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ABSTRACT 35 
Tire-pavement noise is the result of a complex system of noise generation mechanisms and is 36 

affected by several different pavement and atmospheric parameters. Accurately predicting tire-37 

pavement noise from given a set of parameters has proven difficult for researchers. The purpose 38 

of this research was to explore a wealth of pavement, atmospheric, and noise data taken at the 39 

MnROAD pavement test facility and to develop a model to predict tire-pavement noise on 40 

asphalt pavements. Using a series of sub-models, variables significant to noise generation were 41 

identified. Finally, two distinct models of noise generation were developed, each capable of 42 

predicting one-third octave band on-board sound intensity (OBSI) spectra. The models were 43 

developed using a hybrid statistical-experimental approach and were able to predict overall OBSI 44 

levels to within 1.5 dB for 80–90% of the pavements tested. 45 

 46 

INTRODUCTION 47 
A significant amount of transportation-related noise is generated and amplified by the interaction 48 

of the tires and the pavement surface under varied climatic conditions. While the composition 49 

and structure of the tires are beyond the control of pavement designers, many properties of the 50 

pavement surface can be controlled to help to mitigate tire-pavement noise. The ability to predict 51 

tire-pavement noise for various pavement surfaces based on properties of those surfaces would 52 

allow evaluation of  changing pavement surface properties prior to implementation.  53 

 The model summarized in this paper was developed using the extensive database of 54 

pavement material and noise data available at the MnROAD pavement test facility. The overall 55 

objective was to develop a model to predict on-board sound intensity (OBSI) levels on asphalt 56 

pavements taking the pavement surface properties into account. Ultimately, two nonlinear 57 

statistical models were developed using data from MnROAD test cells. The models predict one-58 

third octave band and overall sound intensity levels using the pavement and climatic parameters 59 

that were found to have the most significant effects on tire-pavement noise generation.  Further 60 

details on both models and their development are available in the final report (1). 61 

 62 

Scope 63 
The models were developed based on noise and physical property data collected on 25 asphalt-64 

surfaced roadway test sections at the MnROAD pavement testing facility (15 on the Mainline 65 

and 10 on the Low Volume Road), as summarized in Table 1. These test sections were mostly 66 

constructed in 2007 and 2008 using a variety of materials, mixtures and layer thicknesses.  67 

An extensive database containing a wide range of information has been amassed since the 68 

time of construction, including measurements of noise, friction, surface texture, ride quality, 69 

temperature, distress and structural capacity, among other properties. One complication for the 70 

modeling is that complementary data about different parameters at about the same time is not 71 

always available.  72 

 The On-Board Sound Intensity (OBSI) method AASHTO TP 76 (2)  is used here, 73 

because that is the method used routinely at MnROAD to collect tire-pavement noise data. In this 74 

method, sound intensity probes placed near the leading and trailing edges of the tire-pavement 75 

interface detect only sound radiating from the tire. Since noise is measured near the source, the 76 

impacts of climatic conditions on the propagation of sound are reduced, though effects of the 77 

climate on the generation mechanisms will still exist.  78 

The models were developed for the types of asphalt surfaces tested at MnROAD and 79 

based on the types of test data available. Applying these models to other surface types or with 80 
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different input variables would require validation and perhaps revision of the models. However, 81 

the models were formulated and implemented in such a way that future revisions can be readily 82 

accommodated. 83 

 84 

TABLE 1  Cells Used in Model Analysis and Development 85 

Cell Surface Type Binder Spec/Designation 

1 75-Blow Marshall Mix Mill & Inlay PG52-34 SPWEB340A 

2 Ultrathin Bonded Wearing Course Novachip -- 

3 Ultrathin Bonded Wearing Course Novachip -- 

4 Hot Mix Asphalt PG64-34 SPWEB440F 

6 4.75mm Taconite Mix PG64-34 2360 

15 Warm Mix Asphalt PG58-34 SPWEB440C 

16 Warm Mix Asphalt PG58-34 SPWEB440C 

17 Warm Mix Asphalt PG58-34 SPWEB440C 

18 Warm Mix Asphalt PG58-34 SPWEB440C 

19 Warm Mix Asphalt PG58-34 SPWEB440C 

20 Hot Mix Asphalt with RAP PG58-28 SPWEB440B 

21 Hot Mix Asphalt with Fractionated RAP PG58-28 SPWEB440B 

22 Hot Mix Asphalt with Fractionated RAP PG58-28 SPWEB440B 

23 Warm Mix Asphalt PG58-34 SPWEB440C 

24* Warm Mix Asphalt – Aging Study PG58-34 SPWEB440C 

27* 
Hot Mix Asphalt 

(Chip Seal in 2009) 

PG58-34 SPWEB340C 

28* 
Hot Mix Asphalt 

(Double Chip Seal in 2011) 

PG58-34 SPWEB340C 

2356 

31* Hot Mix Asphalt – Taconite Aggregate PG64-34 SPWEB240F 

33* Hot Mix Asphalt PG58-34 PPA SPWEB340C 

34* Hot Mix Asphalt PG58-34 SBS+PPA SPWEB340C 

35* Hot Mix Asphalt PG58-34 SBS SPWEB340C 

70 Hot Mix Asphalt PG64-34 SPWEB440F 

77* Hot Mix Asphalt PG58-34 Elvaloy+PPA SPWEB340C 

86* Pervious HMA PG70-28 2360 

88* Pervious HMA PG70-28 2360 

*Cells on Low Volume Road; all others on Mainline. 86 
 87 

Approach  88 
The development of models to predict OBSI levels required identifying those pavement 89 

characteristics and environmental effects that impact noise generation and amplification, as well 90 

as the availability of MnROAD data to support the models 91 

Tire-pavement noise is generated and amplified through a variety of mechanisms, 92 

including tire carcass vibration, slip-stick, air pumping, adhesion and others (3). A number of 93 

pavement surface characteristics may affect the generation and propagation of tire-pavement 94 

noise. Different pavement parameters affect different mechanisms, and some are more important 95 

than others. Characteristics that are strongly related to tire-pavement noise include the surface 96 

texture, surface condition, friction, air voids, sound absorption, mechanical impedance (stiffness) 97 

and others. Pavement surface characteristics also depend on some mixture characteristics, such 98 
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as aggregate gradation, volumetrics and binder type. These characteristics may vary to some 99 

extent with daily or seasonal changes in temperature and moisture conditions. Factors of 100 

somewhat lesser importance include airflow resistance, roughness and surface rating. 101 

 Controlling tire-pavement noise involves interfering with or disrupting these 102 

mechanisms. For example, air movement (pumping) can be reduced by using a porous asphalt 103 

surface where the air can be dissipated through the open pores in the pavement. 104 

Texture 105 

Pavement texture is one of the surface characteristics with the greatest impact on tire-pavement 106 

noise, therefore it is included in virtually all tire-pavement noise models (e.g., 4–6). There are, 107 

however, different aspects of texture that must be considered. Consequently, texture is generally 108 

broken into different ranges of texture wavelength.   109 

 Microtexture is defined as the fine-scale texture of the surface with a wavelength less 110 

than 0.5 mm (7, 8) and is a function of the surface texture of the aggregate particles. 111 

Microtexture is related to friction; hence it affects noise generated by tire vibrations induced by 112 

friction and by the adhesion between the tire and the pavement surface, especially at frequencies 113 

above 1000 Hz (9, 10). Sandberg and Ejsmont suggest that higher microtexture typically causes 114 

increased friction, which increases the stick-slip noise generation mechanism. On the other hand, 115 

increased microtexture also leads to a decrease in adhesion, which results in a lowering of the 116 

stick-snap mechanism. These conflicting changes may explain why clear relations between 117 

microtexture and tire-pavement noise are not always observed (11). Inclusion of a microtexture 118 

term was explored during model development but was not found to have a significant impact for 119 

the pavements tested in this study. 120 

 Macrotexture, with wavelengths between 0.5 mm and 50 mm, is determined by the 121 

overall properties of the pavement surface. It is related to the type of asphalt surface (e.g., dense 122 

versus porous), the gradation of the aggregates in the mixture, and presence of air voids at the 123 

surface. Macrotexture of the pavement is a major factor affecting air pumping, impact-induced 124 

vibrations, friction-induced vibrations, adhesion, pipe resonance and Helmholtz resonance and 125 

has been shown to affect OBSI levels in the 630–1000 Hz range (12–14). 126 

Macrotexture can be measured by several methods, two of which have been used at 127 

MnROAD. Measurement with a laser profiler or Circular Track (or Texture) Meter (CTM) can 128 

be used to separate the effects of different texture wavelengths within the macrotexture range. 129 

Both types of measurements have been made at MnROAD. A RoboTex laser profiler, meeting 130 

the requirements of ISO 13473-4 (15), was used one time over three days in 2011. The CTM, 131 

standardized in ASTM E2157 (16), has been used periodically since 2008. 132 

Friction 133 

Pavement friction is closely related to texture. Changes in friction primarily affect the slip-stick 134 

mechanism, and so affect OBSI levels at high frequencies (17). Friction is most commonly 135 

measured in the U.S. using an ASTM towed friction trailer (18). Another standard test of wet 136 

friction is described in ASTM E1911 (19), using the dynamic friction tester (DFT). Both types of 137 

data are available at MnROAD; the DFT has been used periodically on some cells since 2008 138 

and the towed friction trailer has been used one to three times annually. Because friction and 139 

texture are so closely related, the need to include both terms in the model was explored during 140 

model development; macrotexture measurements were found to be sufficient to predict noise on 141 

the surfaces tested in this study. 142 
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 Seasonal and short-term variations in friction are widely recognized (e.g., 20–22) . 143 

Typically friction levels are lowest towards the end of summer and highest during the winter or 144 

spring.  145 

Temperature 146 

Changes in the air and pavement temperatures can affect tire-pavement noise generation 147 

mechanisms. Increased temperatures are generally associated with increases in high-frequency 148 

noise, likely due to changes in adhesion or friction properties, and decreases in low-frequency 149 

noise, through changes in the mechanical impedance of the pavement (1). 150 

Mechanical Impedance 151 

The mechanical impedance of the pavement is related to the flexibility and energy dissipation 152 

properties of the pavement surface. In an asphalt mixture, the mechanical impedance is related to 153 

the stiffness, or modulus, of the mixture. The modulus of the pavement materials has an 154 

unknown effect on tire-pavement noise, but it is potentially a fairly important factor affecting 155 

impact-generated vibrations (11).  156 

 Mixture stiffness is affected by many factors, including the mixture type, aggregate type 157 

and gradation, binder properties and mixture volumetrics. A more elastic binder, such as a 158 

polymer modified binder, would be expected to produce a more flexible mixture. Asphalt 159 

mixture stiffness properties change as the temperature changes, so the mechanical impedance, as 160 

measured by the modulus, would also change over the course of a day or seasonally. Since 161 

asphalt binders age over time through oxidation, the mechanical impedance could also change 162 

over the life of the pavement as the mixture stiffens.  163 

Modulus can be measured or estimated in a variety of ways.  Some laboratory data on 164 

mixture stiffness, specifically dynamic modulus, is available in the MnROAD database. 165 

However, this data was only collected at the time of construction, so cannot be used to evaluate 166 

changes in stiffness seasonally or because of aging. Consequently, the best estimates of modulus 167 

over time are backcalculated layer moduli from periodic Falling Weight Deflectometer (FWD) 168 

readings. The EverCalc software program (23) was selected to analyze the FWD data based on 169 

work by Rao and Von Quintus (24).  170 

 Other parameters that have been shown in the literature to affect tire-pavement noise 171 

were considered for inclusion in the models but were dropped. These include airflow resistance, 172 

pavement condition rating, and ride quality. Porosity and sound absorption were also not 173 

included, since only two pervious HMA surfaces were available in the data set. If more 174 

permeable pavements were to be included, another parameter, such as sound absorption, might 175 

need to be added.  176 

 177 

THE MECHANISM DECOMPOSITION APPROACH TO TIRE-PAVEMENT NOISE 178 

MODELING 179 
Since tire-pavement noise is the result of several generation mechanisms, and each of these 180 

mechanisms is affected differently by changes in pavement parameters, an accurate noise 181 

prediction model must allow for the noise from each mechanism to vary independently. The 182 

mechanism decomposition method is one technique to accomplish this. The fundamental theory 183 

of this hybrid statistical-experimental approach is that a tire-pavement sound intensity spectrum 184 

can be decomposed into several constituent spectra, each representing the contribution from a 185 

generation mechanism (25). Since each mechanism is an independent noise source, the 186 

constituent spectra are added logarithmically to form the total tire-pavement noise spectrum. 187 
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A fundamental principle of the mechanism decomposition method is that although a 188 

change in pavement parameters may cause a complicated change in the shape of an OBSI 189 

spectrum, the shapes of the underlying constituent spectra do not change significantly. It is 190 

assumed that changes in pavement parameters may change the magnitudes, but not the shapes, of 191 

the constituent spectra. Statistical techniques can be used to determine the effect of pavement 192 

parameters. For example, a simple one-parameter model of tire-pavement noise may be defined 193 

using Equations 1. 194 

 

    
                    

    
                    

     
                     

 

Eqn 1a 

Eqn 1b 

Eqn 1c 

 

where     ,     , and        are constituent spectra, each relating to a distinct noise generation 195 

mechanism;     
 ,     

 , and      
  are modified constituent spectra;   is a pavement or 196 

atmospheric parameter such as mean profile depth or air temperature; and   –  are best-fit 197 

coefficients determined through nonlinear least-squares curve fitting.  198 

 A predicted total OBSI spectrum is formed from the modified spectra according to 199 

Equation 2.  200 
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 201 

The term involving      represents a phase relationship between the low- and mid-frequency 202 

spectra, which can constructively or destructively interfere (26). This predicted spectrum can 203 

then be compared to the OBSI spectrum on a given pavement. The fit coefficients,   – , are 204 

determined by comparing measured and predicted OBSI spectra for a number of different 205 

pavements, each having a different parameter  . For this research project, the coefficients were 206 

determined by minimizing the total squared error between the measured and predicted one-third 207 

octave band levels using the lsqnonlin function in MATLAB.  208 

 209 

IDENTIFICATION OF VARIABLES SIGNIFICANT TO TIRE-PAVEMENT NOISE  210 
As shown earlier, many different parameters have been shown in the literature to affect tire-211 

pavement noise to one extent or another. For efficient model development, however, the 212 

variables with significant effects on tire-pavement noise needed to be identified. These variables 213 

were identified by developing a series of simplified models for tire-pavement noise using 214 

MnROAD data. Each simplified model involved only one or two variables, and all of the other 215 

variables were controlled. By controlling for all other parameters, the effect of air temperature 216 

alone could be identified.  217 

 A series of one- and two-parameter models was developed to identify the pavement 218 

parameters that most affect tire-pavement noise in the different frequency ranges. The effect of 219 

temperature on OBSI levels is discussed as an example of how the reduced-parameter models 220 

were used. Air and pavement temperatures and OBSI measurements were made on 21 pavements 221 

over the course of approximately 14 hours on two different days at MnROAD. For the first test, 222 

in April 2011, atmospheric temperature varied from 0.7–11.0°C, and pavement temperature 223 

varied from 5.0–27.5°C. During the second test, in June 2011, air temperature varied from 19.9–224 

33.9°C, and pavement temperature varied from 17.9–48.9°C. One-third octave band OBSI 225 
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spectra varied about 2–5 dB with temperature for this experiment, depending on frequency. For 226 

some frequency ranges, colder temperatures consistently resulted in higher OBSI levels than 227 

warmer temperatures.  228 

 Using pavement temperature produced more consistent temperature (best-fit) coefficients 229 

across pavements and between the April and June data sets than did the air temperature 230 

measurements. The average pavement temperature coefficients for the low-, mid- and high-231 

frequency constituent spectra were -0.016, -0.030, and -0.078 dB/°C, respectively. This shows 232 

the low- and mid-frequency spectra are affected less by temperature changes than the high-233 

frequency spectrum. For an annual temperature variation of 50°C, these coefficients would yield 234 

OBSI variations of 0.8, 1.5, and 3.9 dB for the three constituent spectra. Therefore, temperature 235 

effects on the low- and mid-frequency spectra (0.8 and 1.5 dB annual variation) are not 236 

significant and do not need to be considered in future modeling efforts. Temperature effects on 237 

the high-frequency spectrum (3.9 dB variation) should be considered.  238 

 Similar approaches were used to control variables and evaluate one or two parameters at 239 

a time. If a parameter produced a significant impact (2 dB or greater) on noise in one or more 240 

frequency ranges, that parameter was considered in development of the final model. Details are 241 

available in the final report (1). The following parameters would found to have a significant 242 

impact on OBSI at some frequencies: 243 

 Temperature was found to affect high-frequency noise. 244 

 Texture (evaluated using RoboTex data) was found to affect low- and mid-frequency 245 

spectra positively (that is, an increase in texture causes an increase in OBSI) and to affect 246 

high-frequency spectra negatively (increased texture reduces noise). 247 

 Mean profile depth (MPD) affected all three frequency ranges, but may be redundant 248 

with texture.  As with texture, in increase in MPD led to increased low- and mid-249 

frequency spectra but a decrease in high-frequency noise. 250 

 Absorption may affect OBSI levels, but is likely related to other parameters, such as 251 

texture, so was considered in further modeling but would not be used as a sole parameter. 252 

 Friction was found to impact OBSI levels in the low- and mid-frequency ranges, but 253 

again is likely correlated with other parameters, such as texture. 254 

 Temperature and age were modeled in a two-parameter model; OBSI levels were 255 

observed to increase over time at all frequency ranges, but the increase was less above 256 

1600 Hz. 257 

 Temperature and modulus were also modeled jointly since asphalt is viscoelastic; both 258 

modulus and temperature were included in further development but the need to include 259 

both parameters was considered. 260 

 261 

The model coefficients for all one-parameter models considered are shown in Table 2. 262 

For each parameter, the range of values is also shown, along with the maximum potential dB 263 

effect on each of the three constituent spectra. For each parameter, the maximum dB effect was 264 

found by multiplying the model coefficient by the range in the parameter found in the data set. 265 

For example, the leading edge, low-frequency coefficient for MPD was found to be 3.46 dB/mm. 266 

The range in MPD measured for all pavements was 1.1 mm, giving a maximum potential effect 267 

of 3.8 dB. In the table, maximum effects of greater than 4 dB are highlighted in red (with bold, 268 

italic type), indicating a significant effect on noise levels. Effects between 2 and 4 dB are shown 269 

in yellow (with bold type), indicating a moderate effect. Effects of less than 2 dB are shown in 270 

green (with italic type) to indicate that the parameter has little effect. In general, the low-271 
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frequency spectrum is affected most by macrotexture parameters (MPD, 64-mm wavelength) and 272 

is less affected by microtexture, absorption and temperature. The mid-frequency spectrum is 273 

affected by all texture parameters and absorption. The high-frequency spectrum is most affected 274 

by microtexture and air temperature. Using the two-parameter age-temperature model, it was 275 

shown that age significantly affects the low- and mid-frequency spectra but not the high-276 

frequency spectrum. The two-parameter temperature-modulus model was used to show that 277 

modulus and temperature must both be considered for the high-frequency spectrum but not 278 

necessarily for the low-frequency spectrum. Many pairs of parameters, such as 12.5 mm texture 279 

and MPD, are highly correlated, so the need to include both in the final model was explored. 280 

Some variables were found not to be necessary for each of the three constituent spectra. 281 

For example, air and pavement temperature do not affect low-frequency noise, so these variables 282 

were not included in later models.  283 
 284 

TABLE 2  One-parameter model coefficients, parameter ranges, and maximum dB effects. 285 

  
MPD (mm) skew λ1.25 mm (dB) λ12.5 mm (dB) λ64 mm (dB) 

  
Lead Trail Lead Trail Lead Trail Lead Trail Lead Trail 

Model 

coefficient 

(dB/EU) 

Low-freq. 3.46 4.97 -0.42 -0.13 0.24 0.97 0.30 0.40 0.25 0.37 

Mid-freq. 7.35 7.70 -0.84 -0.98 2.02 1.77 0.59 0.58 0.56 0.56 

High-freq. -1.44 -1.31 0.62 0.04 -0.72 -0.79 -0.12 -0.10 -0.13 -0.12 

Parameter 

range 

Maximum 1.5 1.5 0.15 0.15 41.2 41.2 50.6 50.6 49.5 49.5 

Minimum 0.4 0.4 -0.97 -0.97 36.5 36.5 38.2 38.2 35.2 35.2 

Range 1.1 1.1 1.1 1.1 4.7 4.7 12.4 12.4 14.3 14.3 

Maximum 

effect (dB) 

Low-freq. 3.8 5.5 0.5 0.1 1.1 4.6 3.7 5.0 3.6 5.3 

Mid-freq. 8.1 8.5 0.9 1.1 9.5 8.3 7.3 7.2 8.0 8.0 

High-freq. 1.6 1.4 0.7 0.1 3.4 3.7 1.6 1.3 1.9 1.6 

 286 

  
FN α1000 Hz Tpav (°C) Tair (°C) 

  
Lead Trail Lead Trail Lead Trail Lead Trail 

Model 

coefficient 

(dB/EU) 

Low-freq. 0.21 0.17 -2.84 1.87 -0.016 -0.010 -0.038 -0.016 

Mid-freq. 0.15 0.16 7.85 9.19 -0.030 -0.065 -0.053 -0.098 

High-freq. 0.00 0.03 -3.95 -4.77 -0.078 -0.063 -0.13 -0.109 

Parameter 

range 

Maximum 60.9 60.9 0.6 0.6 48.9 48.9 33.9 33.9 

Minimum 42.3 42.3 0.0 0.0 5.0 5.0 0.7 0.7 

Range 18.6 18.6 0.5 0.5 44.0 44.0 33.2 33.2 

Maximum 

effect (dB) 

Low-freq. 3.9 3.1 1.5 1.0 0.7 0.5 1.3 0.6 

Mid-freq. 2.8 3.0 4.1 4.8 1.3 3.2 1.7 3.3 

High-freq. 0.1 0.5 2.1 2.5 3.4 3.1 4.5 3.7 

 287 
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DEVELOPMENT OF THE FINAL MECHANISM DECOMPOSITION MODELS 288 
Using the mechanism decomposition approach, the significant variables identified and the 289 

available MnROAD data, two models to predict tire-pavement noise were developed. The first 290 

method is based on using the RoboTex texture data, and the second uses CTM texture data in a 291 

similar fashion. 292 

 293 

Statistical Models of OBSI Levels 294 
The final version of the CTM model is shown in Equations 3a-c. 295 

 

    
                       

    
                   

     
                     

 

Eqn 3a 

Eqn 3b 

Eqn 3c 

 

 296 

where     
 ,     

 , and      
  are modified constituent spectra, the macrotexture term    (dB at 297 

12.5 mm wavelength) is determined based on CTM data,   is pavement surface temperature 298 

(°C),   is the pavement modulus (GPa) and   –   are best-fit coefficients determined through 299 

nonlinear least-squares curve fitting.  300 

A predicted total OBSI spectrum is formed according to Equation 2 and compared to the 301 

OBSI spectrum on a given pavement to determine the fit coefficients,   –  . The final model, 302 

including the best-fit coefficients, is shown in Equation 4a-c for the leading edge (LE). Similar 303 

equations for the trailing edge can be found in the final report (1). 304 

 305 

 

        
                                       

        
                                

         
                                 

 

Eqn 4a 

Eqn 4b 

Eqn 4c 

 

 306 

 The final version of the RoboTex model is shown in Equations 5a-c 307 

 

    
                           

    
                       

     
                            

 

Eqn 5a 

Eqn 5b 

Eqn 5c 

 

where   is the number of years since the pavement texture was measured, and   –   are best-fit 308 

coefficients. The final model is shown in Equation 6a-c for the leading edge. 309 

 

        
                                              

        
                                       

         
                                       

 

Eqn 6a 

Eqn 6b 

Eqn 6c 

 

The models described by Equations 4 and 6 are complex, yet their individual terms can 310 

be interpreted physically. The results of using the model with the CTM and RoboTex texture 311 

data to predict noise at the leading and trailing edges are described below. 312 
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Macrotexture – when using the CTM to measure macrotexture, the resulting model coefficients 313 

indicate that low-frequency noise would increase with increasing macrotexture (positive 314 

coefficient), the mid-frequency range would increase somewhat less, and the high-frequency 315 

content would decrease (negative coefficient). An increase of 6 dB in the macrotexture is 316 

predicted to result in an overall noise level increase of approximately 0.3 dB. Using the RoboTex 317 

model, the OBSI spectrum is predicted to increase at frequencies below 1250 Hz, but decrease at 318 

higher frequencies, as shown in Figure 1. The macrotexture terms in the mid-frequency spectra 319 

have much smaller coefficients, meaning that macrotexture is predicted to have a smaller effect 320 

in the mid-frequency range. These results match previous findings by Sandberg and Ejsmont (4). 321 

The overall level is predicted to increase by approximately 0.5 dB. 322 

 323 

 324 
FIGURE 1  Predicted effects of pavement parameters on OBSI spectra using RoboTex 325 

model. 326 

  327 

Modulus – for both models, an increase in the modulus of the pavement, backcalculated from 328 

FWD readings, is expected to cause an increase in noise in the low- and mid-frequency ranges, 329 

with little effect on high-frequency noise, as shown in Figure 1. An increase in modulus of 10 330 

GPa is predicted to result in an overall increase in the noise level of approximately 0.5 dB in 331 

both models. 332 

 333 

Pavement Temperature – both models result in negative coefficients over most frequency ranges, 334 

indicating that as pavement temperature increases, noise would decrease. This is consistent with 335 

findings by other researchers (26). An increase of temperature will also likely result in a change 336 

in the pavement modulus, which also needs to be considered. The combined effects of a change 337 

in temperature and a change in modulus are shown in Figure 1.  The CTM model predicts an 338 
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overall decrease in noise of approximately 0.7 dB with an increase in temperature of 10°C, and 339 

the RoboTex model predicts a decrease of approximately 1.8 dB. While the increased 340 

temperature alone causes a small decrease in noise, the resulting change in modulus with 341 

increased temperature results in a larger decrease. 342 

 343 

Effect of Time – the RoboTex model (but not the CTM model) incorporates the effects of time on 344 

OBSI predictions. The time term,  , can be thought of as a correction for the increase in 345 

macrotexture over time. The term is needed for the RoboTex model, since texture scans were 346 

only performed once, while OBSI measurements were made over the course of several years. 347 

The term is not necessary for the CTM model, since CTM measurements were made at regular 348 

intervals. The predicted result of aging a pavement three years is shown in Figure 1. The result is 349 

a broadband increase in noise, with the overall level predicted to increase by approximately 350 

3 dB. 351 

 352 

Model Accuracy 353 
Several different metrics were used to judge the accuracy of the models by comparing model 354 

predictions to measured OBSI data. For the CTM model, a total of 13 different asphalt 355 

pavements had texture data measured at different times. The sound levels were measured on 356 

these cells several times over more than five years, for a total of 441 different measurements of 357 

leading and trailing OBSI noise. For the RoboTex model, 22 different asphalt pavements were 358 

were scanned with the RoboTex equipment. A total of 1421 different OBSI measurements were 359 

made on these pavements. 360 

 The measured and predicted overall OBSI levels are shown in Figure 2 (top). The 361 

average error in overall OBSI levels is 1.0 dB for the CTM model and 0.8 dB for the 362 

RoboTex model. For comparison, the run-to-run variation in overall octave bands for the 363 

data used in this study, representing the average variations between two runs on the same 364 

pavement on the same day, was approximately 0.6 dB.  365 

 For both models, the residual errors between the measured and predicted levels by test 366 

cell vary between about 0.5 and 1.5 dB. 367 

 The average error by temperature range (from 0 to 60°C in 10°C) varied between about 368 

0.5 and 1.5 dB. The worst prediction occurs during very hot temperatures when other 369 

mechanisms, such as adhesion between the pavement and the tread blocks, may become 370 

more prominent. 371 

 Comparisons of the measured and predicted one-third octave band spectra are shown in 372 

Figure 2 (center and bottom). For the CTM model, this figure shows that for frequencies 373 

up to and including 1000 Hz, the predicted OBSI levels fall in a more narrow range than 374 

the measured values, so that the cluster of points takes on more of a horizontal shape 375 

rather than centering on the 1:1 line. This suggests that the model is not predicting the 376 

OBSI levels well in this range. For the RoboTex model, the spread within the measured 377 

and predicted values is approximately the same, and the data points are approximately 378 

symmetric about the 1:1 line. 379 

 The average residual errors in one-third octave bands by frequency band show that the 380 

CTM model predicts the OBSI level to within 2 dB on average and the RoboTex model 381 

to within 1.5 dB on average. 382 

  383 
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 384 

 385 

 386 

 387 
FIGURE 2  Measured and predicted one-third octave band levels. Upper left: RoboTex 388 

model, overall levels. Upper right: CTM model, overall levels. Center left: RoboTex model, 389 

500 Hz. Center right: CTM model, 500 Hz. Lower left: RoboTex model, 1250 Hz. Lower 390 

right: CTM model, 1250 Hz. Solid line: 1:1. Dashed lines: ±1.5 dB from 1:1 line.  391 
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Discussion 392 
In general, the model developed using RoboTex data is more accurate than the model using the 393 

CTM data. The overall level accuracy, summarized in Table 3, is better for the RoboTex model. 394 

The overall prediction errors by cell, year and temperature range are all higher for the CTM 395 

model than for the RoboTex model. The one-third octave band data (Figure 2, center and 396 

bottom) shows that the CTM model is not doing a good job of predicting the one-third octave 397 

band spectra for frequencies up to and including 1000 Hz. However, it is much easier, less 398 

expensive and more feasible for an agency to measure texture using the CTM model versus the 399 

RoboTex model. 400 

 401 

TABLE 3  Percent of pavements with noise levels predicted to within 1.5 dB for the two 402 

models 403 

 Percent of Pavements with Noise 

Levels Predicted to within 1.5 dB 

Model 

Location 
RoboTex Model CTM Model 

Leading Edge  87% 81% 

Trailing Edge 90% 82% 

 404 

 The improved performance of the RoboTex method may be due to several reasons. 405 

Firstly, although RoboTex data was only collected once, it was collected on 22 test cells vs 13 406 

cells tested with the CTM. When the number of OBSI readings taken on these pavements is 407 

considered, there was over three times as much data for the RoboTex model compared to the 408 

CTM model. Secondly, and perhaps more importantly, is the nature of the texture measurements 409 

themselves. The RoboTex collects 100 lines of data, resulting in approximately 15,000 m of data 410 

within a test cell; this resulted in error bars on the texture measurements of 0.1–0.2 dB. The 411 

CTM, on the other hand, was typically used to test eight locations within a test cell. Given the 412 

circumference of the circle scanned by the CTM, this resulted in approximately 7–8 m of data 413 

per cell. In other words, there was about 2000 times more texture data from the RoboTex as from 414 

the CTM. The error bars on the CTM texture data were 3–5 dB, leading to 2–3 dB variation in 415 

the predicted OBSI. It might be possible to improve the accuracy of the CTM model by 416 

performing more measurements in each test cell, but the time and labor required to do so is likely 417 

prohibitive and could not reasonably be expected to provide the same amount of data as was 418 

obtained with the RoboTex. 419 

Understanding the limitations of the models, then, either can be used to predict tire-420 

pavement noise based on differing input values. The RoboTex model provides better accuracy 421 

because of the extensive amount of texture data available; however, the model is more accurate 422 

when the texture measurements are more recent and collection of the RoboTex data is expected 423 

to be a one time, or certainly rare, event. The CTM data is much more feasible to collect 424 

frequently, however, the model is not as accurate because even with frequent measurements, 425 

there is not as much texture data available because of the much shorter path measured. 426 

 427 

DISCUSSION AND CONCLUSIONS 428 
The objective of this project was to develop a model to predict on-board sound intensity (OBSI) 429 

levels on asphalt pavements using field and laboratory data from MnROAD and including the 430 

effects of pavement surface and material characteristics. 431 
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 Only asphalt surfaces were studied in this project. However, there was a fairly wide range 432 

of surface types. Most of these surfaces were constructed in 2007 and 2008, so the pavement age 433 

is limited. A total of 25 test cells were used in various portions of the study. 434 

 The models show that to achieve a low noise pavement, a smooth surface with a low 435 

stiffness is preferable. As the macrotexture and stiffness decrease, the peak and overall OBSI 436 

levels also decrease. Since modulus is related to temperature, increasing the temperature results 437 

in a decrease in the modulus, but some surface materials are more sensitive to changes in 438 

temperature than others. In general, stiffer materials tend to experience greater decreases in 439 

stiffness than softer materials. In this study, the ultrathin wearing courses were among the stiffer 440 

materials and produced some of the higher noise levels. The sections with chip or surface seals 441 

had higher texture and also higher noise levels. The warm mix asphalt and lower traffic volume 442 

mixtures tended to have lower stiffness values and lower noise. The models also reflect that 443 

noise tends to increase as pavements age, but none of the cells tested were approaching the end 444 

of their service life or exhibiting high levels of distress. 445 

 The following conclusions can be drawn from this study: 446 

 Different noise generation and amplification mechanisms affect different frequency 447 

ranges. In addition, different pavement characteristics affect different mechanisms. 448 

 The mechanism decomposition method allows the effects of changes in various pavement 449 

parameters on the low-, mid- and high-frequency noise spectra to be predicted 450 

independently. The changes in the individual constituent spectra are then logarithmically 451 

added to yield estimates of overall tire-pavement noise and one-third octave bands levels. 452 

 Using simplified one- or two-parameter models, the factors that have the greatest impact 453 

on tire-pavement noise in low-, mid- and high-frequency ranges were identified. In 454 

general, the low-frequency spectrum was found to be affected most by macrotexture 455 

parameters and less by microtexture, absorption, and temperature. The mid-frequency 456 

spectrum was affected by all texture parameters and absorption. The high-frequency 457 

spectrum was most affected by microtexture and air temperature.  458 

 Some variables were found not to be necessary for each of the three constituent spectra, 459 

so they were eliminated from further model development at the appropriate frequency 460 

ranges.  461 

 Ultimately, it was found necessary for the models to consider the effects of pavement 462 

macrotexture, air temperature, modulus of the pavement surface layer, and the combined 463 

effect of temperature and modulus. Only two porous pavements were included in the data 464 

set; if more porous pavements were included, an absorption parameter might be found to 465 

be significant.  466 

 The models were developed for the types of asphalt surfaces tested at MnROAD and 467 

based on the types of test data available. Because the models rely heavily on modulus, 468 

they would not be reliably used on other pavement types that have different stiffness 469 

values and respond differently to changes in temperature compared to asphalt mixtures. A 470 

wide range of asphalt mixtures was studied, so the models are applicable to a wide range 471 

of types of asphalt surfaces, but high levels of distress and old pavements were not tested.  472 

 In addition, the models were developed to predict noise as measured by the OBSI 473 

method; attempts to correlate OBSI data to other types of noise data have yielded mixed 474 

results. Applying these models to other surface types, with different input variables or to 475 

predict other noise measurements would require validation and perhaps revision of the 476 
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models. However, the models were formulated and implemented (in an Excel 477 

spreadsheet) in such a way that future revisions can be readily accommodated. 478 

 The models have been found to predict the overall OBSI sound intensity level to within 479 

1.5 dB and the one-third octave bands to within 2 dB for most of the pavements tested. 480 

Other metrics and evaluation of the model accuracy by cell, year, temperature and other 481 

factors are also reported and are generally favorable. 482 
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