
ANALYSIS OF IMPACT FACTORS FOR TRAFFIC NOISE 

IN URBAN AREAS 

A Thesis  

Submitted to the Faculty of Graduate Studies and Research 

in Partial Fulfillment of the Requirements 

for the Degree of 

Master of Applied Science 

in 

Industrial Systems Engineering

 University of Regina 

by 

Kai Huang 

Regina, Saskatchewan 

December 15, 2014 

Copyright 2014: K. Huang 



 
 
 
 
 
 
 

UNIVERSITY OF REGINA 
 

FACULTY OF GRADUATE STUDIES AND RESEARCH 
 

SUPERVISORY AND EXAMINING COMMITTEE 
 

Kai Huang, candidate for the degree of Master of Applied Science in Industrial Systems 
Engineering, has presented a thesis titled, Analysis of Impact Factors for Traffic Noise 
in urban Areas, in an oral examination held on December 8, 2014.  The following 
committee members have found the thesis acceptable in form and content, and that the 
candidate demonstrated satisfactory knowledge of the subject material. 
 
 
External Examiner: Dr. Nader Mobed, Department of Physics 
 

Supervisor: Dr. Liming Dai, Industrial Systems Engineering 
 

Committee Member: Dr. Amr Henni, Industrial Systems Engineering 
 

Committee Member: *Dr. Mehran Mehrandezh, Industrial Systems Engineering 
 

 

 

Chair of Defense: Dr. Yee-Chung Jin, Environmental Systems Engineering 
 
 
*Not present at defense 
 



ABSTRACT 

Road traffic noise contributes significantly to outdoor environmental noise, especially in 

urban areas. The pressure of traffic noise is influenced by many factors such as types of 

engines, exhaust systems and tires interacting with the road, weather and road conditions. 

The tire/pavement interaction noise has been proven to be the major source of the traffic 

noise, especially for cruising driving conditions, which is highly influenced by surface 

characteristics of road pavement. Traffic flow is also a factor – apart from vehicles, tires 

and road surface characteristics – in affecting traffic noise pressures. The noise level can 

increase by about 3 dBA when traffic flow doubles, if the traffic composition, speed and 

driving patterns are constant. Consequently, it is required to investigate the effects of road 

pavement conditions and traffic flow on traffic noise emission, and further explore the 

interactive effect of operation time of pavement and traffic flow for traffic noise control 

and mitigation.  

In this research, a series of field experiments are conducted on highways of new and old 

pavements. The variations of traffic flow and traffic noise pressure levels together with 

the functional relationships between them are analyzed based on the noise data collected 

from the highways in an urban area. With the collected data, the maximum traffic flow 

and traffic noise pressure levels are determined in a specified time manner. Logarithmic 

functional relationships are found between traffic noise pressure level and traffic flow for 

both old and new pavements. It is also found that the improvement in pavement material 

of highway may promote the absorption of traffic noise. A single value index is 

developed for quantitatively and conveniently evaluating the acoustic quality of highways.
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The findings in this research may give some inspiration for construction and management 

of low noise highways. The field experiment is expanded to the year of 2014, with the 

road near the measurement sites repaved in 2013. The results indicate that the re-

pavement of road surface can effectively reduce the traffic noise. However, as the road 

surface ages, such reduction effect would also decrease. 

Additionally, an entropy-copula method is proposed for modelling dependence 

between traffic flow and traffic noise on the Trans-Canada Highway (#1 highway of 

Canada) in the City of Regina based on the field experiment measurements. The 

proposed entropy-copula method combines the maximum entropy and copula 

methods into a general framework, in which the marginal distributions of traffic 

flow and traffic noise are estimated through the principle of maximum entropy 

(POME) theory, and the joint probabilities are derived through the Gaussian and 

Student t copulas. The proposed method is applied at two field experiment sites on 

the Trans-Canada Highway. Based on the K-S and A-D tests and RMSE value, the 

entropy method shows well performance in quantifying the probability distributions of 

traffic flow and traffic noise. Meanwhile, both Gaussian and Student t copulas can well 

model the joint probability distributions for traffic flow and traffic noise at both 

experiment sites, which are demonstrated by the Cramér von Mises statistics and the 

RMSE values. Furthermore, the conditional CDFs of the traffic noise at two experiment 

sites are derived based on the established Gaussian and Student t copulas under different 

traffic flow scenarios. The obtained conditional CDFs indicate positive structures 

between traffic flow and traffic noise at both experiment sites. 
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CHAPTER 1 INTRODUCTION 

1.1. Background 

Noise is an environmental problem which poses various negative effects on health 

and economy, and has increasingly attracted the attentions of researchers and engineers in 

recent years. Studies show that 30% of European Union (EU) citizens are exposed to 

traffic noise exceeding the acceptable level recommended by the World Health 

Organization (WHO), with 10% complaining of sleep disturbance at night (Ahammed, 

2009). Environmental noise causes various negative effects on human beings, such as 

cardiovascular effects, blood pressure rising, stress and vasoconstriction increasing, and 

increasing risk of coronary artery diseases. In Denmark, about 800 to 2,200 people are 

admitted to hospitals annually with high blood pressure or heart disease and 200 to 500 

die prematurely which are considered to be associated with high levels of traffic noise 

(FEHRL 2006). In addition, a 1 dB increase in noise results in a 1% decrease in house 

prices near busy roads in Denmark, and noise costs the Danish society about €780 to 

€1,150 million annually (Ahammed, 2009). Noise impact and noise reduction policies 

could produce significant effects on the economy of EU countries, in which health related 

costs alone account for 0.2 % to 2.0 % of the annual Gross National Product (FEHRL 

2006). 

The sources of most outdoor noise worldwide are mainly caused by manufacturing 

factories, transportation systems, aircrafts, and trains. Among these noise production 
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sources, road traffic noise contributes most significantly to the environmental noise in 

urban areas. In the U.S., for example, it contributes more to environmental noise 

exposure than any other noise sources. In Europe, the traffic noise accounts for about 80% 

of total noise pollution (EU SMILE, 2014). In Canada, a survey indicated that half of 

Canadians are disturbed or annoyed by noise outside their home, in which the road traffic 

noise is considered to be most bothersome (Ahammed, 2009). A study focused on West 

European countries showed that 75% of the residents were bothered by roadway traffic 

noise (Ballie, 2000). 

Consequently, regulations regarding noise emission of road vehicles have been 

introduced by most industrialized countries (Sandberg, 2001). Such regulations are 

generally coordinated internationally, with regard to measuring methods and with respect 

to noise limits (Sandberg, 2001). For example, some states and local jurisdictions in U.S. 

have limits for light vehicles that are either 80 or 84 dB(A), originally measured 

according to SAE J986 using a 15 m measuring distance, which would correspond to 86 

and 90 dB(A) at the 7.5 m distance used in most standards outside North America 

(Sandberg, 2001). In Canada, the Motor Vehicle Safety Act & Regulations mandate noise 

limits for vehicles, in which 81, 83, 84 dBA is the noise limit for a vehicle with an engine 

producing ≤ 75, ≥75 and ≤ 150, and ≥150 kW, respectively. Road traffic noise is caused 

by the combination of rolling noise, consisting of the friction noise between the road 

surface and vehicle tires, and the propulsion noise caused by the exhaust systems or 

engines. The pressure of traffic noise is influenced by many factors such as types of 

engines, exhaust systems and tires interacting with the road, weather and road conditions. 

2



Generally, those factors can be categorized into four clusters: traffic factors, road factors 

and environmental factors. In detail, the traffic factors mainly involve traffic flow, 

average traffic speed, traffic composition, and driving conditions (free-flowing). The road 

factors include road gradient, road pavement surface type and texture, road corridor 

cross-section (whether the road layout is at grade, depressed or elevated). The 

environmental factors mainly contain road conditions, including distance between the 

source and reception point, type of intervening ground cover between source and 

reception point (e.g. grass, water or concrete), natural or artificial obstructions, and 

weather conditions, including temperature, wind speed, humidity, precipitation and so on. 

Heavier traffic flow, higher speeds, and a greater number of trucks are expected to 

increase the loudness of traffic noise (Abo-Qudais and Alhiary, 2005). People also notice 

that other factors may also influence the traffic noise levels significantly. For example, 

according to the experiment conducted by Fang and Ling (2003), a tree belt could 

effectively reduce the noise emitted at a point source.  

1.2. Problem Statement and Research Requirement 

Noise Abatement Criteria (NAC) and guidelines developed by public agencies 

recommend physical noise mitigation measures if the traffic noise exceeds some 

acceptable maximum limits (Ahammed, 2009). Several methods are available for traffic 

noise reduction. Noise barriers are widely used noise mitigation measures. However, this 

method is very expensive for barrier construction and maintenance. For example, even 

though the noise barriers can reduce the outdoor noise level by 5 dBA (Rochat, 2005), 
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their construction costs vary from over $0.6 million per km to as high as $3 million per 

km (Bernhard and McDaniel, 2005).  

The tire/pavement interaction noise has been proven to be the major source of the 

traffic noise, especially for cruising driving conditions (Sandberg and Ejsmont, 2002). 

The research proposed by de Graaff and van Blokland (1997) indicated that about 90% of 

the equivalent sound energy in urban traffic is generated by tire/pavement interaction. 

Consequently, reduction of tire/road noise can be an efficient way for traffic noise 

mitigation. Road re-pavement has been a method applied for traffic noise reduction. The 

noise reduction mechanisms by the pavement itself include acoustic and mechanical 

impedance, in which the acoustic impedance depends on the surface characteristics (i.e. 

porous or non-porous), and the mechanical impedance is related to the relative stiffness 

of the tire and pavement (Neithalath et al., 2005; Ahammed, 2009). It has been 

demonstrated that decreasing pavement stiffness decreases the noise generated on the 

pavement. However, as time passes, the relative stiffness of the pavement would change 

due to various conditions. The chemical effects of the weather, assisted by road salt, 

create a weathering and crumbling surface which affects both micro texture and macro 

texture of the pavement, leading to variations in relative stiffness and surface 

characteristics. Consequently, it is required to investigate the effect of operation time of 

pavement on traffic noise emission, and further explore the interactive effects of 

operatioin time of pavment and other impact factors (e.g. traffic flow, traffic 

composition) on traffic noise pressure.  
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Traffic flow is also a factor – apart from vehicles, tires and road surface characteristics 

– in affecting traffic noise pressures. A steady traffic flow without accelerations and

decelerations helps reduce noise, as does reductions in speed, the percentage of heavy 

vehicles and overall traffic levels (Ellebjerg, 2007). The noise level can increase by about 

3 dBA when traffic flow doubles, if the traffic composition, speed and driving patterns 

are constant. Table 1.1 shows the effect on noise reduction under different traffic flow 

reduction scenarios. However, in practical situations, such results may not be true due to 

various complexities in traffic systems. For example, a reduction in the traffic flow on a 

road will often lead to increases in speed, which will work against the reduction in noise 

caused by the reduced traffic flow (Ellebjerg, 2007). Moreover, extensive uncertainties 

exist in both traffic flow and measured noise levels. In detail, the traffic flow usually 

exhibits temporal variation in one day, with peaks appearing at rush hour periods. Also, 

the traffic flow patterns on weekdays and weekends may also differ from each other. 

Such variations in traffic flow result in extensive uncertainties in traffic noise emission 

pressures. The measured traffic noise pressures are also uncertain in nature, due to 

various inherent and external impact factors such as the instrumental errors and 

background noises from sources other than the traffic flow. Consequently, insightful 

investigations are required for exploring the impact of traffic flow on the associated 

traffic noise pressures under complex uncertain environments. 

1.3. Thesis Objectives 

The discussion presented above suggests that a demand is required for a 

comprehensive investigation of the interactive relationships between traffic noise and its 
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associated impact factors under uncertainties. Accordingly, in the context of such a 

requirement, the main objectives of the research have been set as: 

i) Investigating the operation time of road pavement on traffic noise corresponding

to various traffic flow conditions along highways, characterizing the variation of the 

empirical and theoretical relationships between traffic noise pressure and traffic flow 

resulting from the operation time of pavement for road surface, and identifying the 

differences of traffic noise pressure on new and old highway pavements in the city of 

Regina via a series of field experiments.  

ii) Exploring the variation in noise absorption properties of the new pavement in the

early stage of the pavement’s life through comparing the new field experimental data 

with those in previous experiments.  

iii) Modelling dependence between traffic flow and traffic noise, from a view of

statistics, through an entropy-copula method, in which the marginal distributions of 

traffic flow and traffic noise are estimated through the principle of maximum entropy 

(POME) theory, and the joint probabilities (including joint cumulative distribution 

functions (CDFs) and joint probability density functions (PDFs)) are derived through the 

Gaussian and Student t copulas. 
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Table 1.1 The effect on noise levels of changes in traffic flow (Ellebjerg, 2007) 

Reduction in traffic flow Reduction in noise (LAeq) 

10% 0.5 dBA 

20% 1.0 dBA 

30% 1.6 dBA 

40% 2.2 dBA 

50% 3.0 dBA 

75% 6.0 dBA 
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CHAPTER 2 LITERATURE REVIEW 

2.1. Methods for Measuring Traffic Noise 

In noise studies, several types of weighting networks are performed on sound spectra to 

calculate the equivalent sound level for different objectives. At low noise levels, the “A” 

weighting networks have been proven to correlate well with the sensitivity of human 

hearing and widely accepted as the sound level parameter in noise studies (Dai et al., 

2008). Tire-pavement or traffic noise is rated as moderate sound, and thus it is usually 

measured as “A” weighted equivalent continuous sound level (Sandberg and Ejsmont 

2002, Bruel and Kjaer 2007; Ahammed, 2009). In the present study, the equivalent traffic 

noise levels and the corresponding requirements are collected in the form of “A” 

weighted equivalent continuous sound level (LAeq). 

In order to explore the noise reduction effect of pavement, reliable acoustical 

measurements are necessary for tire and pavement with respect to traffic noise emission. 

Several methods have been developed for measuring the tire/pavement noise in recent 

years. According to the test location, the noise measurement methods can be classified 

into three groups: roadside measurements, on-board measurements and laboratory based 

measurements (Lou, 2007). In detail, the roadside measurements include the Statistical 

Passby, Controlled Passby, and Time-averaged Traffic Noise methods. 

The Statistical Passby method utilizes a random sample of typical vehicles measured one 

at a time, in which the maximum sound pressure level is captured for each passby 
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through a sound measurement system located either 7.5 m or 50 ft from the center line of 

the traffic lane (Bernhard and Wayson, 2005). The SPB method can be employed to 

account for all aspects of traffic noise, including noise emitted by engine, exhaust and 

aerodynamic mechanisms, at the sideline of the test road section, as well as take into 

account the variation that occurs across vehicles of the same type (Bernhard and Wayson, 

2005; Lou, 2007). This method is widely applied to study the influence of pavement 

conditions on environmental noise.  

The measurement steps for the controlled passby (CPB) method are the same as those of 

the SPB method, in which the maximum sound power of each vehicle would be collected. 

The difference between the two methods is that the speeds of test vehicles are controlled 

in the CPB method (Lou, 2007). The CPB method takes less time than the SPB method, 

but it cannot account for the variation that might occur in vehicles of the same type 

(Bernhard and Wayson, 2005). Furthermore, both the SPB and CPB methods require a 

light traffic density and thus they are more suitable for rural traffic conditions.  

Time-averaged traffic noise measurements are developed to test heavy traffic density 

conditions in which vehicle passbys are not sufficiently isolated. For time-averaged 

measurements, sound pressure is averaged and converted to the equivalent noise level or 

Leq (Bernhard and Wayson, 2005). The value of Leq represents the equivalent continuous 

noise level throughout the elapsed time. For time-averaged methods, the traffic 

composition, traffic flow, speed and meteorological conditions are not controlled so a 

normalization process based upon traffic noise models is used to develop a comparable 
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long-term equivalent noise descriptor of noise at the test location (Lou, 2007). Usually, 

the time-averaged methods are suitable to the site with the background noise at least 10 

dBA lower than the traffic noise, and the noise level is calculated according to the noise 

indicators recommended by the ISO Standard 1996/1 Acoustics – “Description and 

measurement of environmental noise”. 

2.2. Traffic Noise Reduction and Road Pavement 

Tire/pavement interaction noise at freeway speeds for well-maintained vehicles is the 

major source of traffic noise and thus the primary target of studies for traffic noise control.  

Amounts of researches have been conducted to analyze the tire-pavement noise. Mahone 

et al. (1977) examined the skid resistance and tire-pavement noise performances of eleven 

different surfaces of PCC pavements to select the optimum and durable surface texture 

considering the increased traffic and speed on the interstate highways in Virginia. The 

results indicated that exposed aggregate, sprinkled and dimpled textures were shown to 

produce higher roadside (7.6 m off the road) noise (85.8 to 86.9 dBA at 77 km/h) 

compared to that of tined (79.6 to 82.5 dBA) and AC (78.8 to 79.2 dBA) pavements 

(Ahammed, 2009). Baran and Henry (1983) measured the tire-pavement noise for 22 

sections in Pennsylvania and developed a large number of regression models for the 

prediction of skid resistance from near-field noise frequencies (2.915 to 6.785 kHz). 

Wielen (1989) tested the tire-pavement noise on 25 PCC pavement surfaces in South 

Africa. The results indicated an increase in car passby noise with the increase in tine 

spacing, and a drop of noise as the spacing decreased.  
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A study conducted by the Arizona Department of Transportation demonstrated that the 

freeway segments using Asphalt-Rubber-Asphalt-Concrete-Friction-Course (ARACFC) 

produced lower noise levels than the freeway segments with Portland-Cement-Concrete-

Pavements (PCCP) (Henderson and Kalevela, 1996). Wayson (1998) prepared a 

comprehensive report on tire-pavement noise and concluded that in general, PCC 

pavements have advantages with respect to durability and surface friction over dense AC 

pavements. Lancieri et al. (2000) measured the sound absorption and tire-pavement noise 

for three porous pavements. Golebiewski et al. (2003) investigated the traffic noise 

reduction effect of the porous road surface and derived a traffic noise prediction model 

with respect to the traffic flow, average value of the relative surface coefficient and the 

sound exposure for the dense road surface. Crocker et al. (2004) measured the sound 

absorption coefficients of dense and porous road surfaces in the laboratory with core 

samples with 4- and 6- inch diameter impedance tubes. The results indicated that the first 

peak frequency and peak absorption coefficient magnitude are only slightly different for 

the fine- and coarse-mix aggregate porous surfaces (Crocker et al., 2004). Bilawchuk 

(2005) explored the acoustic performance of the new Asphalt-Rubber-Crumb (ARC) and 

new conventional pavements constructed in Alberta, Canada. Treleaven et al. (2006) 

examined the noise performance of Asphalt-Rubber-Concrete (ARC) pavement in 

Alberta (Canada). Nelson et al. (2008) measured the acoustical absorption coefficient for 

over 140 pavement cores using the impedance tube. 
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Ponniah et al. (2010) evaluated the effectiveness of different mix types to reduce noise 

levels at the tire/pavement interface. The results indicated that a double layer open graded 

mix was consistently the quietest at all speeds followed by a single layer rubberized 

open-graded mix, SMA, single layer open-graded mix and the control section, 

respectively (Ponniah et al., 2010). The rubberized asphalt layer contributes to a 

reduction of at least 2 dBA as compared to the conventional single open-graded mix 

supporting the claim that crumb rubber has the potential to absorb the noise (Ponniah et 

al., 2010). The research conducted by Bueno et al. (2011) showed that increasing 

pavement temperature lead to a reduction in the close proximity sound levels assessed at 

a rate of 0.06 dBA/oC. Kocak (2011) investigated the relationship between basic material 

characteristics (e.g. Hot Mix Asphalt (HMA) volumetrics) and sound generation and 

absorption characteristics of flexible pavements. The effect of linear visco-elastic 

properties (e.g. dynamic modulus) and phase angle on sound absorption was also 

characterized. The results showed that there was a significant correlation between sound 

pressure levels and the combination of several material and linear visco-elastic 

parameters (Kocak, 2011). Since the tire/road noise was influenced by many parameters 

such as vehicle speed, load on the vehicle, tread pattern type, and road surface, an 

experimental rig was conducted to explore effect of operating parameters on tire/road 

interaction noise (Kumar et al., 2014). The results indicated that sound pressure level 

varies with the change in the tread pattern design for the same sized tire and increased 

with the increase in speed of the vehicle on all types of pavements (Kumar et al., 2014). 

Tian et al. (2014) investigated the effect of Portland cement porous concrete on tire-

pavement noise reduction. The laboratory results indicated that the porous concrete with a 
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maximum aggregate size of 9.5 mm had the highest acoustical absorption coefficient, and 

the field-measured tire-pavement noise clearly showed that the porous cement concrete 

significantly reduced the tire-pavement generated noise by 4 to 8 dBA (Tian et al., 2014). 

2.3. Traffic Noise and Traffic Flow 

The traffic noise levels can be directly or inversely influenced by many factors, in which 

the principal parameters involve traffic flow rate, composition, velocity, surface 

roughness index, and distance between the source and the receiver (García and Faus, 

1991; Sattler, 1999; Golebiewski et al. 2003). The most important variables considered in 

the development of mathematical models are traffic flow rate and composition (Alves 

Filho, 1997). Increased traffic flow, in terms of vehicles per hour, causes an increase in 

the noise level (Paz et al., 2005), given constant traffic composition, speed and driving 

patterns. The logarithmic nature of the dB scale means that a 50% reduction of the 

traffic flow results in a 3 dB reduction in noise level, regardless of the absolute 

number of vehicles (Ellegjerg, 2007). 

Due to the significant effect of traffic flow on the traffic noise pressure levels, studies 

were conducted to investigate the impact of traffic flow on traffic noise emissions. To et 

al. (2002) described the roadside traffic noise surveys conducted in heavily built-up urban 

areas in Hong Kong, in which the measurement data included L10, L50, L90, Leq, Lmax, the 

number of light vehicles, the number of heavy vehicles, the total traffic flow, and the 

average speed of vehicles. Using the analysis of variance (ANOVA) and the Tukey test (p 
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< 0.05) it was revealed that the total traffic flow and the number of heavy vehicles are the 

most significant factors of urban traffic noise (To et al., 2002). Zannin et al. (2002) 

explored the influence of the traffic composition and traffic flow on noise emitted by 

typical Brazilian roads. The matrix of coefficient correlation among traffic flow, 

percentage of heavy vehicles, L10, L90, Leq showed that the traffic flow posed highest 

impact on traffic noise emission (Zannin et al., 2002). Ramis et al. (2003) 

investigated noise effects of reducing traffic flow through a Spanish city. The 

comparison of the noise levels before and after the opening of the motorway that 

went through Motilla de Palancar indicated a considerable reduction of traffic noise 

between 3.0 and 7.5 dBA (Ramis et al., 2003). Dai et al. (2005) conducted traffic 

noise evaluation and analysis in residential areas of Regina, Saskatchewan and 

established a numerical relationship between the traffic noise and traffic flow. 

Oyedepo and Saadu (2009) conducted a comparative study of noise pollution levels 

in some selected areas in Ilorin Metropolis, Nigeria. The results showed that industrial 

areas have the highest noise pollution levels (110.2 dB(A)) followed by busy roads/

road junctions (91.5 dB(A)), passenger loading parks (87.8 dB(A)) and commercial 

areas (84.4 dB(A)) (Oyedepo and Saadu, 2009). da Paz and Zannin (2010) developed 

urban daytime traffic noise prediction models through linear regression methods. The 

correlation coefficients between the Leq variables and the traffic variables indicated the 

highest correlations with total vehicle flow followed by percentage of heavy 

vehicles and light vehicle flow (da Paz and Zannin, 2010). Quiñones-Bolaños et 

al. (2012) evaluated the applicability of a statistical model to simulate noise 

levels generated by vehicle traffic flow in the Caribbean region of Colombia. The 

results showed the highest noise level was found to be 84.95 dBA in the 
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city of Sincelejo, caused by high motorcycle flow (Quiñones-Bolaños et al., 2012). 

Freitas et al. (2012) assessed annoyance ratings from traffic noise recorded on 

cobblestones, dese asphalt, and asphalt rubber pavements with regard to car speeds and 

traffic densities. This research found that for the traffic speed, the traffic density 

composition had an effect over annoyance rates for all pavements, with an increase of the 

mean annoyance as a function of the density (Freitas et al., 2012). Halim and Abdullah 

(2014) compared equivalent noise level response to number of vehicles between a high 

traffic flow and low traffic flow highway in Klang Valley, Malaysia. The results 

indicated that the heavy traffic flow highway recorded a higher noise level compared to 

the low traffic flow highway, due to the higher number of vehicles on the heavy traffic 

flow highway (Halim and Abdullah, 2014). 

2.4. Literature Review Summary 

This literature review shows that several past studies have been devoted globally to 

pavement surface texture, tire-pavement or traffic noise and sound absorption in separate 

jurisdictions. The research focused mainly on the noise reduction due to different 

composition and surface texture of the pavement materials, such as dense, semi-dense 

and porous pavement surface. However, in practical road pavement, the road surface 

characteristics, such as macrotexture, megatexture, porosity would change dramatically 

as the road ages. For example, Mega- and macrotexture will change as particles and other 

materials are worn away and the pavement structure is compacted by traffic. The 

chemical effects of the weather, assisted by road salt, create a weathering and crumbling 
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surface which affects both microtexture and macrotexture of the pavement. If the 

pavement of the road is porous, its pores will become clogged by accumulated dirt 

(Sandberg and Ejsmont, 2002). Consequently, insightful investigation is still required to 

quantitatively explore the effect of operation time of pavement on traffic noise emission, 

and further reveal the interactive effect of operation time of pavement and traffic flow on 

the traffic noise pressure levels.  

Additionally, traffic flow has been proven to be one of the principal impact factors on 

traffic noise emission by many previous studies. These studies indicate that the traffic 

flow poses highest impact on traffic noise levels than other factors such as traffic 

composition, velocity, and so on. However, the correlation analysis between traffic noise 

levels and traffic flow was merely conducted through simple correlation coefficient 

methods (e.g. Pearson’s r). Such methods are only suitable to the conditions that the 

traffic flow and traffic noise pressure levels are normally distributed. The values of 

Pearson’s r can only reflect the linear relationship between traffic flow and traffic noise 

pressure levels and can hardly reflect the inherent nonlinear relationship between traffic 

flow and traffic noise pressure levels. Consequently, further studies are required to 

investigate the inherent interrelationships between traffic flow and traffic noise, 

particularly to quantify the traffic noise distribution under various traffic flow conditions. 
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CHAPTER 3 EFFECTS OF ROAD AGE AND TRAFFIC FLOW 

ON THE TRAFFIC NOISE OF THE HIGHWAYS IN AN URBAN 

AREA 

3.1. Background 

The pollution of environmental noise in urban areas has increasingly attracted the 

attentions of researchers and engineers. Environmental noise causes various negative 

effects on human beings, such as cardiovascular effects , a rise in blood pressure, an 

increase in stress and vasoconstriction, and an increased risk of coronary artery diseases.  

The sources of most outdoor noise worldwide are mainly manufacturing factories, 

transportation systems, aircrafts, and trains. Among these noise production sources, road 

traffic noise contributes most significantly to the environmental noise in urban areas. In 

the U.S., for example, it contributes more to environmental noise exposure than any other 

noise source. In Europe, the traffic noise accounts for about 80% of total noise pollution 

(EU SMILE). Road traffic noise is caused by the combination of rolling noise, 

consisting of the friction noise between the road surface and vehicle tires, and the 

propulsion noise caused by the exhaust systems or engines. The pressure of traffic noise 

is influenced by many factors such as types of engines, exhaust systems and tires 

interacting with the road, weather and road conditions. Generally, those factors can 

be categorized into four clusters: traffic factors, road factors and environmental 

factors. Heavier traffic flow,  and greater number of trucks are expected to increase ...
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loudness of traffic noise (Abo-Qudais and Alhiary, 2005). Among these factors, speed of 

vehicles may dominate the generated traffic noise when the speed becomes more than 50 

km per hour (Billera et al, 1997). People also notice that other factors may influence the 

traffic noise levels significantly. For example, according to an experiment conducted by 

Fang and Ling (2003), a tree belt could effectively reduce the noise emitted at a point 

source. A clear view of impact factors on the traffic noise level in living environments 

will certainly help to identify potential roles of those factors in traffic noise pressure and 

provide further support for traffic noise reduction. 

A number of studies have been conducted in analyzing the traffic noise pressure and its 

negative effects on human beings since the first comprehensive review of the noise 

problems in modern society proposed by the Wilsom Committee Report. For example, 

major Canadian researches covering traffic noise evaluation, annoyance study and sound 

barrier performance investigation in large-sized or medium-sized cities of Canada were 

initiated in 1970’s in Ontario (Harmelink and Hajek, 1972; Epplett and Gallagher, 1973; 

Johnston and Carothers, 1974; Hajek and Krawczyniuk, 1983). In Western Canada, 

several traffic noise studies were conducted in Vancouver, Calgary and Edmonton 

(Pyplacz, 1983; BCHEB et al., 1996; Love, 1986; ETPB, 1974). Mehdi et al. (2011) 

analyzed spatio-temporal patterns of road traffic noise pollution in Karachi, Pakistan. 

Agarwal and Swami (2011) proposed a comprehensive approach for the development of 

traffic noise prediction model for Jaipur city. Dai et al., (2013) developed a traffic noise 

prediction model on inland waterways of China using the FHWA. Engel et al. (2014) 
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proposed statistical analysis of a combination of objective and subjective environmental 

noise data using factor analysis and multinomial logistic regression. Most research, 

however, mainly focused on traffic noise prediction or its impacts on human cognition 

and health. Few studies were conducted for investigating the key factors on noise 

pressure and diffusion with respect to traffic flow, under the consideration of the 

operation time and construction of the road pavements.  

Considering the issues above, the objective in this study is to investigate the operation 

time of pavement on traffic noise pressure corresponding to various traffic flow conditions 

along highways. Specifically, we aim to identify the differences of traffic noise pressure 

on new and old highway pavements in the city of Regina via a series of field experiments. 

The potential variation of the empirical and theoretical relationships between traffic noise 

and traffic flow, stemming from the operatioin time of pavement on the road surface, will 

be studied. Such study may give some inspiration for efficient highway construction, 

pavement materials and traffic flow management in terms of traffic noise reduction. 

3.2. Field experiment conduction 

3.2.1. Experimental Setup 

Road surface characteristics, such as macrotexture, megatexture, porosity, thickness of 

layer and pavement material properties, are known to significantly affect tire/road noise 

pressure. However, these road surface characteristics and pavement properties will 

change over the road’s lifetime. As the roads age, the noise-influencing characteristics 
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would change dramatically. For example, Mega- and macrotexture will change as 

particles and other materials are worn away and the pavement structure is compacted by 

traffic. The chemical effects of the weather, along with possible road salt, can create a 

weathering and crumbling surface which affects both microtexture and macrotexture of 

the pavement. If the pavement of the road is porous, its pores will become clogged by 

accumulated dirt (Sandberg and Ejsmont, 2002).  

In this study, a series of field experiments will be conducted to evaluate the differences in 

the traffic noise pressure on new and old highway pavements, and further investigate 

potential variation of the empirical and theoretical relationships between the traffic noise 

pressure and traffic flow on highways with old and new pavements. 

3.2.2. Selection of the Measuring Sites 

Regina is the capital city of the province Saskatchewan, in Canada, with a population of 

more than 200,000. The City of Regina is accessed by several highways including the 

Trans-Canada Highway (#1 highway of Canada) from both the west and east sides, and 

four provincial highways from other directions. The city is served by a high speed road, 

named Ring Road, to connect Regina's east and northwest and loop around the city's east 

side (the west side is looped by a main throughfare Lewvan Drive). Future plans will be 

conducted to construct a second perimeter highway to encircle the city farther out. This 

type of highway with no traffic lights is one of the important sources of traffic noise in 

most cities in Canada. 
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To study the effects of the highway’s age on the traffic noise pressure, three locations, 

including A, B and C as shown in Fig. 3.1, are selected as the measuring sites. As can be 

seen from Fig. 3.1., these sites distribute along the Trans-Canada Highway of which the 

speed limit is 100 km/h. More significantly, the sites are very close to each other with 

similar traffic and road construction conditions. Site A is a special site located along 

Assiniboine Ave to Wascana Pkwy. This section was repaved on October 4th, 2013. For 

the purpose of comparison, experiments were conducted at this site before and after the 

repaving of the road. Site B, from Wascana Pkwy to Assiniboine Ave, is paved with new 

pavement materials and was selected for measuring the noise data in comparison of 

another site with old pavement under very similar conditions. Site C, from Albert St. to 

Wascana Pkwy, is old pavement and was paved in the summer of 2012. Experiments 

were conducted here to find the noise effects of the old pavement. 

As shown in Fig. 3.1, the surrounding environmental and road construction conditions of 

these three sites are similar without considerable noise reduction barriers or trees. They 

can be used to evaluate the influence of the road’s age on the traffic noise pressure with 

reliable noise data. 
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Figure 3.1 Selection of the measuring sites. 
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3.2.3. Experimental Equipments 

In order to analyze the traffic noise, the sound pressure levels for each selected site 

are measured by utilizing the B&K Modular Precision Sound Analyzer 2260 in the 

experiments. Sound Analyzer 2260 supports one-channel measurements of environmental 

noise and noise at work, including real-time analyses of sound, and measurements of 

reverberation time. The resolution/accuracy for this instrument is 6.3 Hz to 20 kHz in 

1/3-octaves of the frequency range covered. It can be extended to allow measurements of 

reverberation time in 1/1- or 1/3-octaves. To ensure the quality of the experimental data, 

the equipment is firmly fixed on the measuring sites with cement blocks as shown in Fig. 

3.2. A power box is set beside the equipment to provide electric power for a long time 

required for the testing. As can be seen in Fig. 3.2, the equipment and accessories were 

all set in a sealed case for protecting the instrument. The case was locked and fixed on the 

cement blocks to prevent any possible damage. 
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Figure 3.2 Experimental instruments and setup 
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3.2.4. Experimental Methodology and Procedures 

In noise studies, several different types of weighting networks are performed on sound 

spectra to calculate the equivalent sound level for different objectives. At low noise levels, 

the “A” weighting networks have been proven to correlate well with the sensitivity of 

human hearing and widely accepted as the sound level parameter in noise studies. In the 

present study, the equivalent traffic noise levels and the corresponding requirements are 

collected in the form of “A” weighted equivalent continuous sound level (LAeq). 

Traffic noise from a stream of vehicles varies over time in strength depending on many 

different factors such as the number of vehicles passed by, speeds of the vehicles, and 

weather conditions in the tests. The time averaged noise level is employed to convert the 

fluctuating values in a certain time interval into a simple mean value. An important noise 

level indicator, adopted by many standards to estimate the impact of long-term noise to 

humans, is the continuous 24 hour time-averaged noise level (LAeq 24h), which is also 

adopted here as the long-term interval noise indicator. This is used for comparing the 

acoustic performances of new and old pavements in this study. Despite the fact that 

traffic flow conditions vary over time, they may not fluctuate significantly over a period 

of 1-hour. As a result, a 1-hour time-averaged noise level (LAeq 1h) is employed as another 

temporal noise indicator in the research. 
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The Statistical Pass-By (SPB), Controlled Pass-By (CPB) and time- averaged methods 

were developed to measure the traffic noise. Among them, the SPB method can be 

employed to account for all aspects of traffic noise including noise emitted by engine, 

exhaust and aerodynamic mechanisms, at the sideline of the test road section. As the SPB 

method is applicable for all aspects of traffic noise measurements, it is employed to study 

the influence of pavement conditions on environmental noise in this research. With this 

method, the maximum sound power of each vehicle passing by the measurement spot is 

measured. The standards selected for the measurements via the Statistical Pass-By and 

time-averaged traffic noise tests are ISO 11819-1—‘Acoustics – Measurement of the 

influence of road surfaces on traffic noise’ and ISO 1996/1 Acoustics – ‘Description and 

measurement of environmental noise’. They are widely accepted as guidelines for traffic 

noise tests around world. The setup of the experiments also refers to Bérengier’s research 

which considered the impact of traffic flow management on overall noise pressure levels. 

The layout of the microphone adopted in the experiment is shown in Fig. 3.3. According 

to the standards, the microphone is placed 1.5m above the ground, and 7.5m away from 

the center line of the highway, as can be seen in the figure. 

The data collected and analyzed are the One-Hour Time-Averaged Noise Pressure Levels 

in terms of equivalent continuous sound level LAeq (dB). Traffic Flow Q is measured with 

the unit vehicle/hour, indicating the passing motor vehicles in a unit time. In this research, 

the 24 – hour data of the traffic flow at the testing spots along the Trans-Canada Highway 

are collected and supplied by the City of Regina.  
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Fig. 3.3 Layout of microphone adopted in the experiments 
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3.3. Results and Discussion 

3.3.1. Traffic Noise Pressure Level and Traffic Flow 

Traffic noise is the collective sound energy emanating from motor vehicles which mainly 

consists of road surface, tire, engine/transmission, aerodynamic, and braking elements. 

To investigate the traffic noise for the old and new highway pavements, the traffic flow 

and traffic noise pressure levels are analyzed. As an important parameter affecting the 

traffic noise, traffic flow is studied with the traffic noise over a 24 hour period of time. It 

is also expected that an empirical relation between the traffic noise and traffic flow can be 

obtained based on the measurement data for the traffic noise pressure level and traffic 

flow. Though it is well accepted that the traffic noise pressure level follows a logarithmic 

relation with respect to the traffic flow, the relation needs to be specified with the testing 

conditions. In conducting the field experiments on the highway, the following conditions 

are assured. 

1. Wind speed at the microphone height shall not exceed 5 m/s during the

measurement.

2. Traffic Flow: ehicle speed can be considered constant on the segments of the

highway (no traffic lights and road intersections)

3. During the measurement, there is no snow on the road surface. The measurement

data during periods of rain would not adopted.

4. Unless the measurement specifically aims at determining the influence of

weather or other environmental conditions on sound emission, ambient air

temperature shall be within 5 0C to 30 0C. The road surface temperature shall be
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within 5 0C to 50 0C. 

The measuring sites are divided into two groups to compare the effects of the old and 

new pavements on the traffic flow and traffic noise.  

Group 1, Site A1 and Site A2, Assiniboine Ave to Wascana Parkway, in the City.  Sites 

A1 and A2 are located at the same place (i.e. Site A in Fig. 3.1). Site A1 is considered an 

old pavement surface area, and Site A2 is considered a new pavement surface area since it 

was repaved on October 4th 2013. The experimental data for this group is measured 

before and after real pavement for the purpose of comparison. This site is along a road of 

three lanes. 

Group 2, Site B and Site C. These two sites represent the old and new pavements with 

the same orientation respectively and both are located along two lane roads, from Albert 

St to Assiniboine Ave within the City. 

3.3.2. Group 1, Site A1 and Site A2. 

The traffic flow and traffic pressure level for the old pavement at Site A1 (before the re-

pavement) and new pavement at site A2 (after the re-pavement) are compared and plotted 

in Fig. 3.4. The curves in the figure are plotted on the basis of averaged data collected at 

the sites over a period of two months. As can be seen from the figure, the traffic flows for 

the old pavement at Site A1 and new pavement at Site A2 are close to each other, except 
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some deviations around 16:00. The traffic flows are lower before 6:00 and after 22:00 

than the other time periods. In addition, there are two obvious peaks for each curve in the 

morning between 7:00 and 9:00 and in the afternoon from 17:00 to 19:00 which are the 

rush hours for work. During these hours, the average traffic flows vary sharply and 

reaches the maximum value. With the variations of the traffic flows, the average traffic 

noise pressure levels fluctuated significantly. The variation tendency for the traffic noise 

pressure level is similar to that of the traffic flow. The peak values appeared in the 

morning (7:00 ~ 9:00) and afternoon (17:00 ~ 19:00). However, significant deviation 

appeared between the average noise pressure level curves for the old and new pavements. 

As shown in Fig. 3.4, the traffic noise pressure for the new pavement are much lower 

than that for the old pavement, especially for high noise pressure levels higher than 55 

dBA. At the rush hour, around 8:00 am when the average traffic flows of the two sites are 

about the same for example, the difference of traffic noise levels between Site A1 and A2 

is about 20 dBA (19.21 dBA). The traffic noise reduction of the new pavement is obvious  

more than 10 dBA when the traffic flow is large enough. When the traffic flow is low at 

night, the measured noise is affected by the background noise. The comparison shown in 

Fig. 3.4 illustrates that, for the same traffic flow, the noise pressure level on the highway 

can be reduced considerably on the new pavement, indicating the significant effect of the 

new pavement on noise reduction. 
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Figure 3.4 The comparison of the average traffic flow and the average noise pressure level for the old pavement at Site A1 and new 
pavement at Site A2. 
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The traffic noise is generated from various sources such as engine, exhaust system of a 

vehicle, the interaction between tires and road surface, and so on. Consequently, the 

spectrum of the noise from a vehicle can be fluctuated in a large frequency range, and 

plotting the intensity-spectrum diagrams is quire crucial for traffic noise analysis, which 

can help analyze the insight noise reduction mechanisms of road re-pavement. 

Figure 3.5 shows the comparison between noise intensity and spectrum on the old and 

new pavement of Site A. These plots are based on the 1-hour spectrum noise 

measurements, with the noise is calculated as 10 minutes equivalent continuous sound 

level. They indicate that the below 50 Hz, the sound level on the new pavement is a little 

bit higher than the noise level on the old pavement. A noise reduction effect begins to 

appear on the new pavement for the noise frequency larger than 50 Hz. Such a reduction 

effect would be quite signification for the traffic noise fluctuating within 164 and 6300 

Hz. Since 2k Hz to 5k Hz is the most sensitive sound frequency range for human hearing 

system, the results in Figure 3.5 suggest that the road re-pavement would be quite 

desirable and effective for traffic noise control. 
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Figure 3.5 The comparison between noise intensity and spectrum on the old and new 
pavement of Site A. 
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The varying tendency of the average traffic flow with respect to the average traffic noise 

pressure level usually obeys a logarithmic relation. Based on the data collected in the 

experiments at the testing sites and the least square method, the following logarithmic 

fitting function can be constructed to explore the relation between the traffic flow and 

noise pressure level.  

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴 ln𝑄𝑄 + 𝐵𝐵    (3-1) 

where Q is the volume of traffic flow; A and B are parameters relying on the pavement 

and test conditions and can be determined through the least squares method based on the 

experimental data. 

The specific fitting relation for the old pavement are determined as 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 12.135 ln𝑄𝑄 − 9.5145    (3-2) 

based on the obtained experiment results, with a correlation coefficient of R2 = 0.9025, as 

shown by the solid line in Fig. 3.6. Similarly, the fitting function for the new pavement 

can be obtained as: 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 5.122 ln𝑄𝑄 + 23.429,                       (3-3) 

which is presented by the dashed line in Fig. 3.6, with 𝑅𝑅2 = 0.7639. 

To further investigate the accuracy of the theoretical traffic noise prediction model 

presented by Equations (3-2) and (3-3), the calculated traffic noise level and the observed 

value are compared. As shown in Fig. 3.7, for the old pavement, the calculated traffic 

noise levels obtained through Equation (3-2) are much consistent with the observed 

values, except some deviations at low traffic noise levels (45 ~ 65 dBA), indicating a 
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high precision of prediction. The precision of the theoretical prediction model for the new 

pavement, as expressed by Equation (3-3), is less than that for the old pavement. As 

indicated in Fig. 3.7, for the prediction model of the new pavement, there are some 

underestimates at low traffic noise levels (< 55 dBA), and some overestimates at high 

traffic noise levels (> 75 dBA). 

As shown in Fig. 3.6, the parameter A for the new pavement is 5.122, less than that for 

the old pavement at Site A1, indicating that the increasing tendency of traffic noise for the 

new pavement is much slower than that of the old pavement. For the field experiment at 

Site A, the observation time period is continuous, covering both the old and new 

pavement periods. Consequently, the characteristics of the traffic flow (e.g. the speed, 

type and percentages of vehicles) usually do not change significantly, and thus 

the propulsion noise from the exhaust systems or engines would also not vary 

dramatically. The inherent principle for the new pavement in noise reduction is due to 

the decrease of the interactions between vehicle tires and road surface. As shown in Fig. 

3.6, the dramatic decrease of the traffic noise for new pavement indicates that, for traffic 

noise, the interactions between the vehicle tires and road surface would account for a 

large component of the traffic noise. Renewing the road surface would be an effective 

measure for traffic noise reduction.  
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Figure 3.6 Logarithmic Relationship between noise pressure level and traffic flow for the old pavement at Site A1 and new pavements 
at Site A2. 
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(a)                                                                                                   (b) 

Figure 3.7 Comparison between the measure LAeq and calculate LAeq of the new pavement at Site A2 (a) and old pavements at Site A1 (b). 
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3.3.3. Relative Traffic Noise Pressure Level Index 

Based on the analysis above, the traffic noise on highway is closely related to the traffic 

flow along the road. Their relationship can be described by a logarithmic function relying 

on the collected noise and traffic flow data. To compare the noise level of different 

pavements or different testing locations, the noise pressure level measured can be 

comparable only if the corresponding traffic flows are identical. In order to avoid 

searching for the noise intensities of different road pavement corresponding to an 

identical traffic flow, a relative traffic noise pressure level index is introduced, such that 

𝐼𝐼𝑟𝑟 = 𝑛𝑛𝑎𝑎
𝐴𝐴𝑎𝑎

                                                                                              (3-4)

where n is a single noise pressure level measured and na is the average traffic noise; and 

q is a single traffic flow measured and qa is the average traffic flow corresponding to a 

specified time interval. In practice, the relative traffic noise pressure level index for the 

ith time interval can be given by the following expression, over a time segment 

considered: 

𝐼𝐼𝑟𝑟,𝑖𝑖 = ∑ 𝑛𝑛𝑗𝑗
𝑘𝑘

𝑘𝑘
𝑗𝑗=1 ∑ 𝐴𝐴𝑠𝑠

𝑙𝑙
𝑙𝑙
𝑠𝑠=1�  (3-5) 

where k is the number of measured noise pressure level data and l is the number of 

recorded traffic flow data. 

The Ir values determined are plotted in Fig. 3.8 over the considered time intervals. As can 

be seen from the figure, the relative noise pressure level index value is very high at night. 

This is because the traffic flow at night is low. In considering the background 

environmental noise at night, the low traffic flow may lead to high Ir as per the equation 
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defined. In order to evaluate the traffic noise with respect to the road pavement, it is 

rational to concentrate only on traffic noise. This can be done if the traffic flow is high 

enough such that the traffic noise is high and the background noise becomes negligible. 

As can be seen from Fig. 3.8, the relative noise pressure level index Ir becomes stable 

between 7:00 am and 19:00 when the traffic flow is more than 1,000 vehicles per hour.   

In order to evaluate the effect of the road age on the noise level, it would be convenient to 

provide a single value index relating to the stabilized relative noise pressure level index. 

We therefore introduce an averaged relative traffic noise pressure level index as defined 

below. 

𝐼𝐼𝑟𝑟𝑟𝑟 = ∑ 𝐼𝐼𝑟𝑟𝑟𝑟𝑤𝑤
𝑟𝑟=1         (3-6) 

Where w is the number of considered time intervals, in which the relative traffic noise 

pressure level index is stable. 

Based on the data collected, the stabilized averaged relative traffic noise pressure level 

index Ira is 0.0489 for Site A1 (old pavement) and 0.0353 for Site A2 (new pavement). By 

the definition as shown in Equation (3-6), Ira indicates the average traffic noise pressure 

level per unit vehicle. Therefore, the pavement at Site A2 generates much less noise per 

vehicle, or 27.8% noise reduction in dBA, under the same conditions. As can be seen 

from the description above, the single value index Ira considers only the average traffic 

noise pressure level per vehicle. The index is convenient for application in practice to 

evaluate the quietness (or loudness) of a road or comparing the acoustic quality of roads 

with different pavements. 
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3.3.4. Group 2, Site B and Site C. 

The measurements of the traffic flow and the traffic pressure levels for the old pavement 

at Site C and new pavement at Site B are compared in Fig. 3.9. As can be seen in the 

figure, high traffic flows also occur from 7:00 to 19:00 in one day, and the traffic flows 

are low at night. The shapes of the curves in Fig. 3.9 are almost identical to that shown in 

Fig. 3.4. Similar to Group 1 (i.e. Site A), the traffic noise pressure levels for the new 

pavement at Site B are much lower than those for the old pavement at Site C. As 

presented in Fig. 3.9, at high traffic flow levels, the reduction effect for traffic noise on the 

new pavement is more significant. This indicates that the new pavement, as a control 

measure for traffic noise emssion, is quite effective at the city center (with high traffic 

flow) and highway (with high driving speed). Compared with Site A, the traffic noise 

level at Site B is slightly higher, especially for the new pavements. This is because the 

road at Site A is three lanes while Site B is two lanes, and more vehicles travel through 

the inner two lanes, leading to a longer distance between the noise pressure source and the 

detector. 
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Figure 3.8 Comparison of the relative noise intensities corresponding to Site A1 and Site A2. 
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Figure 3.9 The comparison of the traffic flow and the noise pressure level for the old pavement at site C and new highway pavement at 
Site B. 
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The logarithmic functions are formulated for Sites B and C, based on the field 

observations, to reflect the relationship between traffic flow and traffic noise level. As 

shown in Fig. 3.10, the fitted function for Site B is expressed as: 

LAeq = 5.1721 × ln(Q) + 26.761,      (3-7) 

with a correlation value of 0.7699. For Site C, the obtained logarithmic function is 

formulated as:  

LAeq = 9.1897 × ln(Q) + 10.071,   (3-8) 

with a correlation value of 0.7646. From Equations (3-7) and (3-8), the slope of the 

logarithmic function for Site B is much smaller than that for Site C, meaning that with 

the increasing of traffic flow, the increase of the noise level at Site B is less than that 

at Site C, indicating a significant effect of the new pavement at Site B in noise reduction. 

The relative traffic noise pressure level index is also determined similar to that of Group 

1. Fig. 3.11 illustrates the Ir values for Sites B and C. As can be seen from the figure, the

traffic noise pressure level index on the new pavement at Site B is always lower than that 

of the old pavement at Site C. Also, we will focus on the Ir values of Sites B and C during 

7:00 ~ 19:00, where the index values are stabilized.  
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Figure 3.10 Logarithmic Relationship between noise pressure level and traffic flow for 
the old pavement at site C and new highway pavement at Site B. 
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Figure 3.11 Comparison of the relative noise intensities corresponding to Site B and Site C. 
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For the purpose of comparison of noise levels on the new and old pavements, the 

stabilized averaged relative traffic noise pressure level index Ira is also determined for 

Sites B and C. For Site C (old pavement), Ira is 0.04730 and Ira equals 0.03688 for Site B 

(new pavement). This implies that the new pavement provides a 22.04% noise reduction 

rate in dBA which shows the explicit effect of road re-pavement on traffic noise 

reduction. 

One may notice from Fig. 3.1 that there is some distance between Sites B and C, leading 

to differences in the surrounding circumstances. For example, the road at Site B is 

straight while the road at Site C is curved. However, based on the obtained logarithmic 

functions at Sites B and C, as well as the results shown through Figs. 3.9 and 3.11, the 

effect of new pavement in noise reduction is still quite significant. In terms of traffic 

noise reduction, pavement and road surface conditions are essential to be considered. 

3.4. Summary 

In this research, the traffic flow and traffic noise on old and new highway pavements are 

investigated via a series of field experiments along the Trans-Canada Highway in Regina. 

The variations of the traffic flow and traffic noise pressure level for the old and new 

pavements with respect to the time are analyzed. Based on the findings of the research, 

the following can be concluded: 

• The logarithmic relationships between the traffic flow and traffic noise
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pressure level are established. The results predicted by the logarithmic functions 

agree well with the experimental data, with correlation coefficients all above 

0.75.  

• Comparing the results of the old and new pavements, new pavements may

significantly reduce the traffic noise pressure level, with a reduction of more

than 20% under the experimental conditions of the present research.

• A single value index named the relative traffic noise pressure level index is

established to compare the acoustic quality of roads with different pavements.

This index actually measures the contribution of each “averaged” vehicle to

the noise of a road considered. The requirement for comparing the noise

pressure level with identical traffic flow is therefore not needed. With the

index, the acoustic quality of a highway can be conveniently quantified.

This research provides a new approach for evaluating the acoustic quality of a highway 

and gives new inspiration and ideas for road construction and traffic management in 

reducing the traffic noise. 

47



CHAPTER 4 IMPACT IDENTIFICATION OF TRAFFIC FLOW 

AND ROAD AGE ON TRAFFIC NOISE EMISSION: A CASE 

STUDY OF A HIGHWAY IN THE CITY OF REGINA  

4.1. Background 

A growing concern in the developed world is the effect of environmental noise on human 

health and well-being. A large contributor to urban environmental noise is traffic noise, 

which has shown to disturb relaxation and sleep, leading to feelings of stress, tiredness 

and irritability (Öhrström et al., 2006). The adverse health effects can be as severe as 

increasing the risk of cardiovascular diseases, as shown by Babisch et al. (2005). 

Thus, studying the methods of reducing traffic noise to mitigate the negative effects is 

of great interest and importance.  

Traffic noise comes from two main sources, which can be further subdivided into smaller 

sub-sources. The first source is the noise radiating from the car itself, including noise 

from the engine, exhaust, cooling, transmission and air intake (Meier et al., 1986). The 

second source of sound is emanated from the interaction between the tires and the road 

surfaces (Meier et al., 1986). The interaction between tires and road surface would 

contribute more significantly to the traffic noise where traffic speeds are higher than 60 

km/h (Meier et al., 1986). Noise from tire/road interaction is generated in two ways, the 

vibration of the tire due to contact with the road and air being pumped between tire treads 

and the road surface (Gołebiewski et al., 2003; Crocker et al., 2005). Since the noise is 
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dependent upon interaction between the tire and the road, properties of the road can affect 

the noise level. A recent trend in road materials is permeable road pavements, which are 

porous and designed for drainage purposes. These porous road materials have been 

shown effective function in noise absorption. However, the effect might not always be 

permanent as porous roads lose the sound absorption properties due to clogging of the 

pores over time, leading to an increase in flow resistivity and a decrease in porosity 

(Bérengier et al., 1997).  

This study is conducted to investigate the impact of road surface age on traffic noise 

emission on the highway in the City of Regina. In 2013, a stretch of the Trans-Canada 

highway between Assiniboine Avenue and Wascana Parkway was repaved with new 

pavement. Research has been conducted that confirms the noise reducing effects of the 

newer pavement mix compared to the old pavement based on a series of field experiments 

(Huang et al., 2014). This paper seeks to expand upon previous research and determine 

whether the first year of wear and tear has a significant effect on the noise absorption 

properties. The new pavement has air void contents of about 4%, classified as a dense 

pavement. Although denser pavements are not known for noise absorbing, the smoother 

road surface of repaving can mitigate the noise from friction between the road and tires. 

Some porous pavements lose their noise absorption properties within the first couple of 

years due to clogging of the pores (Biligiri and  Krishna, 2008). It is interesting, then, to 

determine whether the noise reduction properties of a dense pavement can be affected as 

greatly in the early stages of its life. The sound absorption properties of the pavement 

between 3-year-old pavement and the new pavement is compared to those between the 

years of 2013 and 2014.  
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4.2. Experimental Setup 

The experiment is conducted in Regina, the capital city of Saskatchewan in Canada, along 

the Trans-Canada Highway. This highway is selected for two reasons. It is one of the 

major highways in Regina with high traffic. Also, the road was repaved in 2013, allowing 

for a comparison in road noise data between the fresh pavement and the pavement one 

year later. The selected sites are along the Trans-Canada Highway between Assiniboine 

Avenue and Wascana Parkway. Since traffic speed on the highway is high, road and tire 

noise becomes significant. Traffic can flow freely along the highway under normal 

circumstances, which is desirable since the main focus is noise from the road and tires 

and not from idling engines. Traffic flow and noise pressure level measurements are 

taken in both directions along the highway. The conditions are similar, with no significant 

noise reduction measures in either direction. However, for the direction going from 

Assiniboine Avenue to Wascana Parkway (South), there are three lanes, and in the other 

direction there are only two. Despite this, traffic flow measurements have shown there are  

similar amounts of traffic going in either direction. The selected sites are shown in Fig. 

4.1. In Fig. 4.1, Site A is southbound from Assiniboine Avenue to Wascana Parkway and 

Site B is northbound from Wascana Parkway to Assiniboine Avenue.  
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Figure 4.1 Measurements Sites in 2014 
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To analyze the traffic noise, sound pressure levels and traffic flow measurements are 

required. Traffic flow measurements were provided by the City of Regina. Sound 

pressure levels were measured using a Brüel & Kjær Modular Precision Sound Analyzer 

2260. The microphone was held up 1.5 meters above the road surface and 7.5 meters 

away from the center of the road and was attached to a pole. The pole was secured by 

using cement blocks as a base and tethered to the ground with rope. A power box was 

included with the Sound Analyser to provide power for a longer duration of time. The 

power box and analyzer were put into a locked box to prevent damage and theft.  

There are several different types of weighting the sound spectra, for noise research 

purposes. Since this experiment is mainly focused on research pertaining to the effect of 

noise on humans, the A-weighting network was selected. The A-weighting network 

measures the perceived loudness of the human ear at lower levels. A-weighting is also a 

commonly used weighting system when measuring industrial and environmental noise. 

Because traffic noise varies over time, in order to obtain a simpler measurement for 

analysis purposes, a 1-hour time-averaged noise level (𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 1ℎ) is used to correlate the 

mean sound level with the number of cars passing by within an hour.    

The Statistical Pass-by Method is commonly used in road noise analysis and it takes into 

account all sources and aspects of traffic noise. As it is so versatile, it is employed here to 

investigate the effect of the road. Keeping other factors constant, such as taking 

measurements under ideal weather conditions, having similar traffic flow data, taking 

measurements from the same location, etc., it is possible to use the age of the road as an 
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independent variable. The standards for testing using the Statistical Pass-by Method and 

time-averaged noise testing are outlined in  ISO 11819-1—‘Acoustics – Measurement of 

the influence of road surfaces on traffic noise’ and ISO 1996/1 Acoustics – ‘Description 

and measurement of environmental noise’.  

4.3. Results and Discussion 

Traffic flow data were provided by the City of Regina. Fig. 4.2 shows the comparison of 

traffic flow for the years 3-year-old, new and 1-year-old pavements for Site A. Fig. 4.3 

shows the comparison of traffic flow between 2013 and 2014 for Site B. For Site A, a 

common peak appeared between 6:00 and 9:00 on 3-year-old and new pavements, which 

did not appear in the measurements taken in 2014. However, the traffic flow peak 

between 15:00 and 18:00 is higher on new pavement and 1-year-old pavement than that 

on 3-year-old pavement. Overall the traffic flow is quite similar, barring some 

discrepancies between the hours of 6:00 and 9:00. The peak between those hours are 

smaller on 1-year-old pavement than that on new pavement, with a difference of about 

500 ~ 600 vehicles per hour. A possible explanation could be construction taking place 

on the north end of the highway, resulting in more people taking routes within the city on 

their commute to work. The peaks after work between 15:00 and 18:00 are very similar, 

and measurements taken in both years show a maximum value would occur during this 

time. The traffic flow for both years are between the hours of 0:00 and 5:00.  
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Figure 4.2 The comparison of the average traffic flow at Site A. 
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Figure 4.3 The comparison of the average traffic flow at Site B. 
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The noise pressure levels correlate with the traffic flow levels. As can be seen in Figs. 4.4 

and 4.5, as the traffic flow increases during the day, the noise pressure levels also 

increase. For both directions, the noise levels begin to increase at about 6:00 and decline 

at about 18:00 ~ 19:00. At Site A the noise level patterns seem to be similar between new 

and 1-year-old pavements, with the noise levels on 1-year-old pavement generally higher 

than those on new pavement. The traffic noise measured on 3-year-old pavement is much 

higher than that on new and 1-year-old pavements in the daytime, with up to a 20 dBA 

difference at the greatest. The noise on 3-year-old pavement is similar to the new and 1-

year-old pavements' data for ambient noise at late night, but it starts to increase earlier, at 

about 3:00 ~ 4:00 instead of 6:00 on new and 1-year-old pavement. For Site B, the noise 

level generally seems to be higher on 1-year-old pavement than that on new pavement. 

The peaks on 1-year-old pavement are not as obvious as the peaks on new pavement, but 

despite this, the noise level on 1-year-old pavement increases during the day with the 

same amount of traffic

In order to further investigate the relationship between the road and the traffic noise, 

empirical models are developed for the data. Many of the previously developed traffic 

noise models use a logarithmic function to reflect the inherent relationship between 

traffic flow and traffic noise. To compare the effects of operation time of pavement on 

noise absorption, a relationship btween the traffic flow and traffic noise is developed. The 

developed relationship is of the form:
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𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 12.135 ln𝑄𝑄 − 9.5145         (4-2) 

With R2  = 0.9025. For new pavement, the relationship is: 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 5.122 ln𝑄𝑄 + 23.429            (4-3) 

With R2 = 0.7639. For 1-year-old pavement, the relationship is: 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 = 5.3916 ln𝑄𝑄 + 22.848         (4-4) 

With 𝑅𝑅 2 = 0.8259. The relationships are plotted in Fig. 4.6. From Fig. 4.6, it is shown 

that based on the proposed relationships, the noise level per traffic flow is much greater 

for 3-year-old pavement than for new pavement and 1-year-old pavement. The difference 

becomes greater as traffic flow increases, reaching a maximum difference of about 20 

dBA. The traffic noise is quite similar for new and 1-year-old pavement, with noise levels 

on 1-year-old pavement sitting just above the noise levels on new pavement.  

 LAeq =A lnQ  + B                                                                                                          (4-1) 

Where 𝑄𝑄  is the traffic flow (vehicles/hour) and 𝐴𝐴  and 𝐵𝐵  are par ameters tha t can be 

determined with the experimental data. The results are shown in Figs. 4.6 and 4.7. For Site 

A the specific function fitted to the data for 3-year-old pavement is: 
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Figure 4.4 The comparison of the average noise pressure level at Site A. 
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Figure 4.5 The comparison of the average noise pressure level at Site B. 
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Figure 4.6 Logarithmic Relationship between noise pressure level and traffic flow at Site A. 
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The relationships for Site B are also developed and charted in Fig. 4.7. The 

relationship for new pavement is: 

𝐿𝐴𝑒𝑞 = 5.1721 ln𝑄 + 26.761         (4-5) 

with 𝑅2 = 0.7699. The relationship for 1-year-old pavement  is: 

𝐿𝐴𝑒𝑞 = 4.1875 ln𝑄 + 35.587         (4-6) 

with 𝑅2 = 0.8715. In Fig. 4.7 the graphical representations show the sound levels on 1-

year-old pavement is greater than the sound levels of new pavement. In the proposed 

models for both Sites A and B, the 𝐴 parameter increases with time. Greater 𝐴 values can 

be attributed to greater tendencies for the traffic noise increase with traffic flow. From the 

𝐴 values, it can be inferred that traffic noise would increase with the age of the road.  

To determine the accuracy of the proposed models, the measured 𝐿𝐴𝑒𝑞 is plotted against 

the calculated L𝐴𝑒𝑞 in Fig. 4.8 for Site A and Fig. 4.9 for Site B. In Fig. 4.8, the 3-year-

old pavement seems to correlate well with the proposed formula at high levels. There are 

some deviations at low noise levels (45 to 65 dBA). For new pavement, there are 

underestimations at high noise levels (60 to 65 dBA) and overestimations at mid-range 

levels (53 to 60 dBA). For 1-year-old pavement there are underestimates for the mid-

range measurements (55 to 63 dBA). In Fig. 4.9, the 1-year-old pavement model 

correlates well with the data, with a 𝑅2 value of 0.8715. For new pavement, the 𝑅2 value 

is 0.7699 indicating a lower degree of correlation. The main cause of the inaccuracy stems 

from overestimates between 60 and 65 dBA.  
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Figure 4.7 Logarithmic Relationship between noise pressure level and traffic flow at Site B. 
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Figure 4.8 Comparison between the measure LAeq and calculate LAeq at Site A. 
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Figure 4.9 Comparison between the measure LAeq and calculate LAeq at Site B. 
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Based on the analysis above, the traffic noise on the highway is closely related to the 

traffic flow along the road. Their relationship can be described by a logarithmic function 

relying on the collected noise and traffic flow data. To compare the noise level of 

different pavements or different testing locations, the noise pressure level measured can 

be comparable only if the corresponding traffic flows are identical. In order to avoid 

searching for the noise intensities of different road pavement corresponding to an 

identical traffic flow, a relative traffic noise pressure index is introduced, such that: 

𝐼𝐼𝑟𝑟 = 𝑛𝑛𝑎𝑎
𝐴𝐴𝑎𝑎

     (4-7) 

where na is the average traffic noise and q𝑟𝑟  is the average traffic flow for a given interval 

of time. The I𝑟𝑟  values for each year are plotted in Figs. 4.10 and 4.11. The values of I𝑟𝑟  

are high at night since the ambient noise is more significant and the traffic flow is low. In 

order to focus on the impact of traffic flow on traffic noise, it is required to only consider 

the time periods when the I𝑟𝑟  value is stabilized. From Figs. 4.10 and 4.11, the index is 

stable when the traffic flow is greater than 1000 vehicles/hour between 7:00 and 20:00. 

Thus, an averaged relative noise pressure level index is introduced such that: 

𝐼𝐼𝑟𝑟𝑟𝑟 = ∑ 𝐼𝐼𝑟𝑟𝑟𝑟𝑤𝑤
𝑟𝑟=1               (4-8) 

where 𝑤𝑤 is the number of considered time intervals. The Ira values are presented in Table 

4.1.  
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Table 4.1 Ira Values of Site A and Site B (dBA/vehicle) 

Operation Time Site A Site B 

new pavement 0.0353 

1-year-old 0.0409 0.0457 

3-year-old 0.0489 

0.0369 
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Since the index represents the average noise per vehicle, the higher the  Ira value is, the 

less noise-reducing the road would process. At Site A, the Ira value for 3-year-old 

pavement is greater than the Ira value for new pavement, indicating that the new road 

surface would provide noise-reducing benefits. For both Sites A and B, the Ira values for 

new pavement are less than those of 1-year-old pavement. Since the traffic flow patterns 

are not identical, the Ira index is useful as an objective quantity to compare noise levels 

among roads with similar traffic flow patterns.
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Figure 4.10 Comparison of the relative noise intensities corresponding to Site A. 
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Figure 4.11 Comparison of the relative noise intensities corresponding to Site B. 
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4.4. Summary 

In this research, a series of field experiments were conducted to investigate the noise 

reduction properties of dense pavement in the early stages of its life. Two groups of field 

measurements were conducted on the Trans-Canada Highway in the City of Regina. The 

relationships between traffic flow and traffic noise were analyzed at different 

measurement sites in different measurement periods. The variation of the noise mitigation 

due to the operation time of road pavement was also investigated. Based on the findings of 

the research, the following can be concluded: 

• The logarithmic functions can always be applied to fit the relationships between

the traffic flow and traffic noise pressure levels at the two experimental sites in all 

the measurement periods (3-year-old, new, and 1-year-old pavements).  

• An index named the relative traffic noise pressure level index was proposed to 

evaluate the effects of the road surface on traffic noise mitigation. The results showed 

that the value of the relative traffic noise pressure level index was highest on 3-year-

old pavement, followed by 1-year-old pavement. These results indicated that the 

repavement of road surface can effectively reduce the traffic noise. However, as the 

road surface ages, such reduction effect would also decrease.  
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CHAPTER 5 MODELLING DEPENDENCE BETWEEN 

TRAFFIC NOISE AND TRAFFIC FLOW THROUGH AN 

ENTROPY-COPULA METHOD 

5.1. Background 

    Urban noise pollution is causing increased health risks in human beings, such as 

hearing impairment, cardiovascular diseases, and child physical development. Among 

various noise emission sources in urban areas, the noise levels associated with transport 

have increased dramatically since the mid-twentieth century (UN, 2004). Road traffic 

noise is caused by the combination of rolling noise, consisting of the friction noise 

between the road surface and vehicle tires, and the propulsion noise caused by the exhaust 

systems or engines. The levels of traffic noise are influenced by many factors such as 

types of engines, exhaust systems and tires interacting with the road, weather and road 

conditions. Generally, those factors can be categorized into four clusters: traffic factors, 

road factors and environmental factors. Heavier traffic flow, higher speed, and a greater 

number of trucks are expected to increase the loudness of traffic noise (Abo-Qudais and 

Alhiary, 2005). traffic flow is one of the most significant factors impacting traffic noise 

pressure, particularly on a highway where the speed of vehicles are almost constant. 

Consequently, quantifying the dependence between traffic flow and traffic noise is 

required to explore the inherent interrelationship between these two variables. Such 

quantification can be helpful for decision makers to mitigate the traffic noise levels from 

a view of traffic flow management. 

71



     The traffic flow is temporal and spatial varied in nature, which poses substantial 

impact on traffic noise emissions, especially on highways where the vehicle speed does 

not change dramatically. Researches have been proposed to investigate the impacts of 

traffic flow on traffic noise emissions. For example, Mehdi et al. (2011) analyzed spatio-

temporal patterns of road traffic noise pollution in Karachi, Pakistan. Agarwal and Swami 

(2011) proposed a comprehensive approach for the development of the traffic noise 

prediction model for Jaipur city. Dai et al., (2013) developed a traffic noise prediction 

model on an inland waterway of China using the FHWA. Engel et al. (2014) proposed 

statistical analysis of a combination of objective and subjective environmental noise data 

using factor analysis and multinomial logistic regression. However, most previous 

research focused mainly on traffic noise predictions, in which traffic flow was considered 

as one of the main inputs. Statistical analysis between traffic flow and traffic noise was 

conducted through simple correlation coefficient methods (e.g. Pearson’s r). Few studies 

were proposed for investigating the inherent interrelationships between traffic flow and 

traffic noise, particularly for quantifying how the traffic noise distributed under various 

traffic flow conditions.  

    This study aims to, from a view of statistics, model dependence between traffic flow 

and traffic noise through an entropy-copula method. This method combines the 

maximum entropy and copula methods into a general framework, in which 

the marginal distributions of traffic flow and traffic noise are estimated through the 

principle of maximum entropy (POME) theory. The joint probabilities (including 

joint cumulative distribution functions (CDFs) and joint probability density functions 

(PDFs)) are derived through the Gaussian and Student t copulas. The enetropy copula 

method would 
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 then be applied to model the dependence of traffic flow and traffic noise on the Trans-

Canada Highway (#1 highway of Canada) in the City of Regina, based on a series 

of field experiment measurements. All the routines in this paper would be written in 

MATLAB 7.11.0. Some functions related to copula and goodness of fit test are going to be 

directly used from Statistical Tool Box.

5.2. Methodology 

5.2.1. Entropy Theory 

    The concept of entropy was firstly introduced by Shannon (1948) to 

quantitatively measure the mean uncertainty associated with a probability distribution 

of a random variable (Chen et al., 2014). Jaynes (1957a, b, 1982) then developed the 

principle of maximum entropy (POME) for deriving a probability distribution with 

given constraints reflecting certain information. Shannon entropy is a widely used 

entropy for many engineering applications such as drought analysis, streamflow 

forecasting, and bearing strength prediction. (Singh, 1997; Singh, 2011; Li, 2013). 

    The definitions of Shannon entropy can be based on both discrete and continuous 

random variables. For a discrete random variable X = {x1, x2, …, xn}, the entropy for 

X can be defined as: 

1
( ) ( ) ln( ( ))

n

i i
i

H X p x p x
=

= −∑   (5-1)

where p(xi) is the probability for X = xi. if the random variable X is continous and holds a 

PDF f(x), the Shannon entropy H(x) is defined as (Shannon, 1948):  

( ) ( ) ln ( )
b

a
H X f x f x dx= −∫ (5-2) 
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where H(X) is the entropy of X (also referred to as entropy function); x is a value of 

random variable X. a and b are the lower and upper limits of X, respectively.  

    The principle of maximum entropy (POME), formulated by Jaynes (1957a, b), was 

established to find the most suitable probability distribution subject to the given 

information. In the mathematical frame of POME, the given information is expressed as a 

set of constraints formed as expectations of function hi(x) (Papalexiou and Koutsoyiannis, 

2012): 

( ) ( ) ( ( ))
b

i ia
h x f x dx E h x=∫ (5-3) 

    In the estimation of PDFs for traffic flow and noise, it is necessary to preserve the 

statistical characteristics of the observed samples. Consequently, mean, standard 

deviation, skewness and kurtosis can be regarded as constraints for deriving the 

distributions of traffic flow and noise. In detail, Equation (5-3) can be expressed as: 

0 ( ) 1
b

a
C f x dx= =∫   (5-4) 

( ) ( ) ( ) 1,  2,  ... ,  
b

i i ia
C h x f x dx h x i m= = =∫ (5-5) 

where x is traffic flow or noise value; ( )ih x  is a known function of random variable X , 

which can be specified as 1h x= , 2
2h x= , 3

3h x=  and 4
4h x=  for the proposed 

constraints; ( )ih x  is the expectation of ( )ih x , which can be specified as 
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{ }2 3 4 ,  ,  ,  x x x x . Equation (5-4) states that the PDF must satisfy the cumulative

probability theorem. 

The maximization of entropy, based on specified constraints expressed as 

Equations (5-4) and (5-5), can be accomplished by using the method of Lagrange 

multipliers. The Langrangian function L, subject to Equations (5-4) and (5-5), can be 

expressed as (Kapur and Kesavan, 1992): 

0

1

( ) ln ( ) ( 1)[ ( ) 1]

[ ( ) ( ) ].

b b

a a
m b

i i ia
i

L f x f x dx f x dx

f x h x dx C

l

l
=

= − − − −

− −

∫ ∫

∑ ∫
 (5-6) 

where ( 1,  2,  ... ,  )i i ml =  are the Lagrange multipliers. ( )f x  is the PDF of random

variable X ; ( )ih x  are known functions of X ; iC  is a constraint of ( )f x . Then ( )f x

can be generated through maximizing L , leading the derivative of L  respect to ( )f x

being zero: 

0
1

[1 ln ( )] ( 1) ( ) 0.
m

i i
i

L f x h x
f

l l
=

∂
= − + − − − =

∂ ∑   (5-7) 

Hence, the resulting maximum-entropy-based (ME-based) PDF can be expressed as 

(Kapur and Kesavan, 1992): 

0
1

( ) exp[ ( )].
m

i i
i

f x h xl l
=

= − −∑   (5-8) 

Substituting Equation (5-8) into Equation (5-4), the 0th Lagrange multiplier 0l  can be 

obtained as: 

0 0
1

ln[ exp( ( )) ].
m

i i
i

h x dxl l
∞

=

= −∑∫   (5-9) 
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Consequently, the probability density function for X  can be obtained as follows: 

0
1 1

( ) exp[ ln( exp( ( )) ) ( )].
m m

i i i i
i i

f x h x dx h xl l
∞

= =

= − − −∑ ∑∫   (5-10) 

The PDF defined by Equation (5-10) can preserve the most important statistical moments. 

The CDF of the ME-based PDF in can be expressed as (Hao and Singh, 2011): 

( ) ( )
x

X a
E x f t dt= ∫ (5-11)

In general, the analytical solutions for obtaining the Lagrange multipliers do not 

exist, and the numerical solution method is required (Hao and Singh, 2011). As stated by 

Hao and Singh (2011), the Lagrange multipliers can be found through minimizing a 

convex function expressed as: 

0
1 1

( ) ln( exp( ( )) ) ( ).
m m

i i i i
i i

Z h x dx h xl l l
∞

= =

= − +∑ ∑∫   (5-12) 

In this study, the Lagrange multipliers ( 1,  2,  ... ,  )i i ml = in Equation (5-12) can be 

determined using the Conjugate Gradient (CG) method. The CG method has played a 

special role in solving large scale nonlinear optimization problems with advantages of 

super linear convergence, a simple recurrence formula and less calculation (Kong et al., 

2014). The detailed process of the CG method is presented as follows (Kong et al., 2014): 

(1) Starting from some initial value (0)l ; 

(2) Let the initial value of search direction (0)d  : 

(0) (0)
(0)

( 1,  2,  ... ,  ).
i

Zd g i m
l
∂

= − = − =
∂

  

(3) For step 0,  1,  ... ,  1k n= − , calculate: 

( ) ( ) ( ) ( ) ( )( ) min ( )k k k k kf d f dl α l α+ = +   
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( 1) ( ) ( ) ( ) .k k k kdl l α+ = +   

( ) ( )( )k kg Z l= ∇

( 1) ( 1) ( )
( ) 2

( ) 2

( )T
k k k

k

k

g g g

g
β + + −

=

( 1) ( 1) ( ) ( )k k k kd g dβ+ += − +

5.2.2. Copula Method 

    The word ‘copula’ was first employed in a mathematical or a statistical sense by 

Abe Sklar (1959) in the theorem describing the functions that connected one-

dimensional distribution functions to form multivariate distribution functions 

(Nelsen, 2006). Mathematical theories were then developed on copulas for 

multivariate dependence analysis. In this study, some definitions and concepts on 

copulas to be used are presented in this section. The interested reader is referred to Joe 

(1997) and Nelsen (2006) for more detailed description of copula function properties. 

    Copulas are joint cumulative distribution functions of n univariate standard uniform 

random variables. For example, a bivariate copula can be represented as: 

C: [0, 1]2 [0, 1] (5-13) 

It has to fulfil “boundary” and “increasing” conditions as follows:  

(1) C(u, 1) = u, C(1, v) = v and C(u, 0) = C(0, v) = 0,  

(2) C(u1, u2) + C(v1, v2) – C(u1, v2) – C(v1, u2) ≥ 0 if u1 ≥ v1, u2 ≥ v2 and u1, u2, v1, v2∈[0, 

1]. 

For n-dimensional distribution function F, it can be written as: 
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1 21 2 1 2( , , ..., ) ( ( ), ( ), ..., ( ))
nn X X X nF x x x C F x F x F x= (5-14) 

where
1 21 2( ), ( ), ..., ( )

nX X X nF x F x F x are marginal distributions of random vector (X1, X2, …, 

Xn). If these marginal distributions are continuous, a single copula function C exists. This 

can be written as (Sraj et al., 2014): 

1 2

1 1 1
1 2 1 2( , , ..., ) ( ( ), ( ), ..., ( ))

nn X X X nC u u u F F u F u F u− − −=  (5-15)  

0 ≤ u1, u2, …, un≤ 1 

    The Archimedean, elliptical and extreme value copulas are widely applied classes of 

copula functions. In this study, the Gaussian and Student t copulas, two widely used 

elliptical copulas, would be considered for the analysis. The analytical expressions of 

bivariate Gaussian and Student t copulas are elaborately derived based on the pioneering 

works (Kelly and Krzysztofowicz, 1997; Fang et al., 2002; Demarta and McNeil, 2005; 

Žežula, 2009; Ma et al., 2013). 

    The Gaussian copula can be expressed as (Ma et al., 2013): 

1 1
1 2 1 2( , ; ) ( ( ), ( ))C u u u u− −

∑∑ = Φ Φ Φ
1 1

1 2( ) ( ) 1
3 1
2 2

1 1exp( )
2(2 ) | |

w w w
u u T d

p

− −Φ Φ −

−∞ −∞
= − ∑

∑
∫ ∫ (5-16) 

where 1 1
1 2( ( ), ( ))u u− −

∑Φ Φ Φ  denotes the bivariate standard normal distribution, 1( )−Φ ⋅  is 

the inverse of the standard normal distribution of ( )Φ ⋅ ; ∑  is the covariance matrix; w = 

[w1, w2]T represents the corresponding integral variables. The density function of the 

Gaussian copula can be formulated as: 

2
11 2

1 2 1
1 2 2

( , ; ) 1 1( , ; ) exp( ( ))
2| |

ζ ζ ζ ζT TC u uc u u
u u

−∂ ∑
∑ = = − ∑ −

∂ ∂
∑

 (5-17) 

where 1 1
1 2[ ( ), ( )]ζ Tu u− −= Φ Φ
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    The formulation of Student t copula can be expressed as (Ma et al., 2013): 

1 1
1 2 , 1 2( , ; , ) ( ( ), ( ))C u u T T u T uu u uu − −

∑∑ =
1 1

1 2
31( ) ( )

2
3 1
2 2

3( )
2 (1 )

( )( ) | |
2

w w w
TT u T u

du u
u

u

uu pu

− − +−

−∞ −∞

+
Γ ∑

= +
Γ ∑

∫ ∫

(5-18) 

with the density expressed as: 

3
2

1

12
21 2 2

1 2 11 22
1 2 2

1

3 (1 )( ) ( )( , ; , ) 2 2( , ; , ) | | [ ]1 [ ( )]( ) ( ) (1 )2 2

ζ ζT

i

i

C u uc u u
u u T b

u

u
u

u u
u uu u u

u

+
−−

+− −

=

∑+ +Γ Γ∂ ∑
∑ = = ∑

+∂ ∂ Γ Γ +∏
      (5-19) 

where 1 1
, 1 2( ( ), ( ))T T u T uu u u

− −
∑ denotes the bivariate Student t distribution, and 1( )Tu

− ⋅  denotes 

the inverse of the Student t distribution, with υ being the degree of freedom of Student t 

distribution; Γ(.) denotes the gamma distribution; 1( )i ib T uu
−= , i = 1, 2 and 

1 1
1 2[ ( ), ( )]ζ TT u T uu u

− −=

    The parameters of Gaussian and Student t copula can be estimated through the 

maximum pseudo-likelihood estimation method (Nadarajah and Kotz, 2005; Nadarajah, 

2006; Shiau, 2006; Shiau et al., 2007; Reddy and Ganguli, 2011). For bivariate Gaussian 

copula, its maximum pseudo-likelihood function can be expressed as (Ma et al., 2013): 

1 2 1 2
1

( , ; ) ( , ; )
n

i i i
i

L x x c u u
=

Σ = Σ∏      (5-20) 

where c(.) is the density function of Gaussian copula; i means the ith observation (x1i, x2i); 

11 1( )i X iu F x= , 
22 2( )i X iu F x=  denote the marginal probability distributions of considered 

variables; and iΣ  is the covariance matrix of (x1i, x2i). The unknown parameter in 

Gaussian copula Σ  can then be estimated through ln / 0L∂ ∂Σ = . Thus we have: 
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1 2
1

{ln[ ( , ; )]} 0
n

i i i
i

c u u
=

∂
Σ =

∂Σ∑ (5-21) 

For the bivariate Student t copula, the maximum pseudo-likelihood function can be 

expressed as (Ma et al., 2013): 

1 2 1 2
1

( , ; , ) ( , ; , )
n

i i i
i

L x x c u uu u
=

Σ = Σ∏  (5-22) 

Consequently, the unknown parameters Σ  and u  can be obtained through considering 

ln / 0L∂ ∂Σ =  and ln / 0L u∂ ∂ = , and thus we can have: 

1 2
1

1 2
1

{ln[ ( , ; , )]} 0

{ln[ ( , ; , )]} 0

n

i i i
i
n

i i i
i

c u u

c u u

u

u
u

=

=

∂ Σ = ∂Σ


∂ Σ =
 ∂

∑

∑
(5-23) 

If an appropriate copula function is established, the conditional joint distribution can 

then be obtained. Following Zhang and Singh (2006), the conditional distribution 

function of U1 given U2 = u2 can be expressed as: 

1 2 2| 1 1 1 2 2 1 2 2 2
2

( ) ( | ) ( , ) |U U uC u C U u U u C u u U u
u=

∂
= ≤ = = =

∂
(5-24) 

Similar conditional cumulative distribution for U2 given U1 = u1 can be obtained. 

Moreover, the conditional cumulative distribution function of U1 given U2 ≤ u2 can be 

expressed as: 

1 2 2

1 2
| 1 1 1 2 2

2

( , )( ) ( | )U U u
C u uC u C U u U u

u≤ = ≤ ≤ = (5-25) 

Likewise, an equivalent formula for the conditional distribution function for U2 given U1 

≤ u1 can be obtained. 
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5.2.3. Goodness-of-fit Statistical Tests 

    After parameter estimation for both the marginal and joint distributions, the goodness-

of-fit statistic tests would be performed to determine where those estimated distributions 

are satisfied. The root mean square error (RMSE), the Kolmogorov-Smirnov (K-S) and 

the Anderson-Darling (A-D) goodness-of-fit tests would be employed to evaluate the 

performance of the marginal distributions obtained through the entropy method. The 

Rosenblatt transformation (Rosenblatt 1952) would be applied to investigate the 

performance of joint distributions in describing the dependency between traffic flow and 

traffic noise. 

5.2.3.1. Goodness-of-fit Statistics for Marginal Distribution 

    In the process of evaluating the performance of marginal distribution obtained 

through the entropy method, the empirical nonexceedance probabilities would be 

obtained through the Gringorten plotting position formula (Gringorten, 1963). This is 

expressed as: 

( ) 0.44
0.12

kP K k
N
−

≤ =
+

(5-26) 

where N stands for the sample size; k stands for the k th smallest observation in the data 

set; and the data set was arranged in an increasing order.  

    The RMSE, the K-S test and the A-D test are used to evaluate the 

probability distributions of traffic flow and noise estimated through the entropy 

method. The RMSE can be expressed as (Willmott and Matsuura 2005): 
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( )2

1

K
est obs
k k

k
x x

RMSE
K

=

−
=
∑

(5-27) 

where est
kx denotes theoretical value from the fitted probability distribution; obs

kx  denotes 

the empirical probability obtained through Equation (5-26); K is the sample size. 

    The K-S test is a nonparametric probability distribution free test (Zhang and 

Singh 2012). The statistic of the K-S test quantifies the largest vertical difference 

between the estimated and empirical distributions (Massey 1951; Razali and Wah 2011). 

Given n increasing ordered data points, x( . )  , the K-S test statistic is defined as: 

( ) ( )supx nT F x F x∗= − (5-28) 

where ( )F x∗  means the estimated distribution, ( )nF x  denotes the empirical distribution,

and ‘sup’ stands for supermum. The null hypothesis 0H  is: ( ) ( )F x F x∗=  for all x  from

−∞  to ∞  (The sample data follow the hypothesized distribution). If T  exceeds the 1 α−

quantile, then we reject 0H  at the level of significance, α  (Razali and Wah 2011). The P-

value for K-S test was approximated using Miller’s approximation (Zhang and Singh 

2012). 

    The A-D test is one of the most powerful empirical distribution function (EDF) 

tests (Arshad et al. 2003). It can examine whether the sample data is drawn from a 

specific distribution (Scholz 1987; Farrel and Stewart 2006). Given n increasing ordered 

data points,           x ( . ) , the A-D test statistic can be expressed as follows (Anderson and 

Darling, 1954; Arshad et al. 2003): 

( ) ( ) ( )( ){ }2
1

1

1 2 1 log log 1
n

n i n i
i

W n i F x F x
n

∗ ∗
+ −

=

= − − − + −∑  (5-29) 
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where ( )iF x∗  stands for the cumulative distribution function of the hypothesized 

distribution. The null hypothesis 0H  is: The sample data follows the hypothesized 

distribution. If 2
nW  exceeds the 1 α− quantile, then we reject 0H  at the level of 

significance, α  (Razali and Wah, 2011). The P-value for A-D test was approximated 

using Monte Carlo simulation (Zhang and Singh 2012). 

5.2.3.2. Goodness-of-fit statistics for Copula 

The goodness-of-fit test based on the Rosenblatt transformation was employed in 

this study to evaluate the performance of copula based on the recommendation of Genest 

et al. (2009). 

Definition. (Genest et al., 2009) Rosenblatt’s probability integral transform of a 

bivariate copula C  is the mapping ( ) ( ): 0,1 0,1ℜ →  which to ( ) ( )2, 0,1u v ∈  assigns 

another vector ( ) ( ) ( )1 2, , 0,1u v e eℜ = ∈  with 1e u= and ( )2e C v u= . 

A critical property of Rosenblatt’s probability integral transform is that the joint 

distribution of ( ),u v=u is distributed as C , denoted as C～u , if and only if the joint

distribution of ( )ℜ u  is the bivariate independence copula ( )1 2 1 2,C e e e e⊥ = × , denoted as

( ) C⊥ℜ ～u (Genest et al., 2009). 

Based on the property of Rosenblatt’s transform, the null hypothesis 0H : 

0C C∈～u  is equivalent to *
0H : ( ) C⊥ℜ ～θ u  for some ∈θ O , where { }0 :C C= ∈θ θ O

is the specific parametric family of copulas and O  is an open subset of Rp for some 

integer 1p ≥  (Genest et al. 2009). 
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The steps of Rosenblatt transformation are as follows: 

(1) Null hypothesis 0H : 0C C∈～u . 

(2) Under the null hypothesis 0H , the empirical distribution function 

( ) ( ) [ ]
1

1 , 0,1
n

n i
i

D
n =

= ≤ ∈∑1 Eu u u (5-30) 

where ( ) ( )1,2,...,
ii iU i n=ℜ =E θ  are pseudo-observations from the independence 

copula C⊥ ; ( )1,2,...,iU i n=  are pseudo-observations from the copula C ; ( ),u v=u

denotes the marginal distributions of random variables X  and Y ; n  is the sample size. 

The Cramér von Misesstatistic can be used to test the null hypothesis 0H  (Genest et 

al. 2009): 

( ) ( ) ( ){ }

( )( ) ( )( )

1 2

0

2 2
1 2 1 1 2 22

1 1 1

1 11 1 1 1
3 2

B
n n

n n n

i i i j i j
i i j

S n D C d

n E E E E E E
n

u u u⊥

= = =

= −

= − − − + − ∨ − ∨

∫

∑ ∑∑
(5-31) 

where ( )max ,a b a b∨ = . The corresponding P-value of the Cramér von Mises

test statistic is: 

[ ] ( ) ( )( ){ }*
,

1

1 1 0
N

Cramer vom Mise B B
n k n

k
P value S S

N
−

=

− = − ≥∑ (5-32) 

5.3. Case Study 

5.3.1. Selection of the Measuring Sites 

    Regina is the capital city of the province Saskatchewan in Canada, with a population 

of more than 200,000. The City of Regina can be reached by several highways including 

the Trans-Canada Highway (#1 highway of Canada) from both the west and east sides and 
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four provincial highways from other directions. The city is served by a high speed road, 

named Ring Road, to connect Regina's east and northwest and loop around the city's east 

side (the west side is looped by a busy road, Lewvan Drive). Future plans will be 

conducted to construct a perimeter highway to encircle the city farther out. This type of 

highway with no traffic lights is one of the important sources of traffic noise in most 

cities in Canada. 

    In order to investigate the dependence between traffic flow and traffic noise pressure, 

two locations named the South and North site, as shown in Fig. 5.1, are selected as the 

measuring sites. These two sites are distributed along the Trans-Canada Highway on which 

the speed limit is 100km/h. The sites are very close to each other with similar traffic and 

road construction conditions. The South site is located along Assiniboine Ave to Wascana 

Pkwy in the City, and the North site is on the opposite side of the South site, located from 

Wascana Pkwy to Assiniboine Ave. The field experiment was conducted twice, each 

lasting one week (May 24 to May 31, and July 12 to July 19). 
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Fig. 5.1 Selection of the measuring sites. 
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5.3.2. Data Collection 

    In the field experiment, the sound pressure levels are measured by utilizing the B&K 

Modular Precision Sound Analyzer 2260. Sound Analyzer 2260 supports one-channel 

measurements of environmental noise and noise at work, including real-time analyses of 

sound, and measurements of reverberation time. The resolution/accuracy for this 

instrument is 6.3Hz to 20 kHz in 1/3-octaves of the frequency range covered and it can be 

extended to allow measurements of reverberation time in 1/1- or 1/3-octaves. To ensure 

the quality of the experimental data, the equipment is firmly fixed on the measuring sites 

with cement blocks as shown in Fig. 3.2. In addition, a power box is set beside the 

equipment to provide electric power for long periods of time as required for the testing. 

Fig. 3.2 shows that the equipment and accessories were set in a sealed case for protecting 

the instrument. The case was locked and fixed on the cement blocks to prevent any 

possible damage. 

    Traffic noise from a stream of vehicles varies over time in strength depending on many 

different factors such as number of vehicles passed by, speeds of the vehicles, weather 

conditions in the tests and so on. The time averaged noise level is employed to convert 

the fluctuating values of a certain time interval into a simple mean value. In current 

research, a 1-hour time-averaged noise level (LAeq1h) is employed as a temporal noise 

indicator for further analysis. The layout of the microphone adopted in the experiment is 

shown in Fig. 3.3. The microphone is placed 1.5 m above the ground, and 7.5 m away 

from the center line of the highway. The data collected and analyzed include the One-

Hour Time-Averaged Noise Pressure Level in terms of equivalent continuous sound level 
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LAeq (dB) and Traffic Flow Q,  measured with the unit vehicle/hour, indicating the 

passing motor vehicles in a unit time. In this research, the traffic flow at the testing spots 

along the Trans-Canada Highway are collected and supplied by the City of Regina. Tables 

5.1 and 3.2 present the statistical characteristics for field measurements of the traffic flow 

and traffic noise. 
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Table 5.1 The statistic characteristic for the traffic flow and traffic noise at the North site. 

North 

NO. Traffic Flow Traffic Noise 

1 Percentile 

Minimum 104.00 41.10 

25% 591.00 54.60 

50% 1271.00 61.50 

75% 1631.00 63.40 

Maximun 2869.00 72.60 

2 Range 2765.00 31.50 

3 Mean 1175.58 59.41 

4 Std 641.29 6.18 

5 Skewness 0.01 -0.33 

6 Kurtosis -0.61 -0.35 
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Table 5.2 The statistic characteristic for the traffic flow and traffic noise at the South site. 

South 

NO. Traffic Flow Traffic Noise 

1 Percentile 

Minimum 87.00 40.30 

25% 625.00 49.60 

50% 1241.00 59.40 

75% 1699.00 63.70 

Maximun 2724.00 69.80 

2 Range 2637.00 29.50 

3 Mean 1195.50 56.80 

4 Std 681.65 8.45 

5 Skewness 0.11 -0.38 

6 Kurtosis -0.76 -1.18 
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5.4. Results Analysis 

5.4.1. Marginal Distribution Estimation through Entropy Method 

    Based on the principal of maximum entropy (POME) theory, the marginal probability 

density functions (PDFs) and cumulative probability functions (CDFs) can be expressed 

as Equations (5-10) and (5-11). The Conjugate Gradient (CG) method was then employed 

to generate the unknown parameters in Equation (5-10), with the initial values of λ(0) 

being the mean, standard deviation (i.e. Std), skewness, and kurtosis. The generated 

marginal CDFs were compared with the empirical CDFs estimated from the Gringorten 

plotting position formula (Gringorten 1963). Fig. 5.2 shows the comparison between the 

theoretical probabilities, calculated through the ME-based PDF, and the empirical 

probabilities obtained through Gringorten plotting position formula at the North site. Fig. 

5.3 presents the comparison of the theoretical probabilities and the empirical probabilities 

at the South site. They indicate that the ME-based PDFs can fit the empirical probabilities 

very well, but the ME-based PDFs for the traffic flows performed better than those for the 

traffic noise. 

    To further evaluate the performance of the entropy method in quantifying the 

probability distributions for the traffic flow and traffic noise levels, the RMSE values, K-

S test and A-D test were employed to reflect the effectiveness of the ME-based marginal 

distributions. As presented in Table 5.3, the P-values calculated from both K-S test and A-

D test were higher than 0.05 for both traffic flow and noise levels at the North and South 

sites. These results indicate that the null hypothesis cannot be rejected, and the marginal 
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Figure 5.2 Comparison between the theoretical and empirical probabilities at the North Site. 
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Figure 5.3 Comparison between the theoretical and empirical probabilities at the South Site. 
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distributions obtained through the entropy method can appropriately 

quantify the distributions of the measured traffic flow and noise. Also, the P-values 

of K-S and A-D test for the traffic flow are higher than those for the traffic noise 

at the North Site, while the RMSE value for the traffic flow is smaller than that for 

the traffic noise. These indicate that the ME-based PDF performed better for the 

traffic flow than that for the traffic noise at the North site. Similar conditions appear 

at the South site. Such results are consistent with those shown in Figures 5.2 and  5.3.  

5.4.2. Joint Probability Distributions for Traffic Flow and Traffic Noise through the 

Gaussian and Student t Copulas 

    Traffic flow is one of the most important factors in traffic noise emission. 

Before modelling the dependence between traffic flow and noise on the highway of the 

City of Regina, the correlations between traffic flow and traffic noise are 

investigated. The Pearson’s, Spearman’s and Kendall’s correlation coefficients were 

employed in this study to analyze the inherent relationship between traffic flow and 

noise. As shown in Table 5.4, the traffic noise and traffic flow have a highly 

monotone association. Specifically, the correlation coefficients in the table indicate 

a positive monotonic association between the traffic flow and traffic noise.  
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Table 5.3 The goodness-of-fit for the ME-based marginal distributions. 

Methods Index 
K-S test A-D test RMSE 

T P-value 2
nW P-value 

Traffic Flow 0.0678 0.3450 0.4879 0.2193 0.0341 

North Noise 0.1075 0.0716 0.6389 0.0929 0.0477 

Traffic Flow 0.0514 0.4834 0.3722 0.4157 0.0273 

South Noise 0.0918 0.1034 0.5242 0.1787 0.0410 
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Table 5.4 Values of correlation coefficients between traffic flow and traffic noise. 

Site. Pearson’s r Kendall’s tau Spearman’s rho 

North 0.8159 0.6015 0.7774 

South 0.8545 0.6634 0.8616 
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    To further quantify the inherent interrelationship between the traffic flow and noise, 

the Gaussian copula and Student t copula are applied to model the dependence between 

these two variables. The parameters in the Gaussian and Student t copulas were estimated 

through the maximum pseudo-likelihood estimation method. Fig. 5.4 shows the joint 

CDF and PDF of traffic flow and noise, obtained through the Gaussian and Student t 

copulas, at the North site. Fig. 5.5 presents the joint CDF and PDF of traffic flow and 

noise at the South site. As shown in Fig. 5.4, the PDFs generated through the Gaussian 

and Student t copulas show an apparent upper tail dependence between traffic noise and 

traffic flow. This further indicates the fact that extreme traffic flow would usually result 

in extreme traffic noise level. A similar upper tail dependence appeared in the joint PDFs 

at the South site, as can be seen in Fig. 5.5. 
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Figure 5.4 The joint CDF and PDF for traffic flow and noise at the North site. 
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Figure 5.5 The joint CDF and PDF for traffic flow and noise at the South site. 
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    To identify the performance of the Gaussian and Student t copulas in modelling the 

joint probability of traffic flow and traffic noise, comparisons between the theoretical and 

empirical joint cumulative probabilities were conducted, in which the empirical 

probabilities were calculated based on the bivariate Gringorten plotting position formula 

(Zhang and Singh, 2006), and the theoretical probabilities were obtained through the 

estimated Gaussian and Student t copulas. Fig. 5.5 shows the comparison between the 

theoretical and empirical probabilities at the North site. It indicates that the Gaussian and 

Student t copulas produced a good graphical fit to the empirical probabilities at the North 

site. Fig. 5.6 presents the comparison between the theoretical and empirical probabilities 

at the South site. Similarly, the proposed Gaussian and Student t copulas performed well 

for plotting the joint probability of traffic flow and noise at the South site. 
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Figure 5.6 Comparison between the theoretical and empirical joint cumulative probabilities at the North site. 
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Figure 5.7 Comparison between the theoretical and empirical joint cumulative probabilities at the South site. 
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To further identify the performance of the Gaussian and Student t copulas, the root mean 

square error (RMSE), and the Rosenblatt transformation with Cramér von Mises statistic 

are employed to test the goodness of fit of sample data to the copula-based joint 

distribution. Table 5.5 presents the Cramér von Mises statistic associated with p-values 

and the RMSE values for joint distributions obtained through Gaussian and Student t 

copulas for traffic flow and noise. The results indicate that the Gaussian and Student t 

copulas produced satisfying performance in quantifying the joint probability distributions 

between traffic flow and noise, since all the P-values of the Cramér von Mises statistics 

are higher than the significant level (i.e. α = 0.5). Furthermore, at both measurement 

sites, the differences between Gaussian and Student t copulas for traffic flow and noise 

are rarely small. For example, the RMSE value for the Gaussian and Student t copula at 

the North site is 0.0442 and 0.0438, respectively, while RMSE value for the Gaussian and 

Student t copula at the South site is 0.0362 and 0.0364, respectively. These results 

indicate that both the Gaussian and Student t copulas can be applied to represent the joint 

distribution of traffic flow and noise. 

5.4.3. Conditional Probability Distributions for Traffic Noise under Different traffic flow 

Scenarios 

    Based on the results presented in Table 5.5, both the Gaussian and Student t copulas 

can be applied to quantify the joint probability distributions of traffic flow and noise 

at the two sites. Consequently, the conditional cumulative probability functions 

(CDF) of traffic flow and traffic noise can be derived through the established copula 

functions. 
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Table 5.5 The goodness-of-fit for the Gaussian and Student t copulas. 

Site 

Copulas 
Cramér von Mises statistic RMSE 

T P-value 

North Gaussian 53.8692 0.4145 0.0442 

Student t 53.6148 0.4345 0.0438 

South Gaussian 66.6018 0.8164 0.0362 

Student t 66.5498 0.8064 0.0364 
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    In the current study, the traffic noise is the main concern under consideration due to its 

various negative effects on human health. Consequently, the conditional distribution of 

the traffic noise are only analyzed under various traffic flow scenarios. The traffic 

flow scenarios are designed based on the field experiment measurements, in which the 5, 

25, 50, 75, 95 percentile values are calculated based on experimental measurements. 

    In this research, the conditional CDFs of the traffic noise with the traffic flow less than 

some predetermined percentile values are produced based on Equation (5-25). This is 

due to the fact that in comparing traffic noise emission under consistent traffic flow, 

people pay more attention to the traffic noise under a traffic flow limit on the highway. 

Fig. 5.8 shows the conditional CDFs of the traffic noise at the North site, which are 

generated through the established Gaussian and Student t copulas (shown in Fig. 5.4). It 

can be seen that the values of conditional cumulative probabilities for traffic noise would 

decrease as the value of the traffic flow increases. This indicates a positive correlation 

structure between the traffic flow and traffic noise, which is consistent with the 

correlation coefficients presented in Table 5.4. As shown in Fig. 5.8, the traffic noise 

would likely be no more than 30 dBA when the traffic flow is less than 5 percent of the 

measurement records. Similarly these results can be found in the conditional CDF of 

traffic noise at the South site, as presented in Fig. 5.9. 
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Figure 5.8 The conditional CDF of traffic noise under different traffic flow scenarios at the North site. 
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Figure 5.9 The conditional CDF of traffic noise under different traffic flow scenarios at the South site. 

107



5.5. Summary 

    In this study, an entropy-copula method has been proposed for modelling dependence 

between traffic flow and traffic noise. In the proposed entropy-copula framework, the 

entropy method was applied to quantify the marginal probability distributions of traffic 

flow and noise, with the Lagrange multipliers in the ME-based PDF being obtained 

through the Conjugate Gradient (CG) method. Afterwards, the joint probability 

distributions (i.e. joint PDF and joint CDF) were established through the Gaussian and 

Student t copulas, with the unknown parameters in the copula being obtained through the 

maximum pseudo-likelihood estimation method. Various goodness-of-fit test methods 

were proposed to evaluate the performance of the entropy method in estimating the 

marginal probabilities, and the Gaussian and Student t copulas in modelling the joint 

probabilities of traffic flow and noise. 

    The proposed entropy-copula method was applied for modelling the dependence of the 

traffic flow and traffic noise on the Trans-Canada Highway (#1 Highway) in the City of 

Regina, based on a series of field experiments. The results showed that the entropy 

method can appropriately quantify the probability distributions of traffic flow and traffic 

noise, with low RMSE values and the P-values of K-S and A-D tests being larger than 

0.5. Meanwhile, both the Gaussian and Student t copulas could well model the joint 

probability distributions for the traffic flow and traffic noise at both experiment sites, 

with low RMSE values and P-values of the Cramér von Mises statistics being higher than 

the significant level (i.e. α = 0.5). Comparison between the theoretical joint probabilities, 

obtained by the copulas, and the empirical joint probabilities, demonstrated the positive 

performance of the copula methods in modeling the joint probabilities for traffic flow
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and traffic noise. Furthermore, the conditional CDFs of the traffic noise at the two 

experimental sites, were derived based on the established Gaussian and Student t copulas 

under different traffic flow scenarios. The obtained conditional CDFs indicated 

positive structures between traffic flow and traffic noise at both experiment sites. 

    Traffic noise is attracting increasing attention from various researchers due to its 

various negative affect on humans. The impacts of traffic noise can be influenced by the 

traffic system, weather conditions and road conditions. This study attempted to model the 

dependence of the traffic noise and its impact factor (i.e. traffic flow) from a statistical 

view. Since the traffic noise emissions are influenced by many factors, multivariate 

copula methods are required to explore the impacts from multiple factors on the traffic 

noise emission.  
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CHAPTER 6 CONCLUSIONS 

6.1. Summary 

In this research, the traffic flow and traffic noise on old and new highway pavements are 

investigated via a series of field experiments along the Trans-Canada Highway in Regina. 

The variations of the traffic flow and traffic noise pressure level for the old and new 

pavements with respect to the time are analyzed. A single value index named the relative 

traffic noise pressure level index is established to compare the acoustic quality of roads 

with different pavements. This index measures the contribution of each “averaged” 

vehicle to the noise of a road considered. The requirement for comparing the noise 

pressure level with identical traffic flow is therefore not needed. With the index, the 

acoustic quality of a highway road can be conveniently quantified. 

An entropy-copula method has been proposed for modelling dependence between traffic 

flow and traffic noise. In the proposed entropy-copula framework, the entropy method 

was applied to quantify the marginal probability distributions of traffic flow and noise, 

with the Lagrange multipliers in the ME-based PDF being obtained through 

the Conjugate Gradient (CG) method. Afterwards, the joint probability distributions (i.e. 

joint PDF and joint CDF) were established through the Gaussian and Student t copulas, 

with the unknown parameters in the copula being obtained through the maximum 

pseudo-likelihood estimation method. Various goodness-of-fit test methods were 

proposed to evaluate the performance of the entropy method in estimating the marginal 

probabilities, 
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and the Gaussian and Student t copulas in modelling the joint probabilities of 

traffic flow and noise. 

6.2. Research Achievements 

Based on the field experiments conducted in 3-year-old, new, and 1-year-old 

pavements, the following findings can be concluded: 

• The logarithmic functions can always be applied to fit the relationships between the

traffic flow and traffic noise pressure levels at the two experimental sites in all of the

measurement periods (3-year-old, new, and 1-year-old pavements). The results

predicted by the logarithmic functions agree with the experimental data, with all

correlation coefficients above 0.75.

• Comparing the results of the old and new pavements, new pavements may significantly

reduce the traffic noise pressure level, with a reduction rate of about 20%. The relative

traffic noise pressure index achieved the highest value in 3-year-old pavement,

followed by 1-year-old pavement, indicating that the repavement of road surfaces

could effectively reduce the traffic noise, and as the road surface ages, such reduction

effect would decrease.

Additionally, based on the field experimental data, the developed entropy-copula method 

was applied for modelling the dependence of the traffic flow and traffic noise. The 

results showed that the entropy method could appropriately quantify the probability 

distributions of traffic flow and traffic noise, with low RMSE values and the P-values of 

K-S and A-D tests being larger than 0.5. Meanwhile, both the Gaussian and Student t 

copulas could well model the joint probability distributions for the traffic flow and 
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traffic noise at both experiment sites, with low RMSE values and the P-values of the 

Cramér von Mises statistics being higher than the significant level (i.e. α = 0.5). 

Comparison between the theoretical joint probabilities, obtained by the copulas, and the 

empirical joint probabilities, demonstrated the positive performance of the copula 

methods in modeling the joint probabilities for traffic flow and traffic noise. 

Furthermore, the conditional CDFs of the traffic noise at the two experiment sites, 

were derived based on the established Gaussian and Student t copulas under different 

traffic flow scenarios. The obtained conditional CDFs indicated positive structures 

between traffic flow and traffic noise at both sites. 

This research provides a new approach for evaluating the acoustic qualities of a highway 

and gives new inspiration and ideas for road construction and traffic management in 

reducing the traffic noise. The developed entropy-copula method could, from a view of 

statistics, quantify the dependence between traffic flow and traffic noise. Such a 

method could provide insightful analysis between traffic flow and traffic noise pressure 

levels and also help decision makers control traffic noise through traffic flow 

management. 

6.3. Recommendations for Future Research 

In this research, we identified the differences of traffic noise pressure on new and old 

highway pavements in the city of Regina via a series of field experiments. However, 
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future research work is required to analyze the inherent noise reduction mechanism on 

highways. In detail, potential research includes: 

(1) Exploring the noise absorption coefficients for different pavement materials through 

Impedance Tubes in medium- and small-scale laboratory experiments;  

(2) Investigating the structure of pavement materials through image analysis methods, 

and analyzing the porous structures in pavement materials, such as traffic flow, 

size, distribution and so on; 

(3) Deriving the theoretic functions between the porosity of pavement materials and the 

noise absorptions coefficient; 

(4) For different pavement material to analyze the impact of different frequencies; 

(5) Developing new indexes and methods to evaluate roadside noise, single vehicle noise 

and regional noise; 

(6) Exploring innovative optimization techniques for traffic noise control with respect to 

managing traffic flow patterns at different time and in different districts. 
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