or lighter color of the surfaces, which can change the material's reflectance when
exposed to solar radiation. It is important to highlight that Ts is a result of combined factors, including
albedo, pavement thickness, material type and subgrade properties [3]. In relation to drainage prop-
erties, some Brazilian experiments considered both PFC and ICP as low or medium permeability [20].
It is worth mentioning that the studies were done in different locations, thus the pavements surfaces
had different conditions of use, joint spacing, state of conservation, age, traffic volume. Another issue
is the loss of infiltration capacity over time, especially in the PFC due to clogging of the pores.
Considering these results, the three types of scenarios have specific benefits (Table 4). In terms of
short-term measures, reducing the speed limit could cause reduction in noise levels (scenario 1). This
is almost the same gain as applying the ICP surface instead of AC surface (scenario 3) and reducing
the maximum speed limit to 40kmph. However, it will probably offer benefits in temperature and
some drainage benefits, depending on the characteristic of the stone, size of aggregate and soil char-
acteristic. In the scenario 2 there is no thermal benefit over the AC surface, but in this case traffic noise
achieved the lowest levels compared the other scenarios.

Figure 10: Noise Map in dB of scenarios around point 3: (A) Before intervention, with AC surface
and 60kmph speed limit; (B) Scenario 1, with AC surface and 50kmph speed limit; (C) Scenario 2,
with PFC surface and 50kmph speed limit; (D) Scenario 3, with ICP surface and 40kmph speed limit.
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Table 4: Comparison of interventions in terms of sustainable benefits.

Intervention Characteristic Acoustic (dB) Thermal (Ts) Drainage
Scenario 0* AC _ 50kmph 68.96 62°C ** low
Scenario 1 AC _ 40kmph -1.2 0 low
Scenario 2 PFC _ 40kmph -4.2 0 Low to medium
Scenario 3 ICP _ 30kmph -15 -5°C Low to medium

*Reference values** Temperature measured 30 cm above the pavement surface on a sunny day [6].

4. CONCLUSIONS

The present work proposes an integrated evaluation of urban interventions from noise controlling
perspective and the relationship with thermal, drainage and road safety aspects. In the case study, AC,
PFC and IC pavement surfaces were used in a recent requalification project in the city of Fortaleza.
The evaluation of these interventions occurred through modeled scenarios in CADNA-A software.
Validation of field measurements achieved better results without traffic lights and considering aver-
age speed instead of allowed speed limit. For IC surface the surface parameter (Dstro) depends on the
vehicle speed, while for PFC surface Dstro -3.0 dB was set for all speeds.

All three types of intervention showed benefits that are aligned with the objectives of the Local
Climate Plan. Reducing the allowed speed limit caused a reduction in average speed and therefore
noise levels. When considering facility of implementation, the speed limit reduction caused - 1.2 dB
in traffic noise levels (scenario 1). It does not represent gains in thermal and drainage aspects, which
are vulnerabilities of the city. The combined use of traffic management measures and porous surface
offered an optimal solution for noise attenuation. Both actions can cause reduction of the noise emitted
at the source, while the latter can also act on sound propagation. By reducing the speed limit on a
porous road, such as PFC, there was a gain in the acoustic and drainage environmental aspects (sce-
nario 2). In the case study, using PFC and reducing the speed limit from 60kmph to 50kmph caused
- 4.2 dB in noise levels.

When the priority is to reduce thermal discomfort to pedestrian and avoid traffic accidents,the use
of ICP surface instead of AC can be very effective (scenario 3). This pavement surface is known to
causea2.0dBto 3.0 dB increase in noise levels, so its application should be combined with other traffic
management measures. In the case study, the road and sidewalks were redesigned with the implemen-
tation of road markings that were useful in reinforcing information conveyed by traffic signals. Modi-
fying the physical layout and reducing the speed limit to 40kmph caused a reduction in average speed
to 30kmph and an 18% reduction in traffic flow. In the modeled scenario, this combined effect showed
-1.5 dB compared to scenario 0. Thus, despite the higher tire/road noise caused by ICP surface, its
application on urban roads led to a similar Laeq as other interventions.
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