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Highlights 

 Suburban single-lane, compact two-lane and multi-lane roundabouts were 

assessed 

 Field acoustic, tailpipe emissions, traffic, and congestion data were collected 

 Predictive discrete choice models for speed profiles occurrence were developed 

 Single-lane had the lowest CO2 per vehicle, but it resulted in high noise levels 
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Increasing concern about global warming and air quality has meant an increasing use of 

energetic and environmental indicators in roundabout design. This research compares 

different suburban roundabouts in terms of traffic performance, pollutant and noise 

emissions through an integrated empirical assessment. Field measurements were carried 

out with a light duty vehicle in single-lane (SL), compact two-lane (CTL) and multi-lane 

(ML) roundabouts using Portable Emission Measurements Systems, OBD scan tool and 

Sound Level Meter, to measure real-world exhaust emissions, engine activity and 

acoustic data, respectively. Afterwards, predictive discrete choice models that correlate 

the probability of occurrence of speed profiles (no stop, stop once and multiple stops) 

with roundabout operational parameters were developed. Although SL yielded the lowest 

CO2 per vehicle, a high equivalent continuous A-weighted sound level (LAeq) was 

returned because vehicles drove at moderate speeds in the approach and low conflicting 

traffic was identified when compared to the other layouts. CTL was the worst option in 

terms of both CO2 and NOX. The proposed methodology can be used to quantify the 

performance of roundabout layouts in suburban areas by simply identifying their traffic 

volumes, noise level, pollutant emission and representative speed profiles. This can help 

researchers, traffic planners or practitioners to reduce congestion and emissions, and 

enhance road traffic management near urban areas. 

 

Keywords: Roundabouts, Speed Profiles, Discrete Models, On-road Emissions, Noise. 

 

1. INTRODUCTION AND RESEARCH OBJECTIVES 

The fast growth of cities in the past few decades has prompted an unprecedented number 

of vehicles and complex network infrastructure. According to the European Environment 

Agency, carbon dioxide (CO2) emissions from road traffic have been rising consecutively 
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since 2013 (EEA, 2019). Along with climate change, environmental pollution has 

become a matter of concern in the past decade, with an increasing number of acute air 

pollution episodes (WHO, 2016). Almost 20 and 54 million people living close to rural 

and urban roads, respectively, in EU-28, were exposed to average night-time noise levels 

exceeding 50 dBA (EEA, 2018). The effects of traffic noise on human health can be either 

physiological (e.g., a long term exposure to road traffic noise is detrimental to hearing, 

thus causing cardiovascular, nervous and endocrine problems) or psychological (e.g., 

prompting intense feelings such as disappointment, anxiety, anger and annoyance) (Yuan 

et al., 2019a).  

The amount of exhaust gases and noise emitted by motor vehicles depend on speed 

profile, vehicle type, traffic volumes, road and pavement features, and intersections 

(Meneguzzer et al., 2017; Sandberg, 1987), being the latter commonly recognized as 

noise and pollution hotspots locations (Covaciu et al., 2015; Fernandes et al., 2015) due 

to considerable speed changes cycles in their vicinity (Can and Aumond, 2018; 

Chauhan et al., 2018).  

Roundabouts have been considered around the world to replace stop-controlled junctions 

as a means of improving operational and safety performance. Roundabout is typically 

suggested as traffic control treatment at intersections with balanced traffic volumes 

between major and minor legs, low percentage of through traffic, more than four legs, or 

irregular layout (Rodegerdts et al., 2007; Rodegerdts et al., 2010). Their design forces 

drivers to slow down and decelerate as they approach the roundabout and steering 

laterally around the central island and accelerate as they exit the circulating traffic 

(Fernandes et al., 2016). Roundabout operation is impacted by the volumes of entry and 

conflicting flows that, in situations of congestion, can result in long queues upstream and 
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blockage in the circulating area (Coelho et al., 2006; Fernandes et al., 2016; Salamati 

et al., 2013). 

Despite the demonstrated safety benefits, traffic flow improvements and reduction of 

vehicle delay (Park et al., 2018), some configurations of roundabouts raise some doubts 

concerning pollutants and noise emissions (Fernandes et al., 2016; Fernandes et al., 

2018; Vasconcelos et al., 2014). There has been increasing interest among traffic 

planners and engineers in building different roundabout layouts to take advantage of the 

operational and safety benefits. Thus, any model capable of estimating those traffic 

externalities, and concurrently accounting for location-specific needs is paramount of 

interest. 

Roundabouts can be used as a strategy of access road traffic management near urban areas 

(Rodegerdts et al., 2010). Roundabouts in suburban areas typically combine features of 

both urban and rural environments. On the one side, they can include pedestrian and 

bicycle features and small inscribed circle diameters. On the other side, suburban 

roundabouts can present high approaching speeds and thus may require special attention 

to visibility and cross-sectional details (Rodegerdts et al., 2010). 

There are six different categories of roundabouts according to their size, number of lanes 

and demand (Brilon, 2014; Rodegerdts et al., 2010). Among these, single-lane (SL), 

multi-lane (ML) and compact-two lane (CTL) have been popular and adopted in many 

European countries and in the United States (US). SL has typically inscribed circle 

diameters (ICD) between 27 and 55 meters, and it includes raised central island treatment, 

truck apron, crosswalks, and single-lane entries and exits. ML is characterized as having 

two-lane entries and exits, and ICD values ranging from 46 to 91 meters. Lastly, CTL has 

ICD values up to 60 meters, at least one two-lane entry and single lane exits only. SL, 
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ML and CTL can handle daily service traffic volumes up to 25 000, 45 000 and 32 000 

vehicles, respectively (Rodegerdts et al., 2010). 

Although these roundabouts have different dimensions (even for the same layout) and 

approaching speeds, the capacity mechanisms are often analogous: one entry lane and 

two lanes on the ring (CTL); one entry lane and one lane on the ring (SL) and; two entry 

lanes and two lanes on the ring (ML). This capacity mechanism can have an impact on 

the overall performance of roundabouts. For instance, if SL is located in a suburban 

environment and exhibits high approach speeds at the entry and on the circulatory 

roadway, then SL may present lower traffic congestion and emissions levels, and 

concurrently higher noise than CTL or ML. 

Bearing this in mind, this paper quantifies and contrasts on-road pollutants emissions and 

noise levels produced by road traffic in different types of suburban roundabouts. It was 

hypothesized that CO2 and nitrogen oxides (NOX) emissions, and equivalent continuous 

A-weighted sound level (LAeq) are impacted by the differences in: 1) the approaching, 

conflicting and exiting traffic volumes; 2) the V/C ratio; and 3) the roundabout design 

features: SL, CTL and ML. 

Field measurements of acoustic data, traffic and congestion levels were carried out in 

roundabouts installed at suburban roads to predict the probability of speed trajectory 

profiles – no stop (SPI), one-stop (SPII) and multiple stops (SPIII). On-road emissions 

were also collected from a light duty vehicle (LDV) using an integrated portable 

emissions measurement system (iPEMS). To compare several operational scenarios, 

Quartieri et al. (2010) models were employed to estimate traffic noise. 

Therefore, the contributions of the study may be valuable for the following reasons: 
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1. One of the first studies that address and compare the real-world pollutants and noise 

emissions on different types of roundabouts simultaneously. Most of the existing 

studies often use microscopic traffic simulation tools that, per se, cannot wholly 

characterize driving behavior and traffic operations without robust and often time-

consuming calibration techniques; 

2. The development of a method that incorporates operational characteristics and 

environmental variables in an integrated way. In this case, the adoption of a discrete 

choice model capable of identifying the three speed profiles (no stop, one stop and 

multiple stops) using location and variability parameters of the observations taken at 

roundabouts. This provides not only evidence-based information on transportation 

stakeholders (e.g., traffic planners and authorities, local authorities) for urban design 

and planning but also contributes to the sustainability of the population living close 

to city centers. 

 

The paper is organized into five sections. Section 2 offers a review of the literature 

relevant to this paper. Section 3 discusses the materials and methods used, while section 

4 presents and discusses the main results of the developed work. The last section describes 

the conclusions, limitations of the study and scope for future work.  

 

2. LITERATURE REVIEW 

Research of impacts of roundabouts in different built environments on pollutant 

emissions and noise in different locations are summarized in the next sections. For each 

section there are two main groups: the first, which makes up most of the studies, 
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established their results through models, while the second group, used only empirical 

data. 

 

2.1. Pollutant Emissions 

One of the most widely applied method is the Vehicle Specific Power (VSP) that uses on-

road emission data from PEMS and is a function of vehicle speed, road grade, and 

acceleration (Frey et al., 2008; US EPA, 2002). A good deal of research has documented 

the great effectiveness of the VSP methodology to estimate the emissions of vehicles at 

SL (Coelho et al., 2006; Vasconcelos et al., 2014), CTL (Fernandes and Coelho, 2019), 

ML (Fernandes et al., 2016; Salamati et al., 2013; Vasconcelos et al., 2014) and turbo 

roundabouts (Fernandes et al., 2017b). One of the first studies on this topic was 

performed by Coelho et al. (2006). They used a hybrid approach based on field data for 

vehicle activity and VSP. Results showed that vehicles at a roundabout follow one of 

three possible trajectories: i) vehicle travels through the roundabout by slowing down in 

response to the geometrics without stopping; or ii) vehicle comes to a complete stop at 

the yield line to negotiate a gap in the circulating ring; and iii) vehicle enters a queue and 

faces stop-and-go situations until passing the yield line. They also found that the 

occurrence of these profiles depended on the entry and conflicting traffic flows (Coelho 

et al., 2006). The extension of this research methodology covers multi-lane roundabouts 

in Portugal (Fernandes et al., 2016; Salamati et al., 2013) and in the United States 

(Salamati et al., 2015), and turbo-roundabouts without curb raised dividers in Spain 

(Fernandes et al., 2016). Nevertheless, these studies used emission data gathered from 

passenger cars under US conditions. 

Even though research has been conducted in light duty cars using PEMS under a wide 

range of road and operating conditions [e.g. (Mahesh et al., 2018; Pouresmaeili et al., 
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2018)], few studies using PEMS can be found in different roundabout layouts. Existing 

research in this field has dealt with the comparison of roundabouts and other traffic 

control treatments such as traffic lights (Gastaldi et al., 2017; Hallmark et al., 2011; 

Liu et al., 2017; Meneguzzer et al., 2018; Meneguzzer et al., 2017) and stop-controlled 

intersections (Hallmark et al., 2011). The findings were not clear about the emission 

benefits of roundabouts. The research of Hallmark et al. (2011) evidenced that, under 

uncongested conditions and depending on the driving style, type of pollutant, traffic and 

intersection characteristics, a roundabout can perform worse than a stop-controlled 

intersection, or signalized intersection on a same arterial. Conversely, Gastaldi et al. 

(2017) showed a signal-controlled intersection replaced by a CTL resulted in less CO2 

emissions. Meneguzzer et al. (2017) focused on emission benefits posed by the 

conversion of a signalized intersection to CTL. The results obtained were mixed: 

roundabouts produced less CO2 emissions in almost all tested conditions; and traffic lights 

yielded lower NOX emissions for all scenarios.  

PEMS has also been used to explore the relationship between exhaust emissions and 

vehicle operating modes at a roundabout. An on-road pilot emission test was conducted 

by Liu et al. (2017) in a SL located in Houston, Texas. They found that a 35 km/h 

approaching speed minimized the CO2 emissions.  

In a recent study by Jaworski et al. (2019), the authors undertook the assessment of 

exhaust emissions at four conventional two-lane roundabouts and one turbo-roundabout. 

They created emission models for CO2, total hydrocarbons (THC), carbon monoxides 

(CO) and NOX for various types of passenger vehicles and fuels (Jaworski et al., 2019). 

Fernandes et al. (2019) have developed models for CO2 and NOX emissions based on 

internally observable variables from four light duty diesel vehicles (LDDV) on urban and 
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rural routes composed of several CTL and ML. However, the specific impacts of the 

roundabout layout on route emissions were not explored. 

 

2.2. Traffic Noise 

Steady-state calculation [e.g., (Givargis and Mahmoodi, 2008; Kephalopoulos et al., 

2014; Makarewicz and Kokowski, 2007; Rochat and Fleming, 2002; Sakamoto, 

2015)] and dynamic simulation [e.g., (Luo et al., 2012; Ramírez and Domínguez, 2013; 

Wang et al., 2017)] are widely-used models for traffic noise prediction. The first models 

are based on aggregated kinematic information such as road traffic volumes and average 

speeds (Garg and Maji, 2014), while the second ones use microscopic information of 

vehicle activity data, namely the relative position of vehicle/receiver, speed and 

acceleration (Guarnaccia, 2013).  

Research on traffic noise prediction near roundabouts has been conducted, and the above-

mentioned approaches have been used for traffic noise characterization at roundabouts 

(Chevallier et al., 2009; Covaciu et al., 2015; Estévez-Mauriz and Forssén, 2018; 

Gardziejczyk and Motylewicz, 2016; Guarnaccia, 2010; Li et al., 2017; Makarewicz 

and Golebiewski, 2007; To and Chan, 2000). To and Chan (2000) developed an 

analytical solution of the noise level at any distance from the center of a roundabout, but 

the developed equation was only tested under particular traffic conditions. Guarnaccia 

(2010) presented a study of intersections noise modeling by means of noise mapping 

software, comparing the existing standard cross intersection configuration with a possible 

roundabout. The results confirmed that the roundabout configuration produces a 

reduction in noise levels of about 1 dBA. Covaciu et al. (2015) used noise mapping 

software LIMA to produce noise contours of three traffic control treatments (signalized 

intersection with the same and reduced speeds and roundabout). Other studies compared 
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traffic noise between signalized intersections and roundabouts (Chevallier et al., 2009; 

Li et al., 2017; Makarewicz and Golebiewski, 2007). They found that roundabouts 

resulted in lower sound levels. However, Estévez-Mauriz and Forssén (2018) confirmed 

that LAeq at an unsignalized crossing near a ML can be higher than a signalized crossing. 

Gardziejczyk and Motylewicz (2016) also obtained higher values of noise in signalized 

roundabouts in comparison to classical channelized intersections with signalization. They 

also emphasized that noise levels at signalized roundabouts must consider the traffic 

management and vehicle types at individual entries and sub-intersection (Gardziejczyk 

and Motylewicz, 2016). 

Interest has increased in the past few years in using road traffic noise models for multi-

criteria approaches. Fernandes et al. (2017a) used a genetic algorithm to optimize 

vehicle delay, emissions, pedestrian travel time, and overall source power level emitted 

under different crosswalk locations in relation to the circulatory ring of ML. Fernandes 

et al. (2018) modeled emissions and noise impacts of partial-metering strategies at a rural 

corridor with three ML and one SL. The system, which was designed to reduce external 

emission (CO2 and NOX) and noise costs, resulted in improvements up to 13% compared 

to the unmetered conditions.  

 

2.3. Summary gaps  

Although pollutants and noise emissions in roundabouts, as well as their comparison with 

other traffic control treatments, have been well explored, there are some gaps observed in 

the prior studies: 

 Little attention has been paid about the environmental and noise performance of 

roundabouts installed at suburban environments; 
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 There is no robust comparison of different emission and noise impacts among 

roundabouts with different layouts (generally focus on the comparison between 

roundabouts and other traffic control-treatments); 

 Research did not explore in detail the impact of entry lanes and developed speed 

trajectories profiles that account for capacity, global and local pollutant emissions 

and noise impacts of roundabouts in an integrated way. 

 

3. METHODOLOGY 

The research team collected experimental data on noise, vehicle exhaust 

emissions, dynamic and engine, as well as overall congestion levels in through 

movements from three roundabouts in Aveiro, Portugal. The overview of the research 

methodology is exhibited in  

FIGURE 1. Input data such as approaching (Qin), conflicting (Qconf) and exiting (Qout) 

traffic volumes, and queue length were collected by video cameras installed at the studied 

locations. Concurrently, a sound level meter was installed at the approach area of 

roundabouts to measure the equivalent noise sound level. On-road measurements of LDV 

include PEMS components for volumetric fractions of CO2 and NOX, and an OBD 

interface for vehicle activity and engine data. The relationship between congestion level 

of roundabouts and occurrence of each speed profile was established using discrete choice 

models; then, the emissions, noise and V/C ratio in SL, CTL and ML roundabouts were 

compared. 

3.1. Study Design 
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FIGURE 2 depicts the aerial view of the data collection sites. Three roundabouts located 

on the N-235 (SL) and N-109 (CTL and ML) national roads exhibiting high traffic 

volumes were sought out for this study. The studied locations are in suburban 

environments and provide the main access to the city of Aveiro from North, South and 

East directions; so, the congestion and traffic related emissions and noise can constitute 

a specific problem in the city access. 

The through movement from the East to West approach in the SL, and South to North 

approach in both CTL and ML layouts were examined because of high traffic volumes 

compared with other movements. The main approach of the ML is a two-lane located 120 

m from the yield lane. Although all sites are in flat areas, CTL has an uphill road section 

(slope > 3%) upstream the roundabout (South-North). The posted speed limit in both CTL 

and ML is 50 km/h, while in SL is 60 km/h. The most relevant geometric and operational 

parameters of researched roundabouts are presented in Error! Reference source not 

found.. 

3.2. Field Measurements 

3.2.1. On-road emissions 

The measured instantaneous engine activity and speed profiles were derived from 

experimental data on vehicle dynamics using one LDDV complying with Euro VI 

emission standard and equipped with a GPS Travel Recorder (accuracy ⁓ 5 meters) and 

OBD-II ELM327 Bluetooth. The testing vehicle has the following characteristics: i) year 

– 2017; ii) mileage – 44,000 km; iii) engine size – 1.2L; iv) transmission type – 5-speed 

manual gearbox; and v) gross vehicle weight – 1,700 kg. This LDV can be considered a 

point of reference for the car segment in Europe (ICCT., 2018).  
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The 3DATX ParSYNC integrated PEMS (3DATX, 2018) was used to perform on-road 

emissions tests. The device uses a single unheated sample line, which directs the sample 

flow through a chiller to remove water vapor before entering the unit. This lightweight 

PEMS measures both CO2 (in volume fraction with a range of 0 – 20%), and NO/NO2 

(with a range of 0 – 5,000 ppm) at a frequency of 1 Hz using a replaceable GasMOD™ 

Sensor Cartridges for both cases. Prior study has shown the effectiveness of integrated 

PEMS as a tool for collecting emission data from LDV (Leland and Stanard, 2018; 

Yuan et al., 2019b). 

To ensure the accuracy of PEMS measurements, routine calibrations of pollutant 

analyzers (controlling for zero and span drift once per trip) were conducted using the UN 

1956 gas mixture. Emissions were measured only in hot conditions, after a 30-min 

preconditioning period needed to let PEMS reach all the set-points. 

The parSYNC does not include provision for exhaust flow measurement as it does not 

have an exhaust flow meter or an internal OBD reader. Thus, a Bluetooth OBD-II 

produced by ELM Electronics, was connected to the car’s OBD socket, to collect with 

1 Hz frequency the following parameters: OBD speed, mass air flow (MAF), fuel flow 

rate (FFR), revolutions per minute (RPM), manifold absolute pressure (MAP), intake air 

temperature (IAT), engine load, air-fuel ratio (A/F), barometric pressure and engine 

volumetric efficiency. The QSTARZ GPS Travel Recorder continuously logged vehicle 

position and elevation. 

A temperature/pressure sensor monitored ambient temperature and humidity within each 

PEMS trip. Before each set of measurements, wind speed, temperature, and humidity 

were controlled to assure similar climate conditions among the layouts.  

Monitoring campaigns were conducted during three weeks between June and July 2019 

on weekdays. To account the variability of traffic operations, test sessions include several 
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time slots from 7:00 AM to 10:00 PM. Six male and female drivers (ages 25-39) drove 

the test vehicles by alternating in one-hour sessions. All test drivers respected the national 

law concerning the roundabout driving in ML, i.e., they entered from the left approaching 

lane, entered on the inner circulating lane and they only moved to the outer lane once 

passed the exit before the intended destination. 

Prior to on-road emissions tests, the minimum number of repeat dynamometer tests on 

each speed profile was computed based on the standard deviation of the route-specific 

travel time and a tolerable error (Fries et al., 2017). A total of 200 travel runs for each 

through movement were performed for this study (approximately 140 km of road 

coverage over the course of 5 hours). The above series of measurements were sufficient 

to enable the estimation of a 95% confidence interval (Fries et al., 2017). The ranges of 

ambient temperatures for the studied locations were 18-21ºC, 18-22ºC and 19-22ºC in 

SL, CTL and ML, respectively. For humidity, the intervals were 60-85%, 75-90% and 

60-80% in SL, CTL and ML, respectively. All driving sessions took place in dry and 

windless (< 5 m.s-1) weather. 

To isolate the effect of the roundabout layout, a fixed distance across roundabout was 

used to compute the complete second-by-second dynamics for a given speed profile. 

Thus, exhaust emissions were measured over a roundabout influence area (RIA) of 680 m, 

consisting of 350 m upstream the yield line. 

 

3.2.2. Traffic volumes and noise 

Entry, exit and conflicting traffic volumes, queue length, and number of vehicle 

stops were gathered from videotapes installed at the locations exhibited in  
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FIGURE 2. The first camera captured all vehicle paths through the roundabouts while 

the second camera recorded the queue length and idle time at the selected approaches. 

Then, by observing the video recordings, Qin, Qconf and Qout were obtained for every 15 

min as well as the proportion of drivers that experienced SPI, SPII and SPIII. Video 

recordings were collected at the same time of PEMS measurements to ensure accordance 

between processed traffic volumes and their impact on the registered exhaust emissions.  

Concurrently, noise data were collected using a sound level meter (SLM) RION-NL-52 

(Class 1 instrument). Before each measurement, the instrument was gauged using a sound 

calibrator RION -NC-74, with a reference signal of 94 dB at 1,000 Hz. To avoid ground 

reflection effects, in each location sound level meter was mounted on a tripod at 1.5 m 

from the ground. The distance between the sound level meter and road axis for SL, CTL 

and ML was 1.9 m, 1.9 m, and 1.7 m, respectively. The setup of the SLM was as follows: 

i) weighting curve A; ii) time constant (Fast) of 125 ms; and iii) recording of sound level 

pressure (Lp) values each 100 ms. 

More than 27 hours of video and noise data were collected from three roundabouts (⁓ 9 

hours at each location), which corresponded to 106 data slots of 15-min (⁓ 35 data sets 

at each location). 

 

3.3. Data processing and Quality Assurance 

Data processing and quality assurance centered on the following steps (Delavarrafiee 

and Frey, 2018; Sandhu and Frey, 2013; Yuan et al., 2019b): i) to align time of all 

signals recorded by all the equipment (PEMS, OBD and GNSS data); ii) to check data 

screening to remove data errors; iii) to estimate vehicle speed in front of the sound level 

meter based on hourly traffic volumes. 
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Time alignments were performed before calculations that depend on jointly measured 

data. For LDV, the recommended pairs for synchronizing OBD and PEMS data are engine 

speed (RPM) and NOx concentrations (Sandhu and Frey, 2013). Synchronization was 

first evaluated by selecting the time differences that maximized the Pearson Correlation 

Coefficient (PCC) and followed by visualization for final confirmation. Error! Reference 

source not found. depicts time series plots before and after synchronization for each 

roundabout layout. The adjustment of RPM axis that achieved the most proper 

synchronization between x-axis and y-axis was +10, +6 and +9 seconds at SL, CTL and 

ML, respectively. The NOx-RPM produced PCC peak values between 0.34 and 0.60, 

which are considered to represent a well-synchronized pair according to the existing 

literature(Sandhu and Frey, 2013). 

Quality assurance screening was used to correct and eliminate erroneous data from field 

measurements. Typical errors include OBD data that remained constant at least 3 or more 

seconds, indicating that the data were no longer being updated. There are variables such 

as RPM, MAF, FFR and OBD speed that change with high frequency and to which CO2 

and NOx mass emissions are sensitive, making the use of linear interpolation, for 

instance, to obtain missing values not recommended. Although some missing values were 

found in raw data, the analyzed data within RIA did not present any missing value. 

Negative NO and NO2 values from PEMS were also recorded during measurements, 

meaning that concentration was low and below the instrument detection limit. For these 

cases (<0.1% of the analyzed data within RIA), negative concentrations were set to zero.  

Strange events such as emergency vehicles passing, drivers honking, bells sound or 

pedestrian voice were detected during noise measurements. Such sporadic events are not 

related to normal road traffic conditions, and they cause an increase in equivalent 

continuous sound pressure level (Leq). Therefore, the research team noted the exact 
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moment and type of strange events and further removed them from the raw data given by 

the SLM, which was set to record the sound pressure level (Lp) each 100 ms. The resulting 

Lp values were deleted and Leq computed using the obtained filtered noise data through its 

relationship with Lp. In this research, strange events accounted for 0.9%, 0.8% and 0.1% 

of raw noise data recorded in the SL, CTL and ML, respectively. 

GPS speed data in front of the SLM were associated to a 1-h slot of traffic volumes that 

correspond to four sequential 15-min slots. After that, a relationship between speed and 

Qin + Qconf was established for each roundabout layout using a power regression analysis. 

It must be stressed that no data were available for all vehicles driving around roundabouts 

so that speed needs to be estimated for other operational conditions in order to validate 

the noise model, as described in Section 3.4.4. 

 

3.4. Data analysis 

The measured speed profiles at all roundabouts were extracted and separated for 

comparison to ensure consistency in the assessment of trip-specific characteristics 

(Yazdani Boroujeni and Frey, 2014). To obtain a fair comparison among layouts, both 

traffic and climate conditions did not change significantly during monitoring campaigns.  

 

3.4.1. Driving style 

Driving style was characterized based on the following parameters: i) speeding; ii) 

relative positive acceleration (RPA); iii) maximum acceleration and deceleration; and iv) 

vehicular jerk. 

All roundabout trips can be assigned to one of three driving styles: calm, normal severe 

and aggressive. These styles are based on “speeding” that is defined as “traveling at least 
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11% over the speed limit for more than 10 seconds” (Gallus et al., 2017). Because RIA 

is short, speeding was both considered as the percentage of time traveling above the speed 

limit (vmax) and at least 11% over the speed limit (1.11×vmax). 

RPA measures acceleration values during high power demand (e.g., high speed) since 

high accelerations associated with high torque not always demand high power(Ericsson, 

2001; Tutuianu et al., 2015). RPA is recognized to be a good measure of driving 

performance and driving behavior style, as reported in prior studies on RDE (Fernandes 

et al., 2019; Gallus et al., 2017; Gallus et al., 2016). 

RPA is computed using positive acceleration from each run, as denoted by Equations 1 

and 2 (Gallus et al., 2017): 

 

1 1  ,
2 3.6

 




i i
i

v v
a                                                                                                                (1) 

where: 

ai – acceleration in the second of travel i (m.s-2) 

vi+1 – vehicle instantaneous in the second of travel i +1 (km.h-1); 

vi-1 – vehicle instantaneous in the second of travel i -1 (km.h-1). 

 

3.6  ,




 i

ii

v
a

RPA
d

                                                                                                      (2) 

 

where: 

RPA – Relative positive acceleration (m.s-2); 
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ai
+ – Positive values of the acceleration for the second of travel i (m.s-2); 

d – Total distance of the trip (m). 

 

The following RPA thresholds by road type in accordance with the Worldwide 

Harmonized Light duty driving Test Cycle (WLTC) were used (Gallus et al., 2017): 0.12 

m.s-2 (urban); and 0.14 m.s-2 (rural).  

Driving style was also characterized using maximum acceleration and deceleration, and 

vehicular jerk (change rate of vehicle acceleration with respect to time, i.e., first derivate 

of acceleration/deceleration, denoted as j) that can be applied to suburban areas, as 

follows: maximum acceleration of 2.16 m.s-2 (Choi and Kim, 2017); maximum 

deceleration of 3.4 m.s-2 (Deligianni et al., 2017) and vehicular jerk of 0.9 m.s-3 (Liu, 

2015). For the purpose of the analysis, the percentage of time spent above thresholds was 

computed by speed profile and roundabout layout. 

 

3.4.2. Predictive Choice Models 

This paper used a process of discrete choice of speed profiles (SPI, SPII and SPIII) to 

predict the relative occurrence of each speed profile based on current congestion levels. 

It is based on stochastic processes, in which the decision maker makes a choice that 

optimizes the utility function, in this case, the prediction of probability of a driver 

performing a speed profile. A multinomial logistic regression model (MLRM) was 

applied to predict the probability of occurrence of each speed profile at SL, CTL and ML 

based on the collected data samples (Correia and Silva, 2010). The utility function is 

defined in Equation 3. 
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,n ,n ,n= ,i i iU V                                                                                                                 (3) 

where 

Vi,n – Systematic part of the utility function that gives the prediction of the probability of 

the driver n performing speed profile  ,  I,II,III i I I ; 

,n i – Error between the systematic part and the true utility of driver n performing speed 

profile i. 

 

Assuming the error follows a logistic distribution and by algebraic manipulation, the 

prediction of probability of occurrence of SPI, SPII and SPIII is given by Equations 4, 5 

and 6, respectively: 

   2,0 2,1 3,0 3,1in conf in conf

1
=  ,

1
             

 
Q Q Q QSPIP

e e
                                                                   (4) 

 

   

2,0 2,1 in conf

2,0 2,1 3,0 3,1in conf in conf
 =  ,

1

 

   

   

         



 
 

Q Q

Q Q Q QSPII

e
P

e e
                                                                  

(5) 

 

   

3,0 3,1 in

2,0 2,1 3,0 3,1in conf in conf
 =  ,

1

 

   



         


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                                                                 (6) 

 

where: 

PSPI – Prediction of the probability of occurrence of vehicles experiencing SPI; 

β2,0 – Intercept for outcome of SPII; 

β2,1 – Coefficient for outcome of SPII; 
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Qin – Number of approaching vehicles (vehicles per hour – vph); 

Qconf – Number of conflicting vehicles (vph); 

β3,0 – Intercept for outcome of SPIII; 

β3,1 – Coefficient for outcome of SPIII; 

PSPII – Prediction of the probability of occurrence of vehicles experiencing SPII; 

PSPIII – Prediction of the probability of occurrence of vehicles experiencing SPIII. 

 

The β parameters were estimated from the collected data sample and ultimately optimize 

the utility function, i.e., the prediction of the probability of driver n having the outcome 

of performing speed profile i over the reference SPI for each roundabout layout under 

existing traffic conditions. The intercept parameter relates with the logarithmic odd of 

speed profile i occurring when Qin + Qconf tends to 0; therefore, the negative intercepts 

obtained translate into small odds of SPII and SPIII occurring under low congestion levels 

as observed. The coefficient parameter indicates how SPII and SPIII are expected to 

develop as Qin + Qconf increases. Since coefficient parameters present positive values, SPII 

and SPIII are expected to have higher prediction of the probability of occurrence as 

congestion increases.  

A leave-one-out cross validation (LOOCV) method was applied to test if the estimated β 

coefficients are able to precisely characterize the collected data sample. LOOCV is a 

special case of the k-fold cross-validation where the number of groups – k is equal to the 

of number of testing samples – n. This method was chosen since it provides an 

approximately unbiased exhaustive cross validation compared to the stratified holdout 

and k-fold cross validation approaches (Kanevski et al., 2009). 
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3.4.3. Mass Emission Rates 

The method described by the Regulatory Information 40 CFR 86.144 for exhaust 

emissions was used to compute pollutant mass at each second (EPA, 2018). Based on 

exhaust flow rate and exhaust gas concentrations, emission rates of NO, NO2 and CO2 

(mass per time unit) were estimated. For the purpose of this paper, the sum of 

concentration signals for NO and NO2 corresponds to the NOx concentration (Sandhu 

and Frey, 2013). If neither MAF nor MFF are reported by electronic control unit (ECU), 

then MAF can be inferred from RPM, MAP, and IAT using the speed density method 

given in Equation 7 (Sandhu and Frey, 2013): 

 

 

engine

MAP engine

engine

air air engine

intake

120
 ,

273.15


   
     

  


B
SP

P V
C

M MW
R T

                                                      (7) 

 

where: 

Mair – Mass air flow rate (g.s-1); 

MWair – Molecular weight of the air (28.9 g.mol-1); 

PMAP – MAP (kPa); 

PB – Barometric pressure (kPa); 

Cengine – Engine compression ratio (dimensionless); 

Vengine – Engine size (L); 

Sengine – Engine speed in revolutions per minute (rpm); 
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ηengine – Engine volumetric efficiency (dimensionless); 

R – Universal gas constant (8.314 J/mol/K); 

Tintake – IAT (ºC). 

 

Otherwise, it is possible to correlate the fuel mass flow rate to the air mass flow rate by 

means of the A/F (given by OBD) using Equation 8 (Grimaldi and Millo, 2015): 

air

fuel

/  ,
m

A F
m

                                                                                                                          (8) 

 

where: 

airm  – Mass air flow rate (g.s-1); 

fuelm  – Fuel mass flow rate (g.s-1). 

The exhaust flow rate is therefore the sum of the air flow and flue flow rates. CO2 and 

NOX mass emission rates were estimated (EPA, 2018), respectively, as:  

 

2 2 2CO exhaust CO CO  ,m V X                                                                                                      (9) 

 X X XNO ex NO NO

1
  ,

1 0.0047 75


 
m V X

H
                                                                       (10) 

 

where: 

exhaustV  – Exhaust volumetric flow rate (corrected to standard conditions) (m3.s-1); 
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ρCO2 – Density of CO2 at the standard conditions (1.830 kg.m-3); 

XCO2 – Volume fraction of CO2 measured by PEMS (%). 

NOX– Density of NOX at the standard conditions (1.913 kg.m-3); 

XNOX – Volume fraction of NOX measured by PEMS (ppm); 

H – Humidity (%). 

 

Next, pollutant emissions per vehicle for the three speed profiles were aggregated to 

evaluate the overall impact of a change in the average path through the SL, CTL and ML. 

The estimation of hourly emissions generated by vehicles entering a generic roundabout 

is expressed as follows: 

 

 I,j III,jj in I II,j II III  ,E Q E P E P E P                                                                           (11) 

 

where  

Ej – Predicted emissions of specie j J, J = (CO2, NOX) (g); 

EI, j – Predicted emissions per vehicle associated with SPI for specie j (g); 

PI – Prediction of the probability of occurrence of vehicles experiencing SPI; 

EII, j – Predicted emissions per vehicle associated with SPII for specie j (g); 

PII – Prediction of the probability of occurrence of vehicles experiencing SPII; 

EIII, j – Predicted emissions per vehicle associated with SPIII for specie j (g); 

PIII – Prediction of the probability of occurrence of vehicles experiencing SPIII. 
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3.4.4. Traffic Noise 

Quartieri et al. (2010) model was validated against noise measurements conducted with 

the sound level meter. This semi-dynamical model uses traffic volumes (by lane) and 

average vehicle speed to estimate the equivalent continuous A-weighted sound level for 

a specific lane (hourly basis), as follows: 

 

 1

LDV V HDV ,10log  20log( ) 46.563 ,
eq

h

w iL V n V L d                                              (12) 

 

where: 

VLDV – Hourly LDV volumes (vph); 

nV – Equivalent acoustic factor that represents the number of LDV that produce the same 

sound energy of one HDV; 

VHDV – Hourly HDV volumes (vph); 

Lw,i – Source power level of LDV (dBA); 

d – Distance between the observation point and the road axis (m). 

 

The equivalent acoustic factor depends on the vehicle speed and driving state 

(cruising/deceleration and deceleration). More details about the calculation can be found 

in (Quartieri et al., 2010). Thus, the source power level for Lw,i (LDV) is obtained using 

according to Equation 13 (Lelong J., 1999): 
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 , log  , i L LwL v                                                                                                  (13) 

where: 

v – Average vehicle speed (km.h-1); 

αL = 53.6 ± 0.3 dBA and βL = 26.8 ± 0.2 dBA, according to (Quartieri et al., 2010). 

 

To account for the effect of all approaching and exiting lanes, the total hourly equivalent 

continuous A-weighted sound level is given by Equation 14:  

 

1

,

1 10
,

1

10log 10  ,

h

eq i
L

t
h

eq tot

i

L


 
 
 
 

                                                                                            (14) 

 

where: 

1

,

h

eq totL  – Total hourly equivalent continuous A-weighted sound level (dBA) 

t – Number of the approaching and exiting lanes (CTL/SL – 1+1; ML – 2+2); 

1

,

h

eq i
L – Hourly equivalent continuous A-weighted sound level for a lane i (dBA). 

 

To assess the goodness of fit, a bisector plot was built to compare measured and estimated 

noise, as suggested by Guarnaccia et al. (2018). Thus, measured data points were plotted 

against the estimated ones, and then the bisector was shifted up and down by 3 dBA. This 

range was used as a guide to the eye because it corresponds to the doubling or halving of 

the squared sound pressure. Moreover, the absolute percentage errors (APE) between the 
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estimated LAeq and the recorded ones were computed for each measurement. Finally, the 

Mean Absolute Percentage Error (MAPE) for each roundabout was obtained as the 

average of the APEs. 

 

3.4.5. Volume-to-Capacity 

The methodology in the Highway Capacity Manual (HCM) was followed to characterize 

the V/C ratio at the studied locations. Movement demand flows for the measured 15-min 

period were first converted to hourly values, then the flow rates were adjusted according 

to the Equation 15 (HCM, 2016):  

 

 
,

1
 ,

1

i

T

i pce

T

V
V

P E 
                                                                                                  (15) 

where: 

Vi,pce – Demand flow for movement i (passenger car units per hour – pcu.h-1); 

Vi – Demand flow for movement i (pcu.h-1); 

PT – Proportion of demand volume consisting of heavy vehicles (dimensionless); 

ET  – Passenger car equivalent for heavy vehicles [2, as suggested in (Giuffrè et al., 

2019)]. 

 

Since the capacity of a roundabout approach is influenced by local driving habits, a 

generalized Siegloch model in the form of Equation 16 was used (HCM, 2016):  
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where: 

Ce,pce – Capacity of the entry leg (pcu.h-1); 

Ve,pce – Conflicting flow (pcu.h-1); 

tf – Critical headway (s); 

tc – follow-up headway (s); 

fped – Pedestrian impedance to vehicles (dimensionless). 

 

The full range of tc and tf for local conditions were 3.82-4.27 s and 2.72-3.10 s, 

respectively (Giuffrè et al., 2016; Vasconcelos AL et al., 2013). Because pedestrian 

activity was small (< 10 pedestrians per hour), the fped was set 1. Finally, the V/C of the 

movement is the ratio between Vi,pce and Ce,pce computed by Equation 15 and Equation 16, 

respectively. 

 

4. Results 

This section first presents and discusses the main results from field measurements 

(Section 4.1) followed by speed profile predictive models (Section 4.2) and noise model 

evaluation (Section 4.3). Finally, CO2 and NOx emissions, noise and V/C ratio of each 

layout are compared. 
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4.1. Traffic performance and emissions 

TABLE 2 lists the main traffic performance and emission results of each roundabout 

layout and speed profile. Results indicated that SL had on average lower travel (15% and 

13%) and idle (40% and 60%) times, and CO2 per kilometer (20% and 5%) compared to 

CTL and ML, respectively. However, drivers in the SL emitted 7% more NOX per 

kilometer than in the ML. This may be due to sharp acceleration episodes (3% more RPA 

events in SL than in ML), which in turn have an impact on NOX. The coefficient of 

variability of NOX was 0.43, 0.38 and 0.34 for SL, CTL and ML, respectively. Another 

reason for these results is that the acceleration rate of vehicles tends to increase as Qconf 

decreases (Coelho et al., 2006). This is the case of SL where conflicting traffic is low 

(Qconf < 150 vph) in several periods of the day. Although CTL achieved similar 

performance levels to ML, it presented the highest emission levels. The analysis showed 

a different trend by speed profile among layouts. For SPI, vehicles at the ML produced 

less pollutant emissions (CO2 –21%; NOX – 48%) than vehicles in the CTL. This layout 

also had 21% lower NOX compared with SL. As expected, vehicles spent lower travel 

times crossing SL, given an equal RIA, which is explained by high approaching speeds 

at this layout (see Error! Reference source not found. for those details). 

 

CO2 and NOX emission rates, acceleration and vehicular jerk distributions in each 20 m 

segment length are exhibited in Error! Reference source not found.. The values in the 

graphs represent the average values of all runs performed per roundabout. Downstream 

was the emission hotpot location regardless of the layout, but the impacts in this segment 

were more noticeable in NOX compared to CO2. For instance, vehicles generated in the 

first 150 m (22% of RIA) after exiting the roundabout 29%, 30%, 41% of CO2, and 32%, 

35%, 51% of NOx, respectively for SL, CTL, and ML. Emission rates at downstream 
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were higher at CTL compared to other layouts. This resulted from the difference between 

circulating and cruise speeds, which was high in CTL, as presented in Error! Reference 

source not found.. Acceleration was found to be notably high in both circulating and 

downstream areas, but some differences were identified among layouts. In fact, the 

average acceleration was 0.50 m.s-2 at the downstream of CTL, which was 65% and 45% 

higher than the values observed at SL and ML, respectively. Circulating areas were the 

main affected by vehicular jerk (an indicator of driving volatility), especially in SL (2.5 

times higher than the SL average) and CTL (9 times higher than the CTL average). These 

findings are relevant since this kinetic variable is widely associated with aggressive 

driving and hard braking maneuvers. Since vehicles experienced fast gear changes, some 

jerk peaks were also observed at upstream of roundabouts. 

 

To assess driving behavior, Error! Reference source not found. lists the percentage of 

time spent above thresholds of speeding, acceleration-deceleration and vehicular jerk, as 

well as the percentage of trips above the RPA thresholds for urban and rural areas. The 

weight of extreme acceleration and deceleration and ai
+ at SL was, on average, lower than 

the other roundabout layouts. For instance, extreme acceleration and deceleration 

represented together 1.2%, 1.6% and 5.7% of SL, CTL and ML total trip time, 

respectively. Curiously, SL was associated with higher RPA (see Error! Reference 

source not found.), but the percentage of the time spent in accelerations higher than 0.1 

m.s-2 and the percentage of trips above the urban and rural literature RPA thresholds were 

generally low when compared to the other layouts. This result is pertinent since SL had 

the lowest travel times. Although speeding did not vary among layouts, on average, 

drivers exceeded at least 10% over the roundabout-specific speed limit. The results for 
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jerk confirmed a greater percentage of jerk values higher than 0.9 m.s-3 at ML, especially 

at SPIII. This fact indicates higher volatility than SL and CTL. 

4.2. Speed profiles predictive models 

Three MLRM were completed, one per each roundabout layout. The parameters of each 

regression were calibrated using SPSS software (Error! Reference source not found.). 

The data sample covered 4,720, 4,201 and 8,721 observations taken at SL, CTL and ML, 

respectively. These samples were gathered in a database with three fields: roundabout 

layout (SL, CTL and ML), speed profile (SPI, SPII, and SPIII) and Qtotal (Qin + Qconf, in 

15-min period). The estimated β parameters obtained are statistically significant (p-value 

< 0.10, p-value < 0.05, and p-value < 0.01, for significance levels of 10%, 5%, and 1%, 

respectively), meaning that the predictions of the probability of occurrence of SPII and 

SPIII fit well with field data sample. The LOOCV method was applied, and a total of 26 

MLRMs were developed (k = 8 for SL, k = 8 for CTL, and k = 10 for ML) to test the 

performance of the general models (3 MLRMs, 1 for each roundabout layout). 

Supplementary data contains detailed information about the models obtained to develop 

the LOOCV approach by roundabout. To assess the goodness of fit, the mean absolute 

error (MAE) and the root-mean-square error (RMSE) were used. Error! Reference source 

not found. reveals that the developed models are able to predict the probability of 

occurrence accurately, i.e., the MAE range and RMSE range amongst the testing models 

were 2%-11% and 2%-7% at SL, 1%-9% and 1%-6% at CTL, and 8%-16% and 5%-10% 

at ML. Furthermore, the general models showed identical percentages of occurrence of 

each speed profile between observed and predicted data. 

 

Intuitively, the probability of the driver to enter the roundabout without stopping (PSPI) 

decreases as the traffic flow increases, as shown in Error! Reference source not found.. It 
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can be observed that more than 50% of vehicles enter the SL without stopping for Qtotal 

lower than 1,800 vph, while at CTL and ML this occurred for values lower than 1,200 

and 1,000 vph, respectively. It must be noted that SL has lower conflicting traffic (9% of 

Qtotal) compared to the other layouts (>13% of Qtotal) hence a cause to the obtained results. 

The analysis of the collected data at each roundabout layout indicates that different 

combinations of Qin + Qconf, with the same Qtotal, generally result in the same distribution 

of the probability of occurrence of each speed profile. No specific pattern was identified 

for higher/lower Qin or Qconf resultant from the same Qtotal. Such a fact implies that Qin or 

Qconf should be explored jointly. Additionally, when considering different Qtotal, and either 

Qin or Qconf being constant while the other increases, SPII and SPIII obtain higher 

probabilities of occurrence, as can also be perceived subliminally. For traffic flows higher 

than 1,800 vph, approximately 30% of vehicles at SL and CTL, and 70% at ML, will face 

multiple stops. This substantial difference observed at ML was due to the fact that the 

probability was calculated considering the left lane approach and high Qconf (>350 vph) 

was observed. 

4.3. Traffic noise evaluation 

The field measurements showed higher values of LAeq at SL for two reasons: 1) high 

approaching speeds; and 2) high percentage of HDV and motorcycles (10% compared to 

5% and 7% for CTL and ML, respectively). Quartieri et al. model was applied to the data 

sample, and estimated Leq presented goodness of fit compared with the recorded ones, as 

shown in Error! Reference source not found.. The APE between the LAeq estimated and 

observed ranged from 0.1% to 5.7% (depending on the roundabout layout) while the 

resulting MAPE was 1.7%, 2.0% and 2.8% at the SL, CTL and ML, respectively. The 

maximum difference obtained between estimated and recorded LAeq was around 3.5 dBA. 

Since this model does not consider the acceleration of the vehicles, it tends to 
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underestimate LAeq under congested traffic conditions. This explained the differences 

obtained in the ML, where idle time was higher than in the other layouts, as presented in 

Error! Reference source not found.. 

4.4. Scenarios 

This section uses discrete predictive models, trajectories associated to SPI, SPII and SPIII 

to compare pollutant emissions, noise and V/C of each layout. Thus, five traffic demand 

scenarios were explored, as follows:  

 

 S1: Qtotal = 400 vph and Qout = 350 vph;  

 S2: Qtotal = 800 vph and Qout = 700 vph; 

 S3: Qtotal = 1,200 vph and Qout = 1,000 vph; 

 S4: Qtotal = 1,600 vph and Qout = 1,350 vph; 

 S5: Qtotal = 2,000 vph and Qout = 1,700 vph. 

 

S1 and S2 are typical from off-peak hour conditions, while S3 to S5 can represent peak-

hour periods. The comparison of hourly predicted pollutant emissions per vehicle, noise 

and V/C ratio for each roundabout layout is displayed in  

FIGURE 7. Findings indicated that CTL generated the highest amount of pollutant 

emissions per vehicle, regardless of the testing scenario. On average, vehicles produced 

32% and 21% more CO2 than vehicles at SL and ML, respectively. The results for NOX 

were even worse (65% and 75% higher than SL and ML, respectively). Although SL 

showed as the best option in terms of CO2 (mostly due to lower travel times), it generated 

more NOX than ML under low and moderate traffic demands (S1-S4). This was possible 
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due to accelerations at high speeds to which NOx emissions in LDDV are sensitive. The 

results for noise dictated different outcomes: SL was expected to achieve a high LAeq (> 

67 dBA) under low and moderate traffic demands (S1-S3) because vehicles in the SL 

experienced higher approaching speeds than vehicles in CTL and ML did. It was also 

found that CTL presented higher LAeq than ML in almost all scenarios. This may occur 

due to the high percentage of motorcycles. Interestingly, the studied SL and CTL 

approach reached saturation at S3, while ML saturated at higher values (S4). This explains 

the high LAeq values obtained in ML at this latter scenario, i.e., vehicles drove at 

moderated speeds with the same traffic volume (at CTL the speed values are near 0). The 

graphs in  

FIGURE 7 also showed differences between off-peak (S1-S2) and peak hour (S3-S5) 

conditions among roundabout layouts. In this case, CO2 emissions increased up to 7%, 

9% and 15% in SL, CTL and ML, respectively, while NOX per vehicle during 

oversaturation periods rose between 5% and 20% in SL and ML.  

 

The above results confirmed that a given SL with specific operational (high through 

traffic demand and unbalanced traffic flows between main roads and minor roads) and 

design (higher entry speeds) features could be adopted in suburban environments instead 

of CTL or ML. Speed profiles distribution influences the amount of CO2 and NOx 

emissions emitted by vehicles, while entry and exit speeds can result in different noise 

levels. This fact implies that different traffic operations and speed limits could result in 

different performance in the same layout. For example, a single-lane roundabout 

exhibiting lower traffic volumes and entry speeds, and higher conflicting traffic could 

possibly be more comparable to a compact two-lane roundabout. Accordingly, there is a 
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need for comparison under similar traffic conditions both in terms of demand and fleet 

compositions. 

 

5. CONCLUSIONS 

This paper explored the impact of SL, CTL and ML roundabouts installed in suburban 

environments on traffic performance, pollutant emissions, noise and capacity. The 

proposed methodology was grounded in empirical data of vehicle activity and emissions, 

traffic volumes and noise to assess traffic performance, CO2 and NOX, LAeq and V/C 

ratios. This paper also developed predictive discrete choice models between the 

probability of speed profiles and site-specific operational parameters. 

Field measurements indicated that SL generated lower travel time (13-15%) and CO2 

emissions per unit distance (5% -20%) compared to ML and CTL roundabouts. However, 

it yielded higher RPA (10% higher on average) and NOX emissions per unit distance than 

the ML roundabout. The implementation of predictive discrete choice models in five 

combinations of approaching, conflicting and exiting traffic volumes pointed out 

differences among layouts. SL yielded the lowest CO2 per vehicle, assuming an equal 

RIA since vehicles spent less time driving towards roundabout together with low 

conflicting traffic. However, its implementation can result in higher LAeq at low traffic 

volumes because vehicles drove at higher speeds in the approach compared to the other 

layouts. 

This research has two main scientific contributions: first, it addressed the impacts of a 

specific roundabout layout on pollutant emissions and noise using field measurements, 

thus reflecting site-specific driving behavior and traffic conditions. There is potential to 

embed this methodology in current simulation tools to predict emissions or noise of road 

traffic for use in traffic, emissions and air quality strategies. Second, it introduced a 
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framework that integrated operational and environmental parameters through the 

identification of the occurrence of typical speed profiles. This was done by using discrete 

choice models that were capable of identifying the three speed profiles that account for 

location-specific needs and variability characteristics in the measured data. 

As result of attributes of these roundabouts (high approaching speeds, negligible 

pedestrian and cyclist activity), this research can provide relevant information pertaining 

pollutant and noise emissions comparison between roundabouts and other traffic control 

treatments such as traffic lights and stop-controlled intersections. This could support 

traffic planners, local authorities and other practitioners to prevent congestion at 

roundabouts and resulting negative impacts on global warming (CO2) and air pollution 

(NOX and noise). 

Although results cannot be generalized to all sites, this empirical methodology is suitable 

in quantifying the performance of other roundabout layouts, using the following steps: 1) 

to gather entry and conflicting hourly volumes allows the use of discrete choice models 

to predict the probability of vehicles performing SPI, SPII and SPIII; 2) to assign a vehicle 

trajectory to a speed profile (SPI, SPII and SPIII), and vehicle type; 3) to compute 

emissions by multiplying the entry traffic flow by the sum of the product of the percentage 

of occurrence of each speed profile with the associated emission factor; 4) to collect exit 

and entry traffic volumes and speed allows to estimate noise levels; and 5) to estimate 

V/C ratio based on collected traffic data and local driving habits. 

However, there are some limitations that must be outlined: 1) only one vehicle type was 

used in the experimental analysis; 2) predictive discrete choice models were based on 

site-specific entry and conflicting traffic volumes, which are only replicable in other 

roundabouts with similar traffic conditions; otherwise, a new MLRM should be 

developed and applied; and 3) noise model does not consider acceleration, which is 
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predominantly high under high traffic volumes and stop-and-go situations, thus 

underestimating the LAeq. Future work must be focused on additional real driving 

emissions of gasoline and hybrid passenger cars with different emission standards. The 

development of a noise model that considers more kinetic variables such as acceleration 

and jerk should also be developed. There is a need for more widespread conditions to 

increase the potential of developed work. Therefore, inclusion of other roundabouts with 

the same layout but different traffic conditions (for instance, a SL with high conflicting 

traffic) and different layouts (turbo-roundabouts), as well as other types of intersections 

(traffic lights and stop-controlled intersections) should also be explored. Further 

development concerning the relationship between geometric features of suburban 

roundabouts such as entry radius, exit radius, number of lanes and IDC on the probability 

of speed profiles, traffic volumes, and speed would be relevant to explore their impacts 

on roundabout-specific capacity, emissions and noise levels. 
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FIGURE 1 Methodology Overview 
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FIGURE 2 Aerial View of the three roundabouts, Aveiro, Portugal: a) SL; b) CTL; 

and c) ML 
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FIGURE 3 Synchronization of NOx versus RPM by roundabout layout: a) SL; b) 

CTL; and c) ML 
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a) b)  

  

c) d)  
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FIGURE 4 Measured parameters versus distance by layout: a) SL – CO2/NOX; b) 

SL – acceleration/ jerk; c) CTL – CO2/NOX; d) CTL – acceleration/jerk; e) ML – 

CO2/NOX; and f) ML – acceleration/ jerk  
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FIGURE 5 Predictive models for the relative occurrence of profiles I, II and III by 

roundabout layout: a) SL; b) CTL; and c) ML 
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FIGURE 6 Noise model evaluation by roundabout layout  
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FIGURE 7 Variation of the measured parameters (hourly basis) by vehicle and 

scenario: a) CO2; b) NOX; c) Leq; and d) V/C 
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TABLE 1 Geometric and operational for the three roundabout data collection sites 

ID 

Entering 

Speed 

(km.h-1) 

Circulating 

Speed 

(km.h-1) 

Circulating 

Width 

(m) 

ICD 

(m) 

Central 

Island 

(m) 

Qin + 

Qout 

(vph) 

Heavy Duty 

Vehicles 

(%) 

SL 58.6 28.8 6 44 32 
700 – 

1,700 
~10% 

CTL 44.5 24.2 9.5 36 18 
300 – 

1,400 
~2% 

ML 40.1 29.2 10 55 35 
700 – 

2,200 
~5% 
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TABLE 2 Average traffic performance and emissions (with standard deviation 

values) by speed profile and roundabout layout 

ID Speed 

Profile 
RPA 

(m/s²) 

Travel 

Time (s) 
Idle 

Time (s) 
CO2 

(g/km) 
NOx 

(g/km) 

SL 

I 0.18 (0.07) 58 (7) N/A 92 (14) 1.56 (0.96) 

II 0.22 (0.05) 67 (6) 3.4 (2.4) 103 (20) 1.28 (0.56) 

III 0.23 (0.04) 78 (9) 5.7 (1.9) 122 (5) 2.44 (0.72) 

Average 0.19 (0.07) 68 (7) 4.5 (2.1) 105 (13) 1.76 (0.75) 

CTL 

I 0.16 (0.05) 61 (5) N/A 114 (11) 2.35 (0.68) 

II 0.18 (0.03) 67 (5) 2.9 (1.3) 123 (23) 2.67 (1.13) 

III 0.22 (0.03) 112 (36) 14.8 (9.8) 171 (35) 3.54 (1.42) 

Average 0.18 (0.05) 80 (15) 8.8 (5.5) 136 (23) 2.85 (1.07) 

ML 

I 0.16 (0.03) 67 (10 N/A 90 (14) 1.23 (0.48) 

II 0.20 (0.03) 71 (7) 3.1 (1.7) 110 (14) 1.75 (0.48) 

III 0.22 (0.06) 97 (17) 21.0 (12.5) 129 (21) 1.95 (0.70) 

Average 0.17 (0.04) 78 (11) 12.1 (7.1) 110 (16) 1.64 (0.55) 
 

Note: N/A = Not Applicable
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TABLE 3 Trip driving classification by speed profile and roundabout layout 

ID 
Speed 

Profile 

Speeding 

(% time) 

Acceleration 

(% time) 

Vehicular jerk 

(% time) 

RPA 

(% trips) 

vi > vmax  
vi > 

1.1×vmax 
a < -3.4 a > ai

+ a > 2.16 j > 0.9 RPA > 0.12 RPA > 0.14 

SL 

I 11.0 (17.1) 5.8 (12.7) 0.3 (0.9) 29.1 (7.9) 0.5 (1.2) 5.5 (4.3) 71 65 

II 7.0 (8.2) 3.4 (6.7) 0.2 (0.8) 32.6 (6.2) 1.5 (1.4) 9.3 (6.4) 100 100 

III 6.1 (4.4) 0.7 (1.0) 2.0 (0.9) 35.1 (7.9) 1.8 (1.4) 10.8 (2.4) 100 100 

All trips 10.0 (15.6) 5.1 (11.6) 0.4 (1.0) 30.1 (7.9) 0.8 (1.3) 6.5 (5.0) 78 73 

CTL 

I 11.8 (11.1) 5.7 (12.2) 0.4 (1.1) 33.9 (8.7) 0.3 (1.2) 4.4 (6.5) 92 53 

II 11.1 (10.7) 1.3 (12.2) 1.2 (0.8) 37.1 (9.5) 1.5 (0.6) 10.2 (3.3) 100 96 

III 6.6 (8.0) 1.3 (3.3) 1.1 (1.0) 37.5 (5.9) 0.8 (1.5) 2.7 (3.0) 100 100 

All trips 11.4 (15.0) 3.5 (9.3) 0.8 (1.0) 35.6 (8.6) 0.8 (1.1) 6.2 (3.8) 96 76 

ML 

I 11.1 (12.2) 2.1 (5.0) 1.2 (2.9) 30.5 (7.2) 1.4 (3.5) 5.9 (7.1) 90 71 

II 11.3 (16.7) 4.5 (11.1) 2.5 (4.1) 32.6 (6.8) 4.1 (5.0) 11.3 (8.8) 100 100 

III 2.9 (4.0) 0.5 (0.9) 5.7 (7.0) 32.7 (11.0) 8.8 (9.4) 15.6 (12.1) 100 100 

All trips 10.1 (13.6) 2.7 (7.6) 2.3 (4.3) 31.5 (7.8) 3.4 (5.7) 9.1 (9.2) 95 85 

Note: N/A = values in parentheses represent the standard deviation values when applicable 
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TABLE 4 Calibrated β parameters applied in the multinomial logistic regression 

model to obtain PSPII  and PSPIII 

ID 
Probability of 

Speed Profile 
Parameter β Std. Error Wald test p-value 

SL 

PSPII 
Intercept -3.711 0.220 283.824 <0.0001 

Qtotal 0.020 0.000 61.358 <0.0001 

PSPIII 
Intercept -3.788 0.265 204.379 <0.0001 

Qtotal 0.002 0.000 24.135 <0.0001 

CTL 

PSPII 
Intercept -1.746 0.147 141.075 <0.0001 

Qtotal 0.002 0.000 64.766 <0.0001 

PSPIII 
Intercept -3.599 0.254 200.899 <0.0001 

Qtotal 0.003 0.000 57.275 <0.0001 

ML 

PSPII 
Intercept -1.954 0.147 175.930 <0.0001 

Qtotal 0.001 0.000 83.454 <0.0001 

PSPIII 
Intercept -3.789 0.188 404.415 <0.0001 

Qtotal 0.003 0.000 279.951 <0.0001 

 

The parameters were statistically significant at the 1%,5% and 10% significance level (p-value < 0.01, p-value < 

0.05, and p-value < 0.10). 
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