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Figure 102: Sound intensity levels for 1,000-Hz band versus air-void content for different mix types. 
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Figure 103: Sound intensity levels for 1,000-Hz band versus MPD values for different mix types.  
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The model to predict the noise levels for the 1,000-Hz band is given here. Mix type, MPD, and 

fineness modulus were used as independent variables. Mix type was included in the regression since 

open-graded mixes have higher air-void content at a given fineness modulus compared to the dense-

graded mixes, as explained in the 800-Hz frequency band analysis. Air-void content could not be included 

in the model since it is highly correlated with the fineness modulus. The model for the 1,000-Hz 

frequency band can explain 57 percent of the variation in noise levels. 

Model for 1,000-Hz One-Third Octave Band 

The regression equation, Equation (24), is 

1,000-Hz band = 103 + 0.00323 × MPD – 1.63 × Fineness modulus – 2.75 × Mix type (24) 

 

Predictor                           Coef        SE Coef             T            P     

Constant                       103.138           2.164       47.67       0.000 

MPD                         0.0032316    0.0007378       4.38        0.000 

Fineness modulus         –1.6315          0.5029      –3.24        0.002 

Mix type                       –2.7546          0.4208      –6.55       0.000 

 

S = 1.26294   R-Sq = 56.8%   R-Sq(adj) = 54.5% 

 

Analysis of Variance 

 

Source                     DF         SS         MS           F         P 

Regression                3    19.445    39.815    24.96   0.000 

Residual error         57   90.916    1.595 

1,250-Hz, 1,600-Hz, and 2,000-Hz One-Third Octave Bands 

According to the single-variable regression analysis, noise levels for the 1,250-, 1,600-, and 

2,000-Hz bands decrease as air-void content and fineness modulus increase, and noise levels increase as 

NMAS and Cu increase. Open-graded mixes have lower noise levels than dense- and gap-graded mixes. 

Noise levels also increase with increasing age; however, for noise levels for the 2,000-Hz band, the age 

effects are inconclusive since age is insignificant when QP-16 is excluded from the analysis. The presence 

of transverse and fatigue cracks on the pavement surface increases the noise levels. Noise levels decrease 

as texture (RMS and MPD) increases for the 1,600- and 2,000-Hz bands, which is the opposite of the 

trend found for the lower frequencies.  
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The models to predict the noise levels for the 1,250-, 1,600-, and 2,000-Hz bands are given here. 

The MPD was not found to be significant in the single-variable regression analysis for 1,250 Hz. 

However, MPD increases the noise levels when the mix types are analyzed separately, as shown in Figure 

104. Therefore, MPD was included in the model for the 1,250-Hz band sound intensity levels. At a given 

age and MPD, increasing air-void content reduces the noise levels, and at a given age and air-void 

content, increasing MPD increases the noise levels for the 1,250-Hz band. The model can explain 72 

percent of the variation in 1,250-Hz band sound intensity levels. 

 Air-void content and age were used as independent variables in the model for 1,600-Hz band 

sound intensity. The model can explain 76 percent of the variation in the noise levels. Air-void content 

and presence of transverse and fatigue cracking were used as independent variables in the model for 

2,000-Hz band sound intensity levels. This model explained 77 percent of the variation in noise levels.  

Based on the regression models for 1,250-Hz band noise levels, an open-graded mix with an air-

void content of 15 percent and an MPD of 1,200 microns may provide approximately 2 dB (A) noise 

reduction compared to a dense-graded surface with an air-void content of 6.5 percent and an MPD of 500 

microns. The same open-graded mix would provide approximately 3.5 dB (A) noise reduction for the 

1,600-Hz band and 3.2 dB (A) for the 2,000-Hz band compared to a dense-graded mix with the given 

properties.  
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Model for 1,250-Hz One-Third Octave Band 

The regression equation, Equation (25), is 

1250 = 94.9 + 0.363 × Age – 0.421 × Air-void content + 0.00273 × MPD  (25) 

 
Predictor                   Coef          SE Coef             T              P     

Constant                94.8671          0.5797     163.65       0.000 

Age                        0.36330        0.07380         4.92       0.000   

AV content          –0.42087       0.04038      –10.42       0.000   

MPD                  0.0027327   0.0006725         4.06       0.000   

 

S = 1.31018   R-Sq = 71.9%   R-Sq(adj) = 70.4% 

 
Analysis of Variance 

 

Source                      DF            SS          MS           F         P 

Regression                  3    254.192     84.731   49.36    0.000 

Residual error           58       99.560     1.717 

Total                          61    353.752 
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Figure 104: 1,250-Hz band sound intensity levels versus MPD for different mix types 
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Model for 1,600-Hz One-Third Octave Band 

The regression equation, Equation (26), is 

1,600-Hz band = 95.5 + 0.383 × Age – 0.433 × Air-void content  (26) 

 
Predictor                   Coef     SE Coef             T            P     

Constant              95.4868      0.5184      184.20     0.000 

Age                      0.38280     0.07338         5.22      0.000   

AV content        –0.43349     0.03425     –12.66      0.000   

 
S = 1.34904   R-Sq = 75.6%   R-Sq (adj) = 74.8% 

 
Analysis of Variance 

 
Source                    DF          SS        MS           F         P 

Regression               2     333.47    166.73    91.62  0.000 

Residual error        59     107.38       1.82 

Total                      61     440.84 

Model for 2,000-Hz One-Third Octave Band 

The regression equation, Equation (27), is  

2,000-Hz band = 92.0 – 0.376 × Air-void content + 1.56 × Presence of fatigue cracking + 1.02 × Presence 

of transverse cracking        (27)   

 
Predictor                                           Coef        SE Coef             T             P     

Constant                                       91.9647         0.4628     198.70       0.000 

AV content                                 –0.37602       0.03218     –11.68       0.000   

Presence of fatigue cracking        1.5637          0.5355        2.92         0.005   

Presence of transverse cracking     1.0204       0.4098         2.49         0.016   

 
S = 1.20090   R-Sq = 77.2%   R-Sq(adj) = 75.8% 

 
Analysis of Variance 

 
Source          DF       SS      MS      F      P 

Regression       3  244.255  81.418  56.46  0.000 

Residual error 50   72.108  1.442 

Total               53  316.363 
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2,500-Hz, 3,150-Hz, 4,000-Hz, and 5,000-Hz One-Third Octave Bands 

Single-variable regression analysis revealed that noise levels for the 2,500-, 3,150-, 4,000-, and 

5,000-Hz one-third octave bands decrease as air-void content, texture (MPD and RMS), and fineness 

modulus increase, and noise levels increase as Cu increases. Open-graded mixes have lower noise levels 

than dense- and gap-graded mixes. The presence of transverse cracks on the pavement surface increases 

the noise levels. Increasing NMAS increases the noise levels for the 2,500-Hz band, and increasing age 

increases the noise levels for the 4,000-Hz band. Figure 105 shows the sound intensity levels for the 

4,000-Hz band versus the air-void content. The figure shows that increasing air-void content reduces the 

noise levels for all mix types.  

Figure 106 shows the MPD versus the sound intensity levels for the 4,000-Hz band. The figure 

shows that increasing MPD reduces the noise levels of open-graded mixes; however, there is no trend for 

dense- and gap-graded mixes. Although it was not shown here, the same trends were found for MPD and 

air-void content at the 5,000-Hz band noise levels. The effect of MPD is more pronounced at higher MPD 

values or air-void content; therefore, the interaction between MPD and air-void content was evaluated in 

the multiple regression models for the 4,000- and 5,000-Hz bands. 

The models to predict the sound intensity levels for the 2,500-, 3,150-, 4,000-, and 5,000-Hz 

bands are shown here. Air-void content, MPD, and age were used as independent variables in the models 

for the 2,500- and 3,150-Hz band sound intensity levels. The model can explain 60 percent of the 

variation in the 2,500-Hz band and 51 percent of the variation in the 3,150-Hz band sound intensity 

levels.  

Age and the interaction of air-void content and MPD were used as independent variables in the 

4,000- and 5,000-Hz band sound intensity levels. Although age was not found significant in the single-

variable analysis, it turned out to be significant when included with MPD and air-void content. Therefore, 

it was kept in the model. The model explained 58 percent of the variation in the 4,000-Hz and 55 percent 

of the variation in the 5,000-Hz band noise levels.  

Based on the regression models for 2,500-Hz band noise levels, an open-graded mix with an air-

void content of 15 percent and an MPD of 1,200 microns may provide approximately 3.2 dB (A) noise 

reduction compared to a dense-graded surface with an air-void content of 6.5 percent and an MPD of 500 

microns. The same open-graded mix may provide a noise reduction of 3 dB (A) for the 3,250-Hz band, 

3.5 dB (A) for the 4,000-Hz band, and 3.2 dB (A) for the 5,000-Hz band compared to a dense-graded mix 

with the given properties.  
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Model for 2,500-Hz One-Third Octave Band 

The regression equation, Equation (28), is  

2,500-Hz band = 88.5 – 0.226 × Air-void content – 0.00185 × MPD + 0.267 × Age (28) 

 
Predictor                          Coef          SE Coef            T              P     

Constant                    88.5012            0.5908    149.80         0.000 

Air-void content     –0.22591         0.04115       –5.49         0.000   

MPD                     –0.0018453     0.0006854      –2.69         0.009  

Age                             0.26672          0.07521       3.55         0.001   

 
S = 1.33524   R-Sq = 60.0%   R-Sq(adj) = 57.9% 

 
Analysis of Variance 

 
Source                    DF          SS          MS            F          P 

Regression              3     154.936     51.645    28.97    0.000 

Residual error        58    103.406      1.783 

Total                       61   258.342 

Model for 3,150-Hz One-Third Octave Band 

The regression equation, Equation (29), is  

3,150-Hz band = 86.5 – 0.194 × Air-void content – 0.00200 × MPD + 0.264 × Age (29) 

 
Predictor                       Coef         SE Coef            T           P   

Constant                    86.4828           0.6548    132.08     0.000 

AV content             –0.19353         0.04561      –4.24     0.000   

MPD                    –0.0020005     0.0007597      –2.63     0.011   

Age                           0.26390         0.08336        3.17     0.002   

 
S = 1.47991   R-Sq = 51.2%   R-Sq(adj) = 48.7% 

 
Analysis of Variance 

 
Source                DF            SS            MS           F            P 

Regression            3     133.376      44.459     20.30    0.000 

Residual error     58     127.028       2.190 

Total                    61    260.404 
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Figure 105: 4,000-Hz band sound intensity levels versus air-void content for different mix types. 
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Figure 106. 4,000-Hz band sound intensity levels versus MPD for different mix types. 
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Model for 4,000-Hz One-Third Octave Band 

The regression equation, Equation (30), is  

4,000-Hz band = 81.8 – 0.000235 × Air-void content × MPD + 0.363 × Age (30) 

 
Predictor                                Coef         SE Coef           T              P   

Constant                           81.7740           0.4827     169.40      0.000   

AV content × MPD    –0.00023507    0.00002751      –8.55       0.000   

Age                                   0.36325          0.08874        4.09      0.000   

 
S = 1.61989   R-Sq = 58.3%   R-Sq(adj) = 56.9% 

 
Analysis of Variance 

 
Source                  DF            SS            MS         F            P 

Regression              2       216.33      108.17   41.22     0.000 

Residual error       59       154.82        2.62 

Total                      61       371.15 

Model for 5,000-Hz One-Third Octave Band 

The regression equation, Equation (31), is  

5,000-Hz band = 77.4 – 0.000215 × Air-void content × MPD + 0.272 × Age  (31) 

 
 
Predictor                             Coef            SE Coef            T               P     

Constant                         77.4114             0.4611    167.88        0.000 

AV content × MPD    –0.00021468    0.00002628      –8.17         0.000   

Age                                    0.27162         0.08477        3.20         0.002   

 

S = 1.54740   R-Sq = 54.8%   R-Sq(adj) = 53.3% 

 

Analysis of Variance 

 

Source                 DF              SS         MS           F           P 

Regression            2      171.614     85.807    35.84     0.000 

Residual error      59      141.273     2.394 

Total                     61     312.887 
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9.2.2 Evaluation of Pavement Temperature Effects on the Frequency Content of Sound Intensity 

Levels  

In addition to the pavement properties, pavement temperature effects on the one-third octave band 

frequency levels were evaluated as explained in Section 9.1.2. OBSI was measured on nine sections at 

pavement temperatures of 15, 20, and 25°C. Figure 107 through Figure 117 show the pavement 

temperature effects on the one-third octave band sound intensity levels obtained from the study. The 

figures show that there is no trend between sound intensity levels and pavement temperatures.  

The sample size used in this study was small. To evaluate the pavement temperature effects on 

different mix types, a larger sample is needed. The data points shown in the circles in Figure 107 and 

Figure 110 belong to QP-3, which has higher air-void content and higher MPD values than other mixes, 

which results in much higher noise levels for the 500-Hz band and much lower noise levels for the 1,000-

Hz band. 
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Figure 107: Relationship between sound intensity at 500 Hz and surface temperatures (ºC). 
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Figure 108: Relationship between sound intensity at 630 Hz and surface temperatures (ºC). 
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Figure 109: Relationship between sound intensity at 800 Hz and surface temperatures (ºC). 



 

UCPRC-RR-2007-03 209

y = -0.0119x + 96.306
R2 = 0.0062

92.0

93.0

94.0

95.0

96.0

97.0

98.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Surface Temperature, °C

So
un

d 
In

te
ns

ity
 a

t 1
00

0 
H

z,
 d

B
(A

)

 

Figure 110: Relationship between sound intensity at 1,000 Hz and surface temperatures (ºC). 
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Figure 111: Relationship between sound intensity at 1,250 Hz and surface temperatures (ºC). 



 

UCPRC-RR-2007-03 210 

y = -0.0435x + 95.296
R2 = 0.0714

90.0

91.0

92.0

93.0

94.0

95.0

96.0

97.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Surface Temperature, °C

So
un

d 
In

te
ns

ity
 a

t 1
60

0 
H

z,
 d

B
(A

)

 

Figure 112: Relationship between sound intensity at 1,600 Hz and surface temperatures (ºC). 
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Figure 113: Relationship between sound intensity at 2,000 Hz and surface temperatures (ºC). 
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Figure 114: Relationship between sound intensity at 2,500 Hz and surface temperatures (ºC). 

y = -0.0395x + 85.314
R2 = 0.0773

81.0

82.0

83.0

84.0

85.0

86.0

87.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Surface Temperature, °C

So
un

d 
In

te
ns

ity
 a

t 3
15

0 
H

z,
 d

B
(A

)

 

Figure 115: Relationship between sound intensity at 3,150 Hz and surface temperatures (ºC). 
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Figure 116: Relationship between sound intensity at 4,000 Hz and surface temperatures (ºC). 
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Figure 117: Relationship between sound intensity at 5,000 Hz and surface temperatures (ºC). 
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9.2.3 Summary of Findings 

Figure 118 compares the one-third octave band sound intensity levels for open-graded (OGAC 

and RAC-O mixes) and non-open-graded mixes (DGAC and RAC-G mixes) at different ages. The figure 

shows that open-graded mixes have higher sound intensity levels at frequencies lower than 800 Hz, which 

can be explained by the greater macrotexture values and air-void content of open-graded mixes. The 

open-graded mixes have lower noise levels than the dense-graded mixes in the upper frequencies. Older 

pavements have higher noise levels than younger ones with the same mix type.  

At high frequencies (above 2,500 Hz), all the mixes except the new open-graded and oldest 

dense-graded mixes have the same noise levels. The new open-graded mix (QP-41) has the lowest noise 

levels, and the old DGAC mix (QP-11) has the highest noise levels. These results may be due to the 

presence of distresses on the surfaces of the old DGAC mix, which affect the sound intensity at high 

frequencies, as well as the high air-void content of the new RAC-O mix, which reduces the noise levels at 

higher frequencies.  
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Figure 118: Example of one-third octave band sound intensity levels for different mix types at 
different ages. 

Although the presence of raveling was found to be a significant variable affecting the overall A-

weighted sound intensity levels, it was not found to be significant in the frequency analysis, probably due 
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to the exclusion of sections 01-N103 (OGAC), 01-N104 (OGAC), 01-N105 (OGAC), 01-N114 (DGAC), 

and 01-N121 (DGAC) from the frequency analysis. The overall A-weighted sound intensities from these 

sections measured by Illingworth and Rodkin were converted to the equivalent values as measured by 

UCPRC; however, the offset between the two measurements for different frequencies is not known. 

Therefore, these sections were excluded from the frequency analysis  

• The results of the frequency analysis validated the noise-generation mechanisms from the earlier 

theoretical and statistical models:  

- This study confirmed the results of Sandberg et al. (75) that the texture affects the impact 

and shock mechanisms, and that increasing texture increases the noise levels at lower 

frequencies (less than 1,000 Hz). The study also confirmed that higher macrotexture at 

higher frequencies reduces the noise related to air pumping as it increases the air paths on 

the pavement surface. This study also showed that the frequency range in which the 

texture has negative correlation with the noise levels is above 2,000 Hz.  

-  The results confirmed that in the middle frequency range, between 800 and 1,250 Hz, 

there is a mix effect of increased tire vibrations and reduced air-pumping noise for 

increasing texture.  

- Increasing air-void content was found to reduce the noise levels in the higher frequency 

range that are due to the dissipation of air-pumping noise through the air voids, 

confirming the earlier findings of Sandberg et al. (75). The air-pumping noise governs the 

noise level frequencies above 1,250 Hz.  

• In this study, air-void content was also found to increase the noise levels around 500 Hz at a 

given texture depth, especially for open-graded mixes. Increasing air-void content is associated 

with the aggregate spacing as well as the texture depth. For high air-void content and hence high 

texture depths, air-void content may affect the shape of the tire, and the tire surface may not be 

taking the shape of the exact pavement surface profile, which may result in higher contact 

pressures and hence greater tire vibrations and higher noise levels. This effect may be more 

pronounced at higher air-void content values, above 15 percent.  

• The study found that open-graded mixes may provide noise reduction of up to 3.5 dB (A) at 

higher frequencies compared to dense-graded mixes. It is known that the human ear is more 

sensitive to high-frequency noise; therefore, open-graded mixes may be perceived as quieter even 

though the overall A-weighted noise levels are not significantly different from those of dense-

graded mixes. The noise reduction at higher frequencies should be matched with the human 

perception of the noise reduction to evaluate the effects of the open-graded mixes.  
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• The tire/pavement noise is dominant at frequencies between 800 and 1,250 Hz. Therefore, these 

frequencies affect the overall A-weighted noise levels. Since these middle frequency ranges are 

affected by both tire vibrations and air-pumping effects, no clear effects of air-void content and 

macrotexture can be seen in the overall A-weighted noise levels. Additionally, the macrotexture 

has both negative and positive effects on the spectral content of tire/pavement noise. Therefore, 

macrotexture was not found to be significant when evaluated by itself in the regression analysis.  

• Age was found to increase the noise levels at around 1,250, 1,600, and 4,000 Hz in single-

variable analyses. However, age was significant for all frequencies above 1,000 Hz when 

included with other variables. The presence of distresses on the pavement surface was found to 

increase the noise levels at higher frequencies (greater than 1,250 Hz). 

• IRI was found to affect the noise levels at frequencies less than 1,600 Hz.  

• Microtexture and pavement temperature were not found to affect the noise levels. A bigger 

sample size is needed to further test the effects of pavement temperatures on noise levels. 

9.3 Evaluation of Acoustical Absorption Values 

The acoustical absorption values of the test sections were evaluated to determine the differences 

in the absorption values for different mixes and to predict the highway noise levels from the absorption 

values measured in the laboratory. In this study, acoustical properties of the test sections were evaluated 

to compare absorption values for different mixes and to compare acoustical absorption with noise levels.  

Acoustical absorption measurements were taken on two cores from each section, one in the 

wheelpath and one between the wheelpaths, using an impedance tube. The impedance tube provided the 

acoustical absorption values for frequencies up to 1,700 Hz with a resolution of 3.125 Hz. Due to 

erroneous measurements below 200 Hz, these frequencies were not included in the analysis. The 

absorption values presented in this study are averages of absorption values between 200 and 1,700 Hz. 

Absorption values range between 0 and 1. An absorption value of 0 indicates that there is no absorption, 

and an absorption value of 1 indicates that all the noise striking the surface is absorbed and there is no 

reflected sound.  

9.3.1 Descriptive Analysis 

Figure 119 shows the variation in wheelpath absorption values for different mix types. The figure 

shows that open-graded mixes have higher absorption values than gap-and dense-graded mixes. RAC-G 

mixes have slightly higher absorption values than dense-graded mixes.  
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Figure 119: Box plots of absorption values for different mix types. 

Figure 120 shows the variation in wheelpath absorption values for different mix types at different 

ages. The figure shows that the change in absorption values over time follows the same trend as 

permeability, shown earlier in Figure 37, which suggests that absorption is highly correlated with 

permeability. The absorption values of RAC-O mixes decreased with age. For other mix types, the 

absorption values were greater for the mixes that were one to four years old compared with the mixes that 

were less than one year old, and less for the mixes older than four years compared with the mixes that 

were one to four years old. The reduction in absorption values between mixes less than a year old and 

those greater than a year old could be due to compaction of the mix under traffic and clogging, which 

reduces the air-void content and therefore reduces absorption. Note that different sections are evaluated in 

the different age groups; therefore, the apparent increase over time in the absorption values of OGAC and 

RAC-G mixes may be heavily influenced by the absorption of these sections when they were originally 

built.  
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Figure 120: Comparison of wheelpath absorption values for different mix types at different ages. 

9.3.2 Correlation of Acoustical Absorption Values with Air-Void Content and Surface Thickness 

The literature review mentioned that the absorption values are affected by the air-void content 

and thickness of the surface layer. Figure 121 shows the correlation of the natural logarithm of absorption 

values with air-void content. There is a linear trend between the natural logarithm of absorption values 

and the air-void content. Increasing air-void content increases the average absorption values. Air-void 

content explains 63 percent of the variation in the absorption values.  
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Figure 121: Correlation of absorption values with air-void content for all mixes pooled together.  

Figure 122 shows the correlation of absorption values with the surface layer thicknesses for 

different mix types. The figure shows that increasing thickness does not appear to have a significant effect 

on the absorption values for any of the mix types.  
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Figure 122: Correlation of absorption values with surface layer thickness for different mix types. 

9.3.3 Correlation of Absorption Values with A-Weighted Sound Intensity Levels 

In the correlation analysis of sound intensity levels, overall and for the one-third octave band, 

with the sound absorption values, the new type of mixes—RUMAC-GG, Type D-MB, Type G-MB, and 

BWC—were analyzed with the OGAC, RAC-O, RAC-G, and DGAC mixes. Therefore, in this section 

and in Section 9.3.4, the gap-graded mixes include RAC-G, RUMAC-GG, BWC, and Type G-MB, and 

the dense-graded mixes include DGAC and Type D-MB mixes. 

Figure 123 shows the relationship of sound intensity levels versus the absorption values for 

different mix types. The figure shows that increasing absorption values reduces the sound intensity levels 

for dense- and gap-graded mixes. However, the noise levels do not change with the absorption values for 

open-graded mixes, probably because open-graded mixes have greater macrotexture, which increases the 

noise levels and overrides the noise-absorbing benefits of the high air-void content. A similar relationship 

between sound intensity and air-void content can be seen in Figure 86 earlier in this report since 

acoustical absorption is highly correlated with air-void content.  
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Figure 123: A-weighted sound intensity levels versus absorption values for different mix types. 

Since the absorption values and mix type are highly correlated, they cannot be used in the same 

regression. Therefore, separate analyses were conducted for different mix types to evaluate the 

relationship between A-weighted sound intensity levels and absorption values. Figure 124 and Figure 125 

show the relationship between sound intensity levels and dense- and gap-graded mixes and open-graded 

mixes, respectively. The figures show that there is no correlation between sound intensity and absorption 

values for open-graded mixes.  
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Figure 124: Correlation of sound intensity levels with wheelpath absorption for dense- and gap-
graded mixes. 
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Figure 125: Correlation of sound intensity levels with wheelpath absorption for open-graded mixes.  

 

 R2= 0.41 

 R2= 0.003 
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9.3.4 Correlation of Sound Absorption Values with One-Third Octave Band Frequency Sound 

Intensity Levels  

No correlation was found between the overall sound intensity levels and absorption values for 

open-graded mixes. However, the study found that open-graded mixes have higher absorption values and 

lower noise levels than gap- and dense-graded mixes. The spectral contents of the sound intensity levels 

were evaluated to fully understand the absorption effects on the noise levels. Since the OBSI levels were 

given in one-third octave bands for frequencies between 500 and 5,000 Hz, and the absorption values 

were obtained for frequencies between 200 and 1,700 Hz with a resolution of 3.125 Hz, the average 

absorption was correlated with each one-third octave band center frequency within the range of 

impedance tube frequencies. 

9.3.4.1 Sound Intensity Levels for 500-Hz One-Third Octave Band 

Figure 126 shows the sound intensity levels for the 500-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduces the sound intensity levels for dense- and gap-

graded mixes, and increasing absorption values increases the sound intensity levels for open-graded 

mixes. Absorption was found to be correlated with sound intensity levels at around 500 Hz for open-

graded mixes because it is highly correlated with air-void content, and increasing air-void content 

increases the noise levels at lower frequencies for open-graded mixes. Therefore, the study concluded that 

that there is no casual relationship between absorption values and sound intensity levels at 500 Hz for 

open-graded mixes.  

Regression analysis was conducted to determine the effects of acoustical absorption and mix type 

on sound intensity levels for the 500-Hz band only for dense- and gap-graded mixes since the relationship 

between sound intensity levels for the 500-Hz band and absorption is not causal. 
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Figure 126: Sound intensity levels for 500-Hz band versus absorption values. 

The relationship between the 500-Hz band sound intensity levels and absorption is given here. 

From the regression analysis, absorption was found to be insignificant for dense- and gap-graded mixes. It 

can be concluded that at 500 Hz, absorption has no effect on noise levels because the lower-frequency 

noise levels are governed by tire vibrations caused by surface texture.  
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Gap- and Dense-Graded Mixes 

The regression equation, Equation (32), is  

500-Hz band = 87.9 – 0.694 × ln(Wheelpath absorption)  (32) 

 
Predictor                                       Coef       SE Coef             T             P 

Constant                                    87.930           1.839       47.82       0.000 

ln(Wheelpath absorption)       –0.6937         0.5623        –1.23       0.228 

 

S = 1.71152   R-Sq = 5.3%   R-Sq(adj) = 1.8% 

9.3.4.2 Sound Intensity Levels for 630-Hz One-Third Octave Band 

Figure 127 shows the sound intensity levels for the 630-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduce the sound intensity levels for dense and gap-

graded mixes, while increasing absorption values increase the sound intensity levels for open-graded 

mixes, as in the case of the 500-Hz band frequency levels. Noise increases with increasing absorption 

because increasing air-void content increases the noise levels at lower frequencies. Since the relationship 

between 630-Hz band sound intensity levels and absorption is not causal for open-graded mixes, 

regression analyses were conducted only for dense- and gap-graded mixes.  
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Figure 127: Sound intensity levels for 630-Hz band versus absorption values. 
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The relationship between 630-Hz band sound intensity levels and absorption is given here. 

Increasing absorption reduces the noise levels for dense- and gap-graded mixes. The absorption values 

can explain only 14 percent of the variation in noise levels. It can be concluded that the noise levels at 

frequencies around 630 Hz are still governed by tire vibrations. 

For Gap- and Dense-Graded Mixes 

The regression equation, Equation (33), is  

630-Hz band = 88.0 – 1.17 × ln(Wheelpath absorption)  (33) 

 

Predictor                                     Coef      SE Coef             T               P 

Constant                                  88.015          1.846       47.69         0.000 

ln(Wheelpath absorption)     –1.1671        0.5643       –2.07         0.048 

 

S = 1.71772   R-Sq = 13.7%   R-Sq(adj) = 10.5% 

9.3.4.3 Sound Intensity Levels for 800-Hz One-Third Octave Band 

Figure 128 shows the sound intensity levels for the 800-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduce the sound intensity levels for dense- and gap-

graded mixes. However, there is no correlation between sound intensity levels and absorption values for 

open-graded mixes for the 800-Hz band. Therefore, regression analysis was conducted to determine the 

effects of acoustical absorption on sound intensity levels for the 800-Hz band only for dense- and gap-

graded mixes. 
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Figure 128: Sound intensity levels for 800-Hz band versus absorption values. 

The relationship between 800-Hz band sound intensity levels and absorption is given here for 

gap- and dense-graded mixes. Increasing absorption reduces the noise levels. The absorption values can 

explain 28 percent of the variation in noise levels. There is no trend for open-graded mixes because 

increasing air-void content increases the MPD, and increasing the MPD increases the noise levels at lower 

frequencies; therefore, the noise-absorbing benefits of open-graded mixes are surpassed by their greater 

MPD values at lower frequencies. It can be concluded that at frequencies of around 800 Hz, the tire 

vibrations increase the noise levels only for high macrotexture values.  
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For Gap- and Dense-Graded Mixes 

The regression equation, Equation (34), is  

800-Hz band = 95.4 – 1.11 × ln(Wheelpath absorption)  (34)  

 

Predictor                                       Coef      SE Coef               T             P 

Constant                                    95.417          1.118         85.36      0.000 

ln(Wheelpath absorption)     –1.1129         0.3418        –3.26       0.003 

 

S = 1.04034   R-Sq = 28.2%   R-Sq(adj) = 25.5% 

9.3.4.4 Sound Intensity Levels for 1,000-Hz One-Third Octave Band 

Figure 129 shows the sound intensity levels for the 1,000-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduce the sound intensity levels for dense- and gap-

graded mixes. There is no clear trend for open-graded mixes because of the four points circled in Figure 

129, which have much lower noise levels than the other mixes at a given absorption value. The circled 

mixes have higher permeability compared to the dense- and gap-graded mixes with the same absorption 

values; they are younger than the open-graded mixes with the same absorption values. The higher 

permeability of the circled mixes may indicate that the absorption capacity of the whole section is higher 

than indicated by the values obtained from the impedance tube in this study since the absorption values 

are based on one core from the wheelpath.  
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Figure 129: Sound intensity levels for 1,000-Hz band versus absorption values. 

Figure 130 shows the sound intensity values versus the absorption values for different mix types 

and different macrotexture values. The figure shows that open-graded mixes with MPD values greater 

than 1,000 microns have higher noise levels compared to those with MPD values less than 1,000 microns 

at a given absorption. This difference is the result of the increased vibrations due to the high texture 

depths. Regression analysis was conducted to determine the effects of acoustical absorption and mix type 

on sound intensity levels for the 1,000-Hz band. 
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Figure 130: Sound intensity levels for 1,000-Hz band versus absorption values for different mix 

types and different macrotexture values. 

For All Mix Types 

The regression equation, Equation (35), is  

1,000-Hz band = 92.9 – 1.53 × ln(Wheelpath absorption)   (35) 

 

Predictor             Coef       SE Coef            T            P 

Constant         92.8607        0.6137     151.31      0.000 

ln Wheelpath absorption   –1.5289        0.2253      –6.79        0.000 

 
S = 1.54190   R-Sq = 45.1%   R-Sq(adj) = 44.2% 

Analysis of Variance 

 
Source                 DF        SS          MS          F           P 

Regression           1     109.51    109.51    46.06    0.000 

Residual error   56     133.14        2.38 

Total                  57     242.65 
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The model can explain 45 percent of the variation in the sound intensity levels for the 1,000-Hz 

band. It can be concluded that air pumping starts to govern the noise generation at frequencies around 

1,000 Hz. However, the tire vibrations may cause significant noise levels for mixes with high 

macrotexture values. 

9.3.4.5 Sound Intensity Levels for 1,250-Hz One-Third Octave Band 

Figure 131 shows the sound intensity levels for the 1,250-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduce the sound intensity levels for all types of 

mixes. Regression analysis was conducted to determine the effects of acoustical absorption on sound 

intensity levels for the 1,250 Hz band. 
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Figure 131: Sound intensity levels for 1,250-Hz band versus absorption values. 
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For All Mix Types 

The regression equation, Equation (36), is  

1,250-Hz band = 88.6 – 1.99 × ln(Wheelpath absorption)  (36)  

 

Predictor                                      Coef       SE Coef             T             P 

Constant                                88.6237          0.6519     135.94      0.000 

ln(Wheelpath absorption)     –1.9901          0.2411       –8.26      0.000 

 

S = 1.69106   R-Sq = 54.5%   R-Sq(adj) = 53.7% 

 

Analysis of Variance 

 

Source                       DF          SS           MS           F          P 

Regression                 1      194.89     194.89     68.15    0.000 

Residual error         57      163.00       2.86 

Total                       58      357.89 

Regression analysis revealed that absorption is a significant variable affecting the sound intensity 

levels for the 1,250-Hz band. The regression analysis shows that increasing absorption reduces the sound 

intensity levels. The model can explain 54 percent of the variation in the sound intensity levels for the 

1,250-Hz band. 

9.3.4.6 Sound Intensity Levels for 1,600-Hz One-Third Octave Band 

Figure 132 shows the sound intensity levels for the 1,600-Hz band versus the absorption values. 

The figure shows that increasing absorption values reduce the sound intensity levels for all types of 

mixes, as was the case for the 1,250-Hz frequency band. Regression analysis was conducted to determine 

the effects of acoustical absorption on sound intensity levels for the 1,600-Hz band.  
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Figure 132: Sound intensity levels for 1,600-Hz band versus absorption values. 
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For All Mix Types 

The regression equation, Equation (37), is  

1,600-Hz band = 85.3 – 2.39 × ln(Wheelpath absorption)  (37)  

 

Predictor                                     Coef       SE Coef            T            P 

Constant                                 85.3182        0.6396     133.40    0.000 

ln(Wheelpath absorption)     –2.3886        0.2436       –9.81     0.000 

 

S = 1.63376   R-Sq = 66.2%   R-Sq(adj) = 65.6% 

 

Analysis of Variance 

 

Source                      DF           SS         MS            F          P 

Regression                 1      256.66     256.66    96.16    0.000 

Residual error          49        130.79       2.67 

Total                         50       387.45 

The regression analysis showed that absorption is a significant variable affecting the sound 

intensity levels for the 1,600-Hz band. Increasing absorption reduces the sound intensity levels according 

to the regression. The model can explain 66 percent of the variation in the sound intensity levels for the 

1,600-Hz band. 

9.3.5 Summary of Findings  

 

• The noise levels of dense- and gap-graded mixes decrease with increasing absorption. However, 

no correlation was found between the overall A-weighted sound intensity and absorption for 

open-graded mixes. There is no correlation because open-graded mixes are insensitive to air-void 

content. Since noise is absorbed when it is propagating away from the tire/pavement contact 

patch to the side of the road rather than at the tire/pavement contact patch, absorption values may 

be better correlated with way-side noise levels measured next to highways.  

• The noise levels around the 500-Hz frequency are governed by tire vibrations; therefore, 

absorption has no effect on the noise levels.  

• At frequencies above 630 Hz, absorption reduces the noise levels caused by air pumping for 

dense- and gap-graded mixes. 
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• Tire vibrations may cause significant noise levels for open-graded mixes with high macrotexture 

values at lower frequencies (less than 1,000 Hz), and there is no trend between noise and 

absorption.  

• The noise-reducing effect of absorption can be seen at 1,000 Hz for open-graded mixes, if 

macrotexture is also considered.  

• The noise-reducing effects of absorption can be clearly seen at frequencies above 1,000 Hz for 

open-graded mixes.  

• Air-pumping noise governs noise generation at frequencies above 1,000 Hz, confirming the 

earlier findings, as increasing absorption reduces the noise levels regardless of the macrotexture 

values. This trend is stronger for higher frequencies, which are considered more annoying to 

humans. 

• Open-graded mixes have higher absorption values than dense- and gap-graded mixes. Dense- and 

gap-graded mixes have very low absorption values (usually less than 0.1). OGAC and RAC-O 

mixes have similar absorption values, which range between 0.1 and 0.5. 

• Absorption values generally decrease with time. Absorption change over time follows the same 

trend as permeability change rather than air-void content change. This finding confirms that 

clogging occurs at the top part of the surface layer, reducing permeability and acoustical 

absorption, while the change in air-void content is small. 

• No correlation was found between surface layer thickness and absorption. There may be no 

correlation because all the open-graded mixes evaluated are placed in thin lifts, usually less than 

30 mm. 
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10 ANALYSIS OF ENVIRONMENTAL NOISE MONITORING SITE 
SECTIONS 

The environmental noise monitoring site sections include 23 test sections from six sites as shown 

earlier in this report in Table 5. These 23 environmental test sections (labeled ES in this study) were built 

by Caltrans to test pavement noise, durability, permeability, and friction performance trends for new types 

of surface mixes. They include asphalt mixes that are not widely used in California, such as Type-G MB, 

Type-D MB, RUMAC-GG, and EU gap-graded mixes, as well as commonly used mixes such as OGAC, 

RAC-O, DGAC, and RAC-G, included in the test sections as controls. These mixes are described in 

Chapter 3. The climate information for the ES sections is given in Table 6, and the traffic levels are given 

in Table 7. The test sections of Fresno 33 and LA 138 include different mix types placed next to each 

other. Since these mixes experience the same traffic and climate, they allow direct comparison of 

performance of different mix types as well as of the same mixes with different thicknesses. This 

information will help in the development of specifications for quieter and more durable mix designs. In 

addition to OBSI measurements, the pass-by measurement, which is a way-side noise measurement, was 

conducted for the LA 138 mixes. Comparison of way-side measurements with noise measurements at the 

source (OBSI) reveals the effects of absorption on noise levels for sound traveling along the road surface. 

The same data collection procedure was conducted on the environmental test sections as on the 

experimental design sections (QP sections). The environmental test sections with OGAC, RAC-O, RAC-

G, and DGAC surfaces were used along with the experimental design sections in developing the models 

for performance variables. All the environmental test sections were evaluated for each performance 

variable for two years. This portion of this report presents an analysis of the performance trends of the 

different mixes at each site.  

10.1 Fresno 33 Sections 

The Fresno 33 site consists of nine test sections with five different surfacing mixes—RAC-G, 

Type-G MB, Type-D MB, RUMAC-GG, and DGAC—in the northbound direction of State Route 33. The 

layout of the test sections is given in Figure 133. Except for the DGAC control surface, all the sections 

were placed with both 45- and 90-mm thicknesses to evaluate the thickness effects on the pavement 

performance. All sections have an NMAS of 19 mm. The test sections were one year old during the first-

year measurements. 

The MB mixes generally have lower stiffness values than the other mix types, and the DGAC mix 

has the highest stiffness value at 20°C. This detail also provides an indication of effect of stiffness on 

noise for dense- and gap-graded mixes. All the rubberized mixes have the same aggregate gradations; the 

DGAC mix has slightly finer gradation than the Type D-MB mix.  
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The following analysis demonstrates the permeability, friction, roughness, noise, and surface 

condition for different mixes over two years and compares them for different thicknesses and different 

mixes. It answers these questions: 

• How does the performance of dry- (RUMAC-GG) and terminal-process rubber (MB) compare to 

wet-process asphalt rubber (RAC-G) and dense-graded asphalt concrete (DGAC) under the same 

traffic and climate with respect to noise, friction, roughness, and distress? 

• How does increased thickness affect the cracking performance of rubberized mixes? 
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Figure 133: Layout of Fresno 33 sections. 
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Figure 134 and Figure 135 show the first-year and second-year center and wheelpath air-void 

content and permeabilities for the Fresno 33 sections. According to the figures, the RAC-G mixes are 

undercompacted and hence have higher air-void content and permeability values than the other gap-

graded mix types and dense-graded mixes. Their permeabilities in the second-year measurements, when 

they were two years old, are reduced significantly, showing the same trend as the RAC-G mixes in the QP 

sections. The RUMAC-GG, Type G-MB, Type D-MB, and DGAC mixes have very low permeabilites, 

with permeabilities very close to zero.  
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Figure 134: First-year and second-year air-void content for Fresno 33 sections. 
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Fresno 33 Sections Permeability Comparisons
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Figure 135: First-year and second-year permeability values for Fresno 33 sections. (Note: The scale 
for permeability was selected for comparison of permeability values across different ES sections). 

The first-year and second-year center and wheelpath BPN and the IRI values for the Fresno 33 

sections were also evaluated; however, they are not shown in this report. All the sections were found to 

have similar BPN and IRI values. The BPN values in both the first and second years are above 50, 

indicating that the Fresno 33 sections still provide satisfactory friction according to a criterion discussed 

in a Caltrans research document (15) believed to have been written in the 1960s. Since all the IRI values 

in both the first and second year are less than 1.5 m/km, all sections have good ride quality based on 

FHWA criteria. The thicker sections generally had higher IRI values than the thinner sections.  

Figure 136 shows the first-year and second-year MPD values for the Fresno 33 sections. The 

figure shows that the RAC-G mixes have higher MPD values than the RUMAC-GG and Type G-MB 

mixes and that the MPD values of Type D-MB and DGAC mixes are close to each other. All sections 

show an increase in macrotexture values from year one to year two, confirming the findings from the 

experimental design sections. This increase is probably due to an increase in distresses from the first year 

to the second year. 
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Figure 136: First-year and second-year MPD values for Fresno 33 section. 

 

Figure 137 shows the first-year and second-year sound intensity levels for the Fresno 33 sections. 

The figure shows that the RAC-G mixes have the lowest noise levels, probably due to their higher air-

void content. However, the noise difference between the RAC-G mixes and the DGAC mixes is less than 

2 dB (A).  
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Fresno 33 Sections Sound Intensity Levels
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Figure 137: First-year and second-year sound intensity levels for Fresno 33 sections.  

Based on the sound intensity analysis, the new mixes, Type G-MB and RUMAC-GG, do not 

perform as well as the RAC-G mixes. They have similar BPN values but lower MPD values than RAC-G 

mixes. The Type-D MB mixes have friction values and noise levels similar to those of DGAC mixes. 

In addition to permeability, friction, and noise measurements, condition surveys were conducted 

at each test section. The distresses were recorded for two years and are shown in Appendix D. 

After serving for two years, all the mixes except the DGAC mix show a high amount of bleeding, 

with a bleed area of more than 150 m2, although the as-built binder contents match the design binder 

contents. Bleeding of the 45-mm Type G-MB mix is shown in Figure 138. The figure shows that bleeding 

occurs in both wheelpaths for the whole section. Although all the mixes except the DGAC mix show 

extensive bleeding, they still provide acceptable friction. All the mixes except Type G-MB show raveling. 

Among all mixes, the 90-mm RUMAC-GG and Type D-MB mixes perform the best as they show only 

bleeding, while all the other mixes have cracking, and most show raveling.  
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Figure 138: Bleeding for 45-mm Type G-MB mix 

 

Increasing thickness may help reduce the cracking for RUMAC-GG and Type D-MB since 45-

mm RUMAC-GG and Type D-MB sections show cracking, while 90-mm RUMAC-GG and Type D-MB 

sections show no cracking. The 90-mm RUMAC-GG mix is more resistant to cracking compared to 90-

mm Type G-MB. All rubberized mixes (RAC-G, RUMAC-GG, Type G-MB, and Type D-MB) show 

bleeding, with RUMAC-GG and MB mixes showing the highest amount, while DGAC has no bleeding 

problems. Therefore, bleeding is a problem for the new rubberized mixes: RUMAC-GG and MB.  

10.2 Sacramento 5 and San Mateo 280 Sections 

Sacramento 5 and San Mateo 280 sites consist of thin RAC-O overlays of cracked PCC. The 

Sacramento 5 sections have thicknesses around 30 mm, and the San Mateo 280 section has a thickness of 

40 mm. The Sacramento 5 site was evaluated for both the northbound (NB) and southbound (SB) 

directions, while San Mateo 280 was evaluated only for the northbound direction. PCC pavements 

generally tend to be noisier than AC pavements; therefore, overlaying PCC with an open-graded mix 

reduces the noise levels and also increases the service life of the pavement. The Sacramento 5 sections 
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were one year old and the San Mateo section was three years old during the first-year measurements. Both 

sites have an NMAS of 12.5 mm. The following analysis demonstrates the air-void content, permeability, 

friction, roughness, noise, and surface condition for RAC-O mixes and compares the performance 

variables for the northbound and southbound directions for the Sacramento 5 sections. It answers these 

questions: 

• How does the performance of the Sacramento 5 and San Mateo 280 sections, which are overlays 

of PCC, compare to the performance of other open-graded mixes that are placed over AC? 

Are there any differences between the performance in the northbound and southbound directions 

for the Sacramento 5 section and if so, why?  

Figure 139 and Figure 140 show the first-year and second-year center and wheelpath air-void 

content and permeabilities of the Sacramento 5 sections, and Figure 141 and Figure 142 show the first-

year and second-year center and wheelpath air-void content and permeabilities of the San Mateo 280 

section. According to Figure 139, the air-void content in the southbound direction ranges between 15 and 

20 percent, and the air-void content in the northbound direction ranges between 18 and 22 percent for the 

Sacramento 5 sections. According to Figure 140, the permeability in the northbound direction is greater 

than in the southbound direction, a result due to the higher air-void content in the northbound direction.  

The San Mateo 280 section has lower air-void content, just below 15 percent; however, it has 

much higher permeability values than the Sacramento 5 sections. The wheelpath permeability of the San 

Mateo 280 section is almost twice that of the center and also twice that of the wheelpath permeability of 

the Sacramento 5 sections. This finding may indicate some cleaning effect of traffic since San Mateo 280 

is the only section where the wheelpath permeability is greater than that of the center, and the 

permeability of the wheelpath increased in one year while the center stayed almost the same. These 

results may be the combined effect of the heavy traffic and high rainfall that the section experiences; the 

traffic level and rainfall amount for the San Mateo 280 section are much higher than the average values 

for the QP sections.  
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Figure 139: First-year and second-year air-void content for Sacramento 5 sections. 
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Figure 140: First-year and second-year permeability values for Sacramento 5 sections.  
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Figure 141: First-year and second-year air-void content for San Mateo 280 section.  
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Figure 142: First-year and second-year permeability values for San Mateo 280 section.  
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The first-year and second-year center and wheelpath BPNs for the Sacramento 5 and San Mateo 

280 sections were also evaluated; however, they are not shown in this report. The BPNs in both the first 

and second year are above 50, indicating that the Sacramento 5 and San Mateo 280 sites still provide 

satisfactory friction according to a criterion discussed in a Caltrans (15) research document believed to 

have been written in the 1960s. 

Figure 143 and Figure 144 show the first-year and second-year left and right IRI values for the 

Sacramento 5 and San Mateo 280 sites, respectively. Both sites provide only “acceptable” ride quality 

based on FHWA criteria. The figures show that the right IRI value for the San Mateo 280 section is 

almost twice the left IRI value; however, the reason for this difference is unknown. The IRI of RAC-O 

mixes for the QP sections ranges between 0.8 and 1.25 m/km, with an average of 1.10 m/km, and the IRI 

of RAC-O mixes that are one to four years old ranges between 0.7 and 1.70 m/km, with an average of 

1.25 m/km, as can be seen earlier in Figure 67. Both the Sacramento 5 and San Mateo 280 sites have 

higher IRI values than the majority of the QP sections, probably due to the cracked PCC underneath, 

which has a high IRI value. These findings may suggest that the IRI of thin overlays are affected by the 

IRI of the underlying PCC.  
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Figure 143: First-year and second-year IRI values for Sacramento 5 sections.  
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Figure 144: First-year and second-year IRI values for San Mateo 280 section.  

 

Figure 145 and Figure 146 compare the first-year and second-year MPD values for the 

Sacramento 5 and San Mateo sites, respectively. The figures show that the MPD values in the northbound 

direction are much higher than in the southbound direction in the second year for the Sacramento 5 

sections. The greater increase in the northbound direction is probably due to higher air-void content and 

more distresses.  
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Figure 145: First-year and second-year MPD values for Sacramento 5 sections.  
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Figure 146: First-year and second-year MPD values for San Mateo 280 section.  
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Figure 147 and Figure 148 show the first-and second-year sound intensity levels for the 

Sacramento 5 and San Mateo 280 sites, respectively. According to the figure, the northbound section of 

the Sacramento 5 site has slightly higher noise levels than the southbound section; however, the 

difference is less than 1 dB (A). The results presented in Chapter 9 showed that increasing air-void 

content does not reduce the noise levels for mixes with air-void content above 15 percent; therefore, the 

higher noise levels for the northbound section are most likely due to the higher MPD values and 

distresses. The noise levels of the Sacramento 5 sections increased almost 1 dB (A) from the first year to 

the second year; there was a slight reduction in the noise levels of the San Mateo 280 section, but this 

finding is likely due to a measurement error. 
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Figure 147: First-year and second-year sound intensity levels for Sacramento 5 sections.  
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Figure 148: First-year and second-year sound intensity levels for San Mateo 280 section.  

In addition to permeability, friction, and noise measurements, condition surveys were conducted 

at each test section. The distresses were recorded for two years and are shown in Appendix D. 

According to the condition surveys, both directions of Sacramento 5 site showed cracking and 

raveling in the first year, while in the second year they showed only cracking; however, this difference 

can probably be accounted for by the difference in surveyors from year to year, and their perception of 

raveling. All cracks were reflective cracks from the underlying PCC, and the amount of cracking 

increased from the first year to the second year. For the San Mateo 280 site, no distresses were recorded 

for the first year, and in the second year the section showed minor raveling, with an approximate area of 

0.1 m2.  

In summary, the northbound direction of the Sacramento 5 site has higher permeability and 

higher friction (higher MPD and similar BPN); however, it has slightly higher noise levels and more 

distresses compared to the southbound direction. The higher permeability, friction, and amount of 

distresses in the northbound direction is due to the higher air-void content, and the higher noise levels are 

probably due to the higher macrotexture.  

The IRI values of the Sacramento 5 and San Mateo 280 sites are higher than those of the RAC-O 

mixes that are overlays of AC. Other than the IRI values, the performance of the RAC-O mixes used on 
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the Sacramento 5 and San Mateo 280 sections is not different from that of the RAC-O mixes of the 

experimental design sections that are primarily placed on asphalt pavements.   

10.3 LA 138 Sections 

The LA 138 site includes three mix types—OGAC, RAC-O, BWC, and DGAC—which were 

placed in both the eastbound and westbound lanes. Measurements were taken on the nine test sections: 

eastbound (EB) and westbound (WB) directions for the OGAC, RAC-O, and BWC sections and the 

westbound direction for the DGAC mix. The layout of the test sections is given in Figure 149. All the 

mixes have an NMAS of 12.5 mm. The test sections were three years old during the first-year 

measurements. 

The noise levels were also measured for Caltrans by the Volpe National Transportation Systems 

Center using the pass-by method. This measurement allowed evaluation of the effect of absorption on the 

noise levels next to highways and of the relationship between OBSI and pass-by measurements. 

OGAC was placed in 75- and 30-mm thicknesses in different sections to determine the effect of 

thickness on noise reduction and distress development. The DGAC section was placed as a control 

section, and BWC was placed to compare its performance with that of open-graded mixes since it is being 

considered as an alternative to open-graded mixes to reduce hydroplaning and spray and splash. The 

following analysis shows the air-void content, permeability, friction, roughness, noise, and surface 

condition for the different mixes over two years and compares the performance variables for different 

thicknesses and different mixes. The analysis helps answer these questions: 

• How does absorption affect the noise levels next to highways? 

• How do the OBSI measurements compare to the pass-by measurements? 

• Does thickness affect noise reduction and distress development? 

• How does the performance of open-graded and BWC mixes compare to the performance of the 

DGAC mix on the control section? 

• How does the performance of the BWC mix compare to that of the open-graded mixes? 

• Do OGAC and RAC-O perform similarly under the same traffic and climatic conditions? 
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Figure 149: Layout of the test sections.  

 

Figure 150 and Figure 151 show the first-year and second-year center and wheelpath air-void 

content and permeability values, respectively, for the LA 138 sections. As expected, open-graded mixes 

have the highest air-void content. Based on the findings from the QP sections, the average air-void 

content of the open-graded mixes is around 15 percent. However, most of the LA 138 open-graded mixes 

have much lower air-void content than is typical. The permeability of the OGAC and RAC-O mixes is 

also lower than the average permeability of OGAC and RAC-O mixes in the same age category. The 

figures show that the eastbound sections have higher air-void content and permeability values than the 

westbound sections. This may be due to compaction differences during construction as well as the 

difference in truck traffic volumes in the two directions. 

The 75-mm OGAC has the highest permeability, although it does not have the highest air-void 

content. CT scan results showed that the top part of the surface layer of the 75-mm OGAC eastbound 

section was not clogged. The higher permeability of this section confirms the CT scan findings. The 

DGAC mixes have permeabilities: close to zero. 
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Figure 150: Comparison of first-year and second-year air-void content for LA 138 sections. 
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Figure 151: Comparison of first-year and second-year permeability values for LA 138 sections.  
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The first-year and second-year center and wheelpath BPNs were also evaluated; however, they 

are not shown in this report. The BPNs in both the first and second years are above 50, indicating that the 

LA 138 sections still provide satisfactory friction according to a criterion discussed in a Caltrans (15) 

research document believed to have been written in the 1960s. 

Figure 152 shows the first-year and second-year left and right wheelpath IRI values for the LA 

138 sections. According to the figure, RAC-O mixes have the lowest IRI values. The LA 138 RAC-O 

mixes have lower IRI values compared to those of the QP sections. In the first year of measurements, all 

sections provide “good” ride according to the FHWA criteria.  
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Figure 152: First-year and second-year IRI values for LA 138 sections. 

Figure 153 shows the first-year and second-year MPD values for the LA 138 sections. The figure 

shows that open-graded mixes have higher MPD values than the BWC and dense-graded mixes. RAC-O 

mixes have the smallest MPD values among open-graded mixes. The findings from the QP sections 

showed that the MPD of open-graded mixes is usually above 1,000 microns. However, LA 138 open-

graded sections usually have MPD values less than 1,000 microns, which may be due to their lower air-

void content. BWC mixes have MPD values similar to those of RAC-O and DGAC mixes. There is some 

increase in MPD values in the second year, which may be due to an increase in distresses, roughening the 
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surface. However, no condition survey was conducted on these sections in the first year; therefore, no 

comparisons could be made. 
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Figure 153: First-year and second-year MPD values for LA 138 sections.  

Figure 154 shows the first-and second-year sound intensity levels for the LA 138 sections. The 

figure shows that the westbound open-graded mixes have higher noise levels than the eastbound mixes. 

As these mixes have air-void content of less than 15 percent, the lower noise levels of the eastbound 

sections can be explained by the higher air-void content of these mixes compared to those of the 

westbound sections. 

DGAC mixes have the highest noise levels. The open-graded mixes can provide up to 4 dB (A) 

more noise reduction than the DGAC mix. The 75-mm OGAC does not provide any additional noise 

reduction. Based on the analysis of the QP sections, the average sound intensity level of open-graded 

mixes is around 102 dB (A). The eastbound OGAC sections in the first-year measurements have lower 

noise levels than the average. This distinction may be due to the lower MPD values of the LA 138 open-

graded mixes. LA 138 open-graded mixes also have finer gradations than those of the QP sections, as 

shown circled in Figure 88 earlier in this report. The lower noise levels of these sections may be due to 

their finer gradations since there is some indication that open-graded mixes with finer gradations may 

generate less noise than those with coarser gradations, as shown in Figure 88.  
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Figure 154: Comparison of sound intensity levels for LA 138 sections.  

Figure 155 shows the noise reduction provided by OGAC, RAC-O, and BWC mixes compared to 

the DGAC section up to 52 months after construction using the pass-by method. There are no pass-by 

measurements for BWC mixes after 16 months. The first-year data collection by UCPRC corresponds to 

the age of 40 months.  

Figure 155 shows that 30-mm OGAC has the highest noise levels and that the 75-mm OGAC has 

the lowest noise levels. The 75-mm OGAC can reduce noise levels by up to 4 dB (A) more than the 

DGAC section. Note that the reference DGAC mix used in the pass-by measurements is located at the 

east end of the test sections, and the reference DGAC used in the OBSI measurement is located at the 

west end of the test sections. Although the two reference DGAC mixes are different for the two 

measurement methods, the noise levels of the mixes should not be much different. Despite the possible 

difference between the noise levels of the DGAC mixes, a relative comparison of the noise reduction of 

open-graded mixes can still be made.  
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Figure 155: Noise reduction from pass-by measurements by Volpe National Transportation 
Systems Center for LA 138 mixes.  

Table 40 shows the absorption values of center and wheelpath cores of OGAC, RAC-O, and 

BWC mixes as well as the noise reduction of these mixes compared to the DGAC mix using OBSI and 

pass-by measurements. The noise reduction using the OBSI method is the average of the eastbound and 

westbound measurements. The 75-mm OGAC provides the greatest noise reduction and hence is the 

quietest mix based on both the OBSI and pass-by measurements. The noise reduction is greater using the 

pass-by measurements than the OBSI measurements.  

The 75-mm OGAC and 30-mm OGAC have almost the same noise levels when measured using 

the OBSI method; the 75-mm OGAC provides greater noise reduction than the 30-mm OGAC when 

measured using the pass-by method. The additional noise reduction for the 75-mm OGAC found using 

the pass-by method may be due to its higher center lane absorption values. The 75-mm OGAC center lane 

core has a resonance frequency at 750 Hz, which is close to the frequencies where the tire/pavement noise 

is dominant; therefore, it may provide additional noise reduction since noise levels at peak frequencies are 

reduced.  

The 30-mm RAC-O mix is quieter than the 30-mm OGAC mix when the pass-by noise levels are 

compared; however, the 30-mm OGAC mix is quieter than the 30-mm RAC-O mix when the OBSI levels 

are compared. The difference in noise levels between the two measurement methods is approximately 1 

dB (A). This difference cannot be explained by absorption values, since the absorption values for these 
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two sections are not significantly different from each other. The measurements were taken on a 150-m 

segment of the road with the OBSI method and on the whole section with the pass-by method; therefore, 

the difference between the pass-by and OBSI results may be due to the differences in the noise levels of 

different segments of the road since the noise levels may vary within the same section. 
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Table 40: Absorption Values and Noise Reduction of LA 138 Open-Graded and BWC Sections 

Mix Type 

Wheelpath 

Average 

Absorption 

Wheelpath 

Maximum 

Absorption 

Wheelpath 

Resonance 

Frequency 

Center 

Average 

Absorption 

Center 

Maximum 

Absorption 

Center 

Resonance 

Frequency 

OBSI 

Average 

Noise 

Reduction 

for Both 

Directions 

Pass-by 

Noise 

Reduction(

40 months) 

75-mm OGAC 0.094 0.13 1700 0.185 0.25/0.29 300/750 2.85 3.5 

30-mm OGAC 0.0687 0.12 300 0.096 0.18 320 2.55 1.5 

30-mm 

RAC-O 
0.06 0.1 450 0.133 0.17 500 1.95 1.8 

30-mm BWC 0.055 0.18 450 0.045 0.06 1570 0.20 N/A 
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 In addition to permeability, friction, and noise measurements, condition surveys were conducted 

at the test sections. The first-year condition survey was conducted on the DGAC section and the 

eastbound sections for open-graded and BWC mixes. In the second year, a condition survey was 

conducted on both the eastbound and westbound sections. The distresses for each section are given in 

Appendix D. 

The eastbound open-graded mixes show only transverse cracking, while the westbound RAC-O, 

BWC, and DGAC sections also show fatigue cracking. In the second-year condition survey, no raveling 

was recorded; however, this finding can probably be accounted for by the difference in surveyors from 

year to year, with their different perceptions of raveling, as raveling is a distress that can be difficult to 

assess visually unless it is severe. The number and length of the cracks increased for all sections, except 

for the 30-mm RAC-O EB section. It can thus be concluded that the RAC-O mix has had the slowest 

distress progression. 

In summary, increased thickness was not found to increase durability or provide any additional 

noise reduction when noise is measured at the source (OBSI method). However, 75-mm OGAC has 

significantly lower noise levels when the noise is measured using the pass-by method. These lower noise 

levels may be due to the higher absorption values of the 75-mm OGAC. The surface layer of the 75-mm 

OGAC eastbound section has higher permeability, which indicates that it is less clogged on the surface 

compared to the other sections. Therefore, the higher noise absorption values may be due to the presence 

of surface air voids as well as increased thickness.  

The pass-by and OBSI methods yielded similar results for the 75-mm OGAC section. However, 

there is almost a 1 dB (A) difference in the noise levels predicted by the two methods for the 30-mm 

OGAC and RAC-O sections, although there is no significant difference in the absorption values of the 

two sections. Therefore, the pass-by and OBSI measurements did not match well for thinner mixes. 

Open-graded mixes have the highest permeabilities and macrotexture and the lowest noise levels 

among all mix types. BWC mixes perform more similarly to DGAC mixes than to open-graded mixes; 

they have lower permeabilities and macrotexture and higher noise levels than open-graded mixes. 

Therefore, BWC cannot be considered as an alternative to open-graded mixes in reducing hydroplaning. 

Except for some raveling that appeared on the open-graded mixes, all mixes performed similarly in terms 

of distresses. RAC-O mixes have lower IRI values, confirming the findings from the QP sections that the 

IRI progression is slower in rubberized mixes. Also, rubberized mixes may have slower distress 

propagation, as the severity and amount of distresses stayed relatively constant for the eastbound RAC-O 

mix compared to the other mix types.  
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10.4 LA 19 Section 

The LA 19 section has a European gap-graded (EU-GG) mix as a surface layer. It was less than a 

year old when the first-year measurements were conducted. This section was placed to compare its 

performance with the gap-graded mixes used in California. The following analysis evaluates the air-void 

content, permeability, friction, roughness, noise, and surface condition for the EU-GG mix. The analysis 

answers these questions: 

• How does the performance of the EU-GG mix compare to that of the gap-graded mixes (RAC-G) 

used in California in terms of permeability, texture, noise, and distresses? 

• Do the results yield any recommendations for changes to RAC-G mixes to improve their 

performance? 

Figure 156 compares the gradation of the EU-GG mix with the RAC-G specification in 

California. The figure shows that the EU-GG mix has a gradation within the range of California RAC-G 

mixes.  

Figure 157 and Figure 158 show the first-year and second-year center and wheelpath air-void 

content and permeability values for the LA 19 section. The air-void content of California rubberized gap-

graded mixes ranges between 8 and 12.5 percent. The figures show that the air-void content of the EU-

GG mix is around 12 percent, which is in the range for California gap-graded mixes (RAC-G) in their 

first year. The average permeability of California gap-graded mixes that are less than a year old is 0.05 

cm/sec. The EU-GG mix has permeability values of around 0.05 cm/sec when it is one year and two years 

old. This value is within the range for RAC-G mixes in their first year; however, it is much higher than 

for RAC-G mixes that are older than one year. This finding may indicate that EU-GG does not compact 

under traffic like RAC-G mixes and hence does not lose its permeability within a few years after 

construction. 
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Figure 156: Comparison of gradation of LA 19 section with RAC-G gradation. 
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Figure 157: First-year and second-year air-void content for LA 19 section.  
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LA 19 Permeability Comparisons
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Figure 158: Comparison of first-year and second-year permeability values for LA 19 section.  

The first-year and second-year center and wheelpath BPN and the IRI values for the LA 19 

section were also evaluated; however, they are not shown in this report. The BPNs in both the first and 

second years are above 50, indicating that the LA 19 section provides satisfactory friction according to a 

criterion discussed in a Caltrans (15) research document believed to have been written in the 1960s. Since 

all the IRI values in both the first and second years are less than 1.5 m/km, this section has “good” ride 

quality according to FHWA criteria.  

Figure 159 shows the first-year and second-year MPD values for the LA 19 section. The figure 

shows that the MPD value is 800 microns in the first year and 1,000 microns in the second year. The 

MPD values for RAC-G mixes range between 600 and 1,000 microns; thus, the EU-GG mix has MPD 

values within the range of those for RAC-G mixes.  
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Figure 159: First-year and second-year MPD values for LA 19 section.  

Figure 160 shows the first-and second-year sound intensity levels for LA 19. The noise levels 

ranges from around 101 to 102 dB (A). The average sound intensity level of RAC-G mixes is 101.5 dB 

(A); thus, the EU-GG mix has noise levels close to those of RAC-G mixes. 
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Figure 160: First-year and second-year sound intensity levels for LA 19 section.  

In addition to measurement of permeability, friction, roughness, and noise, a condition survey 

was conducted on the LA 19 section. It showed no distresses in the first year and showed bleeding, with 

an approximate bleed area of 150 m2, in the second year. 

The sound intensity of the LA 19 section appears to have decreased, despite the small measured 

increase in MPD. This finding may be due to the measured increase in permeability. 

It can be concluded that, compared to the RAC-G mixes used in California, the EU-GG mix 

performs similarly in terms of friction, durability, and noise levels; however, based on two years of 

performance data, it can also be concluded that it may compact less under traffic than RAC-G mixes.  

10.5 Yolo 80 Section 

The Yolo 80 section has OGAC as a surface layer. It was seven years old in the first year of 

measurements and is one of the oldest open-graded mixes in California. It was placed to evaluate the 

noise-reducing properties of open-graded mixes. Noise measurements have been taken annually by 

Caltrans to evaluate the change in acoustical properties over time. The following analysis evaluates the 

air-void content, permeability, friction, roughness, noise, and surface condition for the Yolo 80 section. 

The analysis answers these questions: 
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• How does age affect the performance of open-graded mixes? 

• Why does the Yolo 80 section have the highest noise levels among all the open-graded mixes? 

Figure 161 and Figure 162 show the first-year and second-year center and wheelpath air-void 

content and permeability values for the Yolo 80 section. The figures show that this section has high air-

void content, above 15 percent, which is the average air-void content of open-graded mixes. The average 

permeability of OGAC mixes that are older than four years is 0.05 cm/sec based on the analysis of the 

experimental design (QP) sections; however, the Yolo 80 section has lower permeability than the average, 

probably due to clogging at the surface. 
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Figure 161: First-year and second-year air-void content for Yolo 80 section. 
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Yolo 80 Permeability Comparisons

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

3.00E-01

30 mm OGAC

Pe
rm

ea
bi

lit
y 

(c
m

/s
ec

)

1st Year Center Permeability
2nd Year Center Permeability
1st Year WP Permeability
2nd Year WP Permeability

 

Figure 162: First- year and second-year permeability values for Yolo 80 section. 

The first-year and second-year center and wheelpath BPN and the IRI values for the Yolo 80 

section were also evaluated. The BPNs in both the first and second years are above 50, indicating that the 

Yolo 80 section still provides satisfactory friction according to a criterion discussed in a Caltrans (15) 

research document believed to have been written in the 1960s. Since all the IRI values in both the first 

and second year are less than 1.20 m/km, this section has “good” ride quality according to FHWA criteria. 

Figure 163 shows the first-year and second-year MPD values for the Yolo 80 section. The figure 

shows that the MPD value is 1,000 microns in the first year and 1,350 microns in the second year. The 

average MPD of open-graded mixes is around 1,100 based on the findings from the experimental design 

(QP) sections; therefore, the Yolo 80 section has higher MPD values in the second year than the average. 

The increase in the MPD values is probably due to the appearance of raveling on the pavement surface.  
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Figure 163: First-year and second-year MPD values for Yolo 80 section.  

Figure 164 shows the first-and second-year sound intensity levels for Yolo 80. The Yolo 80 

section has the highest noise levels among all the open-graded mixes tested. Compared to other open-

graded mixes, the Yolo 80 section still has high air-void content and permeability values. Therefore, the 

higher noise levels are not due to clogging. Based on the multiple regression equation [Equation (18)] for 

OBSI levels given in Section 9.1.2, the OBSI of Yolo 80 is predicted to be 102.6 dB (A); thus, the higher 

noise levels of this section cannot be explained by the proposed model.  
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Figure 164: First-year and second-year sound intensity levels for Yolo 80 section.  

 In addition to measurement of permeability, friction, roughness, and noise, a condition survey 

was conducted on the Yolo 80 section. It showed raveling, with an approximate ravel area of 60 m2, in the 

first year; and it showed raveling, with an approximate ravel area of 300 m2, and bleeding, with a bleed 

area of 300 m2, in the second year. 

 It can be concluded that Yolo 80 still provides sufficient friction and acceptable ride quality and 

has higher permeability than the gap- and dense-graded mixes. However, it has very high noise levels. 

10.6 Summary of Environmental Noise Monitoring Site Sections Analysis 

Data was collected on the test sections for two years. The following list summarizes the findings 

from the environmental noise monitoring site (ES) test sections. 

• The results of the analysis of environmental test sections confirmed the findings from the 

experimental design (QP) sections.  

• Higher absorption values may help reduce the noise levels next to highways since, compared to 

the 30-mm OGAC, the 75-mm OGAC provides additional noise reduction when the noise levels 

are measured using the pass-by method.  



 

UCPRC-RR-2007-03 270 

• Increasing thickness does not provide any additional benefits when the noise is measured at the 

source (OBSI) since 75-mm OGAC and 30-mm OGAC on the eastbound lanes have the same 

noise levels. However, increasing thickness may reduce the noise levels when the noise is 

measured next to the highway (pass-by method). The 75-mm OGAC section may have lower 

noise levels not due to its thickness but because it is less clogged on the surface.  

• The 75-mm OGAC mix has the lowest noise levels in both pass-by and OBSI measurements. 

However, there is approximately 1 dB (A) difference in the noise levels of 30-mm OGAC and 

RAC-O mixes when measured by the two methods. The noise levels vary within different 

segments of the same section; therefore, the difference between the measurements using the two 

methods may be because the OBSI measurements were conducted on only a 150-m segment of 

the section, while the pass-by method measured the noise levels of the whole section.  

• The new rubberized mixes of the Fresno 33 section do not enhance safety or reduce noise levels 

compared to the alternative mixes currently in use, RAC-G and DGAC, according to the 

measurements taken as part of this study. The Fresno 33 mixes are also more prone to bleeding. 

The BWC on Fresno 33 cannot be considered as an alternative to open-graded mixes as it has 

lower permeability and friction (macrotexture) and higher noise levels.  

• The European gap-graded mix on LA 19 performs similarly to RAC-G mixes in California in 

terms of friction, noise, and distresses. However, two years of data showed that the European 

gap-graded mix may not compact under traffic as much as RAC-G mixes do. 

• Increasing thickness may help improve cracking resistance for RUMAC-GG and Type D-MB 

mixes. When they are placed in thicker lifts (90 mm), RUMAC-GG and Type D-MB have better 

crack resistance than the other mixes. The thicker open-graded mixes have higher permeabilities 

than the thinner ones, confirming the CT scan results that thicker mixes are less prone to 

clogging. 

• The AC overlays of PCC have higher IRI values compared to the AC overlays of AC. 

• The OGAC mixes perform similarly to RAC-O mixes except for the IRI progression; the 

rubberized mixes have lower IRI values compared to the nonrubberized mixes. There is also 

some indication that the rubberized mixes may have slower progression of distresses compared to 

nonrubberized mixes under the same traffic and climatic conditions. 

• After eight years of service, the Yolo 80 section still provides acceptable friction (according to a 

criterion from an old Caltrans research report, not an official standard) and good ride quality and 

has high permeabilities compared to dense- and gap-mixes. However, although it has 

permeability and MPD values close to those of the other open-graded mixes, it has very high 

noise levels.  
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• Two years’ data was not enough to see any changes in the performance of the asphalt mixes. The 

second-year data was used mostly as a control for the first-year data. 

• Raveling was recorded in the first year but not in the second year in the condition surveys for the 

Sacramento 5 and LA 138 sections, probably due to different surveyors in the two years; raveling 

is a difficult distress to evaluate visually, and assessment is subjective. Except in a few condition 

surveys, the data collected both years has been consistent, with similar values from year to year.  
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11 EVALUATION OF PERFORMANCE MODELS AND PREDICTION 
OF LIFETIME FOR DIFFERENT ASPHALT MIX TYPES 

One of the objectives of this study is to estimate how long the open-graded mixes last in terms of 

the performance variables of permeability, friction, roughness, durability, and noise level. Open-graded 

mixes have higher permeability, higher texture, and lower noise levels than dense- and gap-graded mixes; 

however, estimation of how long they retain these properties is needed to compare the life-cycle costs of 

open-graded mixes with the costs of other mix types. Open-graded mixes lose their benefits when they 

become impermeable and then have noise levels as high as those of dense-graded mixes. These mixes fail 

when distresses, friction, and roughness reach unacceptable levels, as explained in Section 1.4.  

Chapters 5 to 9 compare the performance of different mixes using descriptive statistics and 

regression analyses. This chapter evaluates the effectiveness of proposed regression models to predict the 

performance variables and also estimates the time to failure for different mixes under different climate 

and traffic conditions using the respective models.  

This chapter answers these questions: 

• Can the proposed models be used to predict the performance variables? Can they be used to 

predict the lifetime of different mix types? 

• How long do the open-graded mixes last in terms of permeability and noise-reducing properties? 

• How long do the open-graded mixes last in terms of noise reduction? 

• How long do the asphaltic mixes last in terms of friction and roughness? 

• What is the variable that limits the lifetime of asphaltic mixes? 

11.1 Evaluation of Permeability and Clogging Models 

Open-graded and gap-graded mixes have higher air-void content and hence greater permeability 

than dense-graded mixes when first built. However, they lose their permeability over time due to 

clogging. Permeability is important for safety as well as noise reduction. When the top part of the asphalt 

layer is clogged, the air-void content remains relatively constant; however, permeability and sound 

absorption decrease. Therefore, loss of permeability not only reduces safety but also decreases noise 

reduction. Since the RAC-G mixes are not placed to improve drainage, retaining permeability is important 

only for its noise reduction effect for these mixes.  

The multiple regression model for permeability developed in Chapter 5, Equation (8), is shown 

here. Permeability is affected by age, mix type, air-void content, and fineness modulus.  
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Equation 8 

log (permeability) = –6.49 – 0.118 Age + 0.552 Mix type + 0.0804 Air-void content + 0.682 Fineness 

modulus                                                                               

R-Sq = 72.1%    

Using the model for permeability given here, the time it takes for open- and gap-graded mixes to 

reach permeabilites close to those of dense-graded mixes can be predicted. The average permeability 

content of dense-graded mixes is 0.00065 cm/sec, and this value does not change much over the lifetimes 

of these mixes. The average initial permeability of a new open-graded mix is 0.12 cm/sec, and the average 

initial permeability of a new RAC-G mix is 0.05 cm/sec. The average air-void content of new open-

graded mixes is 17.5 percent, the average air-void content of new RAC-G mixes is around 10 percent, and 

the average air-void content of new dense-graded mixes is around 6.5 percent. The fineness modulus of 

open-graded and RAC-G mixes is similar and ranges between 4.5 and 6.0.  

For a new typical RAC-G mix, with air-void content of 10 percent and fineness modulus of 5.2, 

the model predicts that the mix will take around 9 years to become as impermeable as dense-graded 

mixes. For a new typical open-graded mix, with air-void content of 17.5 percent and fineness modulus of 

5.2, the mix will takes around 19 years to become as impermeable as dense-graded mixes.  

For comparison, only two open-graded and two RAC-G mixes out of 56 sections that are less 

than nine years old have permeabilities as low as the average for dense-graded mixes. Those four mixes 

have lower initial air-void content and finer gradations than most of the other open-graded and RAC-G 

mixes. There is one RAC-G section that is nine years old and has a permeability value as low as the 

average for dense-graded mixes. Based on these evaluations and the coefficient of determination (R2) of 

the equation, it can be concluded that this equation gives good estimates of permeability values within the 

given range of variables. However, it predicts the permeability of a new dense-graded mix with zero air-

void content as 0.0006 cm/sec, although a mix would not be permeable at all if it does not contain any air 

voids. This erroneous prediction occurs because the lowest air-void content in the study data set was 4.1 

percent (Table 11). The equation should not be used for air-void content values outside the range in the 

data set.  

Open-graded mixes retain their permeabilities over a longer time compared to RAC-G mixes with 

the same air-void content because the initial permeability of open-graded mixes is higher. Therefore, 

RAC-G mixes may lose their noise-reducing properties in a shorter time than do open-graded mixes. 
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11.2 Evaluation of Microtexture Models 

The multiple regression model for microtexture developed in Chapter 6, Equation (13), is shown 

here. The BPN is affected by AADTT and cumulative number of temperatures over 25°C. BPN is mainly 

affected by aggregate properties; therefore, the BPNs of different mix types are similar to each other. 

 

Equation (13) 

 log BPN = 1.79 – 0.0398 AADTT – 0.00140 (Age × N.D. T > 25)0.5                 

R-Sq = 12.3%    

Despite the extremely low R2 value for this equation, it was used to provide an indication of the 

BPNs of the mix types included in this study. These results provide only an indication of expected results. 

The average BPN of a new section is around 60. For a section under high truck traffic (AADTT > 

1,750) and high annual temperatures (200 days in a year with temperatures above 25°C), the model 

indicates that it would take on the order of 24 years for the BPN to decrease to 45 BPN, which is the 

minimum criterion used for comparison purposes in this project, and it would take on the order of 48 

years for the same section with low truck traffic (AADTT < 1,750) to attain the same BPN. For a section 

with low annual temperatures (50 days in a year with temperatures above 25°C) and high truck traffic 

(AADTT > 1,750), the model predicts that it would take 96 years for the BPN to decrease to 45 BPN, and 

it would take 191 years for the same section with low truck traffic (AADTT < 1,750) to attain the same 

BPN.  

Table 41 shows the predicted lifetime of the mixes. The table shows that the proposed equation 

overestimates the polishing time since 4 out of 72 sections have BPN values below 45, and they are less 

than 14 years old. This overestimation occurs because the coefficient of determination (R2) is low. 

Characterization of aggregate type was outside the scope of this project and is most likely the missing 

explanatory variable. Note that predicted lifetimes beyond 9 years rely on extrapolation since no sections 

older than 9 years were evaluated in this study. 

The difference in BPN from year to year was also evaluated using single regression analysis. A 

positive difference in BPN indicates reduction in the BPN. Based on this analysis, age difference affects 

the change in BPN values, although it can be seen that there is almost no correlation; the equation was 

used to provide an indication of change in BPN. The single regression model for the difference in BPN 

values is shown as Equation (A). 
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Equation (A) 

Difference in BPN= –14.65 + 15.14 Age difference                                         

R-Sq = 8.8%    

Based on Equation (A), a reduction of 15 BPN, which is the difference between the average 

initial BPN (60) and the minimum BPN for satisfactory friction (45), is obtained in two years. Table 41 

shows the predicted lifetime of the mixes using Equation (A). This equation overestimates the reduction 

in BPN. Since the age difference used in Equation (A) ranges between 0 and 1.5 years, it cannot predict 

changes in the BPN values in the long term.  

The single-variable analysis also indicated that increasing rainfall reduces the BPN values, as 

shown earlier in Table 21. The single regression model for the effect of rainfall on the difference in BPN 

values is shown here as Equation (B). 

 

Equation (B) 

Difference in BPN = –4.50 + 0.007 Amount of rainfall                                

R-Sq = 15.4%    

Based on Equation (B), a reduction of 15 BPN, which is the difference between the average initial 

BPN (60) and the minimum BPN that provides acceptable friction (45), can be seen in four years. Table 

41 shows the predicted lifetime of the mixes using Equation (B). This equation also seems to overestimate 

the reduction in BPN values since there are no sections that are less than four years old with BPN values 

less than 45. Therefore, it cannot be used to predict the change in BPN values in the long term. 
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Table 41: Predicted Lifetime of Different Mix Types for BPN Values 

   Equation Initial BPN 
Failure for BPN 

(unsatisfactory) 
AADTT 

N.D. T > 

25°C 

Average 

Annual 

Rainfall 

(mm) 

Predicted 

Lifetime 

(years) 

13 60 45 >1,750 200 - 24 

13 60 45 >1,750 50 - 96 

13 60 45 <1750 200 - 48 

13 60 45 <1,750 50 - 191 

A 60 45 - - - 2 

B 60 45 - - 800 4 
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The multiple regression model, Equation (13), indicated that BPN decreases with increasing 

number of high temperatures experienced by the section, and the single regression model, Equation (B), 

indicated that increasing rainfall reduces the BPN. There is a negative correlation between the amount of 

rainfall and the number of high temperatures; therefore, the sections with high rainfall usually have low 

temperatures. Since rainfall and temperature have opposite effects on friction, their effects may cancel out 

each other in the long term. Also, the rainfall effect may be only a short-term effect since the time 

difference between two measurements is less than 1.5 years. Based on the findings, more polish-resistant 

aggregates would be preferred for sections with high truck traffic, high temperatures, and high rainfall; 

however, friction was not found to be a problem for the California mixes evaluated.  

11.3 Evaluation of Roughness Models 

Two roughness (IRI) models were developed in Chapter 7. Equation (15) explains the IRI values 

using rubber inclusion and climatic variables. It is known that the IRI values are highly affected by the as-

built IRI. Therefore, inclusion of as-built IRI values would help clarify the unexplained variance in the 

IRI at a given age. However, the as-built IRI values of the test sections are unknown.  

Based on Equation (15), for a rubberized section with moderate temperatures (60 days in a year 

with temperatures above 30°C) and high rainfall (average annual rainfall of 800 mm), it would take 11 

years to attain IRI values of 2.65 m/km (170 in/mi), which is the maximum acceptable value according to 

the FHWA, and the same section with low rainfall (average annual rainfall of 200 mm) would attain the 

same value in 45 years. For a nonrubberized section, a section with moderate temperatures (60 days in a 

year with temperatures above 30°C) and high rainfall (average annual rainfall of 800 mm) would take 9 

years to attain IRI values of 2.65 m/km, which is the maximum acceptable value according to the FHWA, 

and the same section with low rainfall (average annual rainfall of 200 mm) would attain the same value in 

35 years. It can be seen that rainfall has a big effect on the change in IRI values. Note that no sections 

have a combination of very high temperatures (with temperatures above 30°C) and high rainfall. 

Therefore, only moderate temperatures were evaluated. Since cumulative rainfall was used in the model, 

there was no correlation between rainfall and temperature variables.  
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Equation (15) 

1/ IRI  = 0.815 + 0.0700 Rubber inclusion – 0.000038 Age × Average annual rainfall + 0.00115 

Number of temperatures > 30°C                                                      

R-Sq = 46.0% 

Among all the sections evaluated in this study, seven sections do not satisfy the “acceptable ride” 

criterion. Two of them are rubberized mixes, and three of them are open-graded mixes. One of the seven 

sections is less than a year old, which means that the higher IRI value is associated with the as-built IRI 

rather than climate. The other sections are older than six years and usually have high rainfall. Therefore, it 

can be concluded that Equation (15) may give reasonable estimates of the lifetime of the pavement in 

terms of roughness. Note that predicted lifetimes beyond nine years rely on extrapolation since no 

sections older than nine years were evaluated in this study. 

The second roughness model, Equation (16), explained in Chapter 7, is shown here. It explains 

the IRI values using age and surface distresses. Based on this equation, for a section with no surface 

distresses (Presence of rutting = 0 and Presence of raveling = 0), it would take 21 years to attain IRI 

values meeting the “acceptable ride” criterion, and for a section with both rutting and raveling (Presence 

of rutting = 1 and Presence of raveling = 1), it would take 4 years to attain the same IRI values. Only two 

sections show both raveling and rutting; however, both of them are older than 5 years; therefore, the 

equation may underestimate the time it takes to attain “unacceptable” ride. The equation does not separate 

out the effects of severity and extent of rutting and raveling as the distress variables were used as 

categorical variables (0 or 1). Therefore, if the sections used in the modeling of the IRI included more 

sections with high-distress extents, the equation would likely predict a lower lifetime for a section with 

less distresses. 

  

Equation (16) 

IRI = 1.14 + 0.072 Age + 0.662 Presence of rutting + 0.540 Presence of raveling 

R-Sq = 39.7%    

The seven sections that do not satisfy the “acceptable ride” criterion have either rutting or 

raveling present on the surfaces. In addition to the variables age, rainfall, rubber inclusion, and 

temperature from the earlier model, the presence of distresses is likely contributing to the IRI and 

reducing the lifetime of the pavements. However, due to the small sample size, climate and distress 

variables could not be used in the same equation.  
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11.4 Evaluation of On-Board Sound Intensity Model 

Two sound intensity (OBSI) models were developed in Chapter 9. The multiple regression model, 

Equation (18), is shown here. Permeability, MPD, mix type, and presence of raveling were used as 

explanatory variables in the model as shown here. Permeability is preferred over the air-void content 

variable in the model, since it takes into account the unclogged air voids at the top part of the surface 

layer and the connectivity of the air voids, which help reduce noise levels.  

 

Equation (18) 

OBSI = 98.2– 0.386 × log (permeability) + 0.00329 × MPD + 1.70 × Presence of raveling – 1.16 × Mix 

type                 

R-Sq = 73.1% 

The permeability and MPD values at a given age were estimated using Equation (8) and Equation 

(14), respectively. Equation (18) was used to estimate the time it takes for open-graded and RAC-G mixes 

to attain noise levels as high as those of dense-graded mixes. In estimating the lifetimes, it was assumed 

that the air-void content of all mixes and the permeability of the DGAC mixes stay constant over time, 

and that all mixes have an NMAS of 12.5 mm. The effect of raveling was not evaluated in the comparison 

of OBSI levels of different mix types since the failure time in terms of raveling was not identified in this 

study. 

Based on Equation (18), for an open-graded mix with an air-void content of 15 percent and 

fineness modulus of 5.2 and with high rainfall (average annual rainfall of 800 mm), it takes seven years to 

attain noise levels as high as those of dense-graded mixes, and for the same mix under low rainfall 

(average annual rainfall of 200 mm), it takes eight years to attain the same noise levels as those of dense-

graded mixes. For a RAC-G mix with air-void content of 10 percent and a fineness modulus of 5.0, the 

model predicts that it takes less than one year for these mixes to lose their noise reduction effects and to 

attain noise levels as high as those of dense-graded mixes.  

Based on Equation (18), open-graded mixes may provide noise reduction for up to eight years. 

The average noise level of dense-graded mixes that are four to eight years old is approximately 104 dB 

(A). Thirty percent of the open-graded mixes have noise levels higher than the average noise levels for 

dense-graded mixes, 104 dB (A). Therefore, it can be concluded that Equation (18) may provide close 

estimates of the time it takes for open-graded mixes to lose their noise-reducing properties. However, 

RAC-G mixes have lower noise levels than DGAC mixes when they are new and lose their noise-

reducing properties after four to five years. Therefore, Equation (18) overestimates the noise levels of 
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RAC-G mixes. This overestimation occurs because the permeability model, Equation (8), underestimates 

the permeability values of new RAC-G mixes.  

11.5 Prediction of Lifetime for Different Asphalt Mix Types 

The performance models were evaluated for their effectiveness in estimating the performance 

variables and were used to estimate the lifetime of the different mix with respect to the performance 

criteria: permeability, roughness (IRI), friction (BPN), and noise (OBSI).   

It can be concluded that the permeability model can give reasonable estimates of the lifetime of 

open-graded mixes. The permeability model was not used to calculate the lifetime of gap-graded and 

dense-graded mixes because they are intended to be impermeable. The models for BPN and the one-year 

change in BPN do not provide good estimates of the lifetimes of the mixes in terms of BPN. This inability 

to provide good estimates is due to the missing variable, aggregate type, which is expected to affect the 

BPN values. The IRI model can give moderately reasonable estimates of the lifetime before the section no 

longer provides “acceptable” ride quality, here based on the FHWA criterion of 2.65 m/km (170 in/mi). 

The minimum lifetime predicted by the IRI model is nine years. However, some sections that are less than 

nine years old do not provide “acceptable” ride quality; therefore, the mixes may last less than the time 

estimated by the model. The reason for the difference between the actual and predicted IRI values is that 

the IRI of the overlay later in its life is highly affected by the as-built IRI, which was not included in the 

analysis. The OBSI model can give reasonable estimates of the lifetime of the open-graded mixes; 

however, it underestimates the lifetime of the RAC-G mixes because the permeability model, 

Equation (8), underestimates the permeability values of new RAC-G mixes.  

The best estimate of the time to failure of asphalt mixes in terms of permeability, friction (BPN), 

roughness, and noise reduction is given in Table 42. Since the regions with higher rainfall are associated 

with low temperatures, high rainfall and low temperatures are shown in the same cell. High rainfall is 

given as 800 mm and low rainfall is given as 200 mm in the models. Therefore, the actual lifetimes would 

be shorter than the predicted values for mixes that receive annual rainfall greater than 800 mm. Dense-

graded mix performance was evaluated only for friction (BPN) and roughness (IRI); therefore, the DGAC 

(nonrubberized and non-open-graded mix) cells do not show any values for permeability, macrotexture, 

and OBSI. Permeability was not evaluated for RAC-G mixes since they are intended to be impermeable, 

although permeability is predicted for RAC-G mixes for use in the OBSI equation. The equations used to 

predict the failure time were given along with the performance variables in earlier chapters of this report. 

Predicted lives greater than 9 years but less than 19 years are shown as >9 in Table 42. Predicted 

lives greater than 19 years, where the extrapolation indicates very long lives, are shown as >>9. This 
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approach was used because nearly all the sections in the data set used for the regressions are 9 years old 

or less. 

It can be seen that OBSI controls the lifetime of the open- and gap-graded mixes. For open-

graded mixes that are under high rainfall, the predicted lifetime is around seven years, and for those that 

are under low rainfall, the predicted lifetime is around eight years. Since open-graded mixes lose their 

noise-reducing properties before they lose their frictional properties and ride quality, the rubber inclusion 

does not provide any benefit according to the models. If the open-graded mixes are placed in low-rainfall 

and low-trafficked areas, the increase in MPD values would be less and the distress progression would be 

slower; however, under low rainfall, clogging may be greater, and the mixes would lose their permeability 

faster.  

For RAC-G mixes, the predicted lifetime based on the OBSI model is less than one year. 

However, the descriptive statistics in Chapter 9 showed that it usually takes more than four years for 

RAC-G mixes to lose their noise-reducing properties. Therefore, the OBSI model underestimates the 

failure time for RAC-G mixes. The RAC-G mixes have MPD values close to those of DGAC mixes; 

therefore, they have the same noise levels as dense-graded mixes when their permeability is reduced to a 

level similar to those of DGAC mixes. It can be concluded that the estimated lifetime of the RAC-G 

mixes is less than one year if they are intended as a noise-reducing layer based on the OBSI model, and 

about four years when based on the descriptive statistics for the number of years before their noise levels 

are similar to those of DGAC mixes.  

Roughness is the performance variable that controls the lifetime of dense-graded mixes that are 

under high rainfall. The predicted failure time for dense-graded mixes is nine years when they are under 

high rainfall. When they are under low rainfall, the failure time is 24 years for mixes that are under high 

truck traffic and 35 years for those that are under low truck traffic. It can be concluded that climate 

greatly affects the performance of all types of asphalt mixes. Note that all the sections in this study are 

less than nine years old, and therefore predicted lifetimes beyond nine years are extrapolated.  
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Table 42: Predicted Lifetime of Different Asphalt Mix Types with Respect to Performance Variables 

High Traffic Low Traffic 
High Rainfall/Low 

Temperature 
Low Rainfall/High 

Temperature 
High Rainfall/Low 

Temperature 
Low Rainfall/High 

Temperature 

Rubberized Non-
rubberized Rubberized Non-

rubberized Rubberized Non-
rubberized Rubberized Non-
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Permeability 
(Eq. 8) >9  – >9 – >9 – >9 – >9 – >9 – >9 – >9 – 

BPN  
(Eq. 13) >>9 >>9 >>9 >>9 >>9 >>9 >9 >>9 >>9 >>9 >>9 >>9 >>9 >>9 >9 >>9 

IRI 
 (Eq.15) >9 >9  9 9 >>9 >>9 >>9 >>9 >9 >9 9 9 >>9 >>9 >>9 >>9 

OBSI  
(Eq. 18) 7 4* 7 – 8 4* 8 – 7 4* 7 – 8 4* 8 – 

Minimum 
Lifetime 

 
7 4* 7 9 8 4* 8 >>9 7 4* 7 9 8 4* 8 >>9 

* Predicted by descriptive statistics assuming that RAC-G is intended as a noise-reducing overlay; OBSI model underpredicts noise performance and indicates 
less than one year of noise-reducing performance. See discussion in text. 
Note: >9 indicates extrapolated life of 10 to 19 years; >>9 indicates extrapolated life greater than 19 years. 
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12 CONCLUSIONS, RECOMMENDATIONS, AND 
RECOMMENDATIONS FOR FURTHER WORK 

12.1 Conclusions 

In this report, the performance of open-graded mixes as well as of other asphaltic mixes used in 

California was evaluated in terms of safety, noise, and durability. Data was collected on the OGAC, 

RAC-O, RAC-G, and DGAC mixes as well as on some new mixes such as bonded wearing course 

(BWC), gap-graded asphalt rubber (RUMAC-GG), gap-graded rubber modified asphalt (Type G-MB), 

and dense-graded rubber modified asphalt (Type D-MB). The objectives of this study were to: 

• Evaluate the durability and effectiveness of open-graded mixes in increasing safety and reducing 

noise compared to other asphalt surfaces  

• Determine the pavement characteristics that affect tire/pavement noise  

• Correlate sound absorption with tire/pavement noise 

• Evaluate the performance of new mixes compared to the asphaltic mixes currently used in 

California 

12.1.1 Performance of Open-Graded Mixes 

The results showed that current open-graded mixes reduced tire/pavement noise compared to the 

dense-graded mixes included in the study by almost 2 dB (A) on average for all sections over the eight-

year range of ages, which according to the literature is near the limit of what the human ear can discern. 

Twenty-five percent of the open-graded mixes provided noise reduction above 3 dB (A) compared to the 

average noise level of a DGAC mix, which is 104 dB (A) for the sections tested. Over the entire set of 

sections including all ages, the open-graded mix noise levels were between 1 dB (A) greater and 4 dB (A) 

less than the average DGAC noise level. The noise levels of the DGAC mixes in the study were similar 

across all ages of pavement.  

Noise reductions between 2 dB (A) and 6 dB (A) were reported in the literature for open-graded 

mixes (112, 113). The results presented in this report are from comparisons between different surfaces of 

similar ages. Greater noise reductions would be expected when new open-graded surfaces are placed on 

existing DGAC surfaces that have widespread and severe distresses than when comparing the noise levels 

of open-graded mixes with those of DGAC surfaces of similar ages as was done in this study. 

Also note that noise levels above 1,000 Hz are generally considered more annoying, and that 

increasing air-void content and increasing macrotexture reduce the noise levels at higher frequencies. 

Since open-graded mixes have higher air-void content and macrotexture, they may reduce the noise levels 

at higher frequencies and so may be perceived by the human ear as quieter and the noise as less annoying 
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than dense-graded mixes, even though the overall A-weighted noise levels are not significantly different 

from each other. 

Open-graded mixes have higher permeability and friction than dense-graded and RAC-G mixes; 

therefore, they can reduce hydroplaning and spray and splash and hence improve safety. Based on the 

results of the conditions surveys for pavements less than nine years old included in this study, they also 

may be less prone to transverse cracking. However, although it could not be revealed statistically in this 

study, it is expected that open-graded mixes would be more prone to raveling since their high 

permeability would be expected to increase the oxidation rate of the binder, in comparison to the less 

permeable DGAC and RAC-G mixes.  

Open-graded mixes lose their noise-reducing properties with time mainly due to clogging and also 

due to the presence of distresses on the pavement surface. The work in this study predicts their noise 

levels to reach those of dense-graded mixes within seven years. Clogging occurs at the top part of the 

surface layer and reduces its permeability. There is also some indication that thicker mixes, above 50 mm, 

may be less clogged and hence have higher permeabilities than thinner mixes. The longevity of benefits 

provided by open-graded mixes varies with mix properties, rainfall, and presence of raveling. 

From this small sample of pavements in California, there does not appear to be a major difference in 

performance between RAC-O and OGAC mixes with respect to noise and permeability benefits across the 

age ranges. However, the rate of increase in IRI is slower for rubberized mixes. Although the data was not 

statistically significant in this study, rubberized mixes tended to have better cracking performance, which 

would be expected to slow the rate of noise in later years.  

12.1.2 Performance of RAC-G Mixes 

It appears from the data that RAC-G mixes provide some noise benefit compared to DGAC mixes. 

Most of the noise benefits from RAC-G appear to come from the fact that they have higher air-void 

content than DGAC mixes when they are built (compaction of RAC-G is by method specification, where 

the compaction method is specified and the relative density is not specified, rather than by an end-result 

specification where the relative density is specified and the contractor chooses the compaction method.). 

However, they lose their permeability faster than the open-graded mixes, and hence their noise-reducing 

properties. Based on the descriptive statistics, the noise levels from RAC-G mixes appear to approach 

those of DGAC within four years. The sound intensity model overpredicts the noise levels of RAC-G 

mixes; therefore, this model cannot be used to estimate the lifetime of RAC-G mixes in terms of noise 

reduction.  
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12.1.3 Variables Affecting Tire/Pavement Noise 

The study showed that tire/pavement noise is greatly influenced by pavement surface characteristics 

such as gradation, macrotexture, age, and presence of distresses. Coarser gradation and increasing air-

void content reduce the overall noise levels, and the presence of distresses and increasing macrotexture 

and age increase the overall noise levels, confirming the previous findings of other researchers. However, 

this study found that the overall A-weighted noise levels are insensitive to changes in air-void content for 

open-graded mixes with air-void content above 15 percent. This insensitivity occurs because air-void 

content above 15 percent is usually associated with higher macrotexture (MPD) values, and for large 

texture depths, increasing air-void content does not reduce the overall noise levels, and its effects are 

surpassed by those of increased tire vibrations.  

Since California mixes are placed in thin layers (around 30 mm), thickness was not found to affect the 

noise levels of the sections studied. However, there is some indication that increasing thickness may 

lower the noise levels for thicknesses above 50 mm (2 inches).  

The pavement temperature was not found to significantly affect the noise levels. 

The use of rubber asphalt binders was also not found to significantly affect the noise levels, although 

the noise levels of RAC-O mixes were somewhat less than those of OGAC mixes. 

The low frequencies of tire/pavement noise were found to be governed by tire vibrations due to high 

macrotexture, and the higher frequencies were found to be governed by air-pumping mechanisms that can 

be reduced by the presence of air voids on the pavement surface, confirming the findings of previous 

researchers on the noise-generation mechanisms. However, increasing air-void content was found to 

increase the noise levels at a given macrotexture at lower frequencies, probably due to increased tire 

vibrations.  

At frequencies around 800 to 1,000 Hz, where the tire/pavement noise is highest, the air-pumping 

cannot be reduced by increasing air-void content above 15 percent, and tire vibrations govern the noise 

generation for mixes with high air-void content and high macrotexture values. This trend can also be seen 

in the overall noise levels.  

At frequencies above 1,000 Hz, higher air-void content and higher macrotexture values reduce the 

air-pumping noise. Therefore, open-graded mixes have significantly lower noise levels at frequencies 

above 1,000 Hz. 

12.1.4 Correlation of Absorption Values with Noise Levels 

The noise levels of dense- and gap-graded mixes decrease with increasing absorption. However, no 

correlation was found between the overall A-weighted sound intensity and absorption for open-graded 

mixes. Correlations between sound intensity (noise) measured in the field and laboratory absorption 
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values depended on frequency. Noise levels around 500 Hz are governed by tire vibrations; therefore, 

absorption has no effect on the noise levels for any mix type. At frequencies above 630 Hz, absorption 

reduces the noise levels caused by air pumping for dense- and gap-graded mixes, and there are clear 

trends relating noise to absorption. 

Tire vibrations may cause significant noise levels for open-graded mixes with high macrotexture 

values at lower frequencies (less than 1,000 Hz), and there is no trend between noise and absorption. The 

noise-reducing effect of absorption can be seen at 1,000 Hz for open-graded mixes, if macrotexture is also 

considered. The noise-reducing effects of absorption can be clearly seen at frequencies above 1,000 Hz 

for open-graded mixes. Air-pumping noise governs noise generation at frequencies above 1,000 Hz, 

confirming the earlier findings, as increasing absorption reduces the noise levels regardless of the 

macrotexture values. This trend is stronger for higher frequencies, which are considered more annoying to 

humans. 

12.1.5 Performance of New Mixes 

The bituminous wearing course (BWC) mix placed on the LA 138 sections has lower permeability 

and friction, higher noise levels, and almost the same distress development as current Caltrans open-

graded mixes in the LA 138 section study.  

Based on the Fresno 33 (Firebaugh) sections, the RUMAC-GG and Type G-MB mixes did not 

perform as well the RAC-G mix when placed in thin lifts (45 mm); the RUMAC-GG and Type G-MB 

mixes have higher noise levels and are more susceptible to bleeding. However, RUMAC-GG was more 

crack resistant when placed in thick layers (90 mm). Type D-MB, which may be a candidate as an  

alternative to dense-graded mixes after further investigation, has performance characteristics very similar 

to those of DGAC mixes, and it may provide better crack resistance; however, it was more susceptible to 

bleeding.  

The European gap-graded (EU-GG) mix placed on LA 19 has performance characteristics very 

similar to those of gap-graded mixes (RAC-G) used in California. 

F-mixes have been used only in a wet environment on the north coast. Indications are that they do not 

perform as well as OGAC and RAC-O with regard to noise, probably because of their large NMAS values 

and raveling. 

12.1.6 Other Conclusions 

Note that the conclusions presented here are valid within the range of the air-void content, thickness, 

age, and gradation properties of the mixes used in this study and under California climate and traffic 

conditions. The OBSI measurements were conducted using an Aquatread 3 tire and a passenger car. The 
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conclusions may differ for trucks and vehicles with different tires as noise-generation mechanisms are 

highly dependent on the vehicle and tire type. Also note that the OBSI method is a near-source 

measurement; therefore, it captures only the tire/pavement noise. Since the noise levels next to highways 

are also affected by noise propagation and noise absorption under propagation, the greater absorption 

values measured as part of this project may indicate that the open-graded mixes provide higher levels of 

noise reduction at the side of the highway than these results may show.  

The comparison of pass-by measurements made by Volpe (unverified by UCPRC with regard to wind 

speeds and other factors) with OBSI measurements indicated that absorption may provide additional noise 

reduction next to highways since 75-mm OGAC shows higher noise reduction than dense-graded mixes 

when measured using the pass-by method. However, the pass-by measurements found no additional noise 

reduction for the 30-mm OGAC and RAC-O sections.  

The effects of NMAS and thickness could not be fully evaluated as these variables have different 

specifications for different mix types. Open-graded mixes have NMAS values of 9.5 and 12.5 mm, and 

dense- and gap-graded mixes have NMAS values of 12.5 and 19 mm. F-mixes are the only open-graded 

mixes with an NMAS value of 19 mm. Open-graded mixes are placed in thin layers, while RAC-G and 

DGAC mixes are usually placed in a thicker lift. RAC-G mixes are usually placed at half the thickness of 

DGAC mixes as the rubber content allows for reduced thickness, providing structural and reflection crack 

retardation equivalency. Therefore, NMAS and thickness effects were identified only within each mix 

type. Also, rubberized mixes are usually overlays of pavements with more extensive cracking than the 

pavements on which DGAC mixes are placed. Therefore, the effects of rubber on crack retardation could 

not be fully evaluated. 

The effects of stiffness on noise levels were evaluated by comparing the noise levels of rubberized 

and nonrubberized mixes as well as by comparing shear modulus values with overall tire/pavement noise 

levels. The study’s preliminary conclusion is that stiffness does not play a major role in determining 

overall tire/pavement noise levels for mixes of the types included in this study. The effects of stiffness on 

different frequencies and sound absorption were not evaluated. 

12.2 Recommendations 

Based on the findings, none of the other asphalt mix types evaluated in this study can provide an 

alternative to current Caltrans open-graded mixes in terms of noise reduction and safety. However, 

durability of open-graded mixes compared to other mix types depends on the climatic conditions and 

traffic.  

The results indicate that the current recommendation for the best approach to noise reduction is to use 

thin layers of open-graded mixes with nominal maximum aggregate sizes of 12.5 or 9.5 mm. The smaller 
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aggregate sizes will somewhat reduce air-void content and permeability; however, open-graded mixes 

with smaller aggregate sizes will likely have greater durability because of their lower air-void content and 

will likely cost less than open-graded mixes with larger aggregate sizes because they can be constructed 

as thinner lifts. The results indicated that the desired air-void content for open-graded mixes for noise 

reduction could be limited to a maximum of 15 percent since higher air-void content does not provide any 

additional noise reduction and reduces durability. Mixes with lower air-void content would also be more 

resistant to clogging.  

There do not appear to be noise-reduction benefits from increasing the thickness of open-graded 

mixes for thicknesses less than 50 mm. However, the results gave some indication that thicknesses greater 

than 50 mm (2 inches) reduce noise. Placing open-graded mixes in thicker lifts would also help reduce the 

IRI value and increase cracking resistance for overlays of PCC. The results also gave some indication that 

thicker lifts may be less susceptible to clogging.  

Open-graded mixes have longer lives in terms of noise and permeability with low levels of truck 

traffic and rainfall. High truck traffic increases clogging, and mixes under low rainfall are also more 

susceptible to clogging, although they are less likely to show raveling and polishing. When placing open-

graded mixes, the air-void content and thickness will need to be balanced with the permeability 

requirements needed to reduce hydroplaning for a given site.  

Overall preliminary recommendations for open-graded mix design based on the results of this study 

are shown in Table 43. These recommendations are also the basis for recommendations for further work 

to improve the performance of open-graded mixes, discussed in the next section of this report 

(Section 12.3). 
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Table 43: Preliminary Recommendation for Open-Graded Mix and Thickness Design to 

Achieve Performance Goals 

 Performance Criteria  
(relevant section of report) 

Mix and 
Thickness 
Design 
Variables  

Noise  
(Sections 9.1.4 
and 9.2.3) 

Permeability 
(Section 5.4) 

Durability** 
(Section 
8.6)*** 

Ride Quality 
(Section 7.3) 

Friction 
(Section 6.7) 

Air-Void 
Content 

15 percent or 
less 

Maximize* Minimize  Maximize 

Nominal Max 
Aggregate 
Size 

Minimize 12.5 mm 
instead of 9.5 

mm 

  Maximize 

Gradation Greater 
fineness 
modulus 
(coarser 

gradation) 

Greater 
fineness 
modulus 
(coarser 

gradation) 

  Greater 
fineness 
modulus 
(coarser 

gradation) 
Binder Type   Rubberized Rubberized  
Overlay 
Thickness 

Greater than 50 
mm may help 

    

* Permeability recommendations should be based on expected rainfall events for a particular project 
location. Development of these criteria are outside the scope of this project. 
** Durability is defined as resistance to distress development. 
*** Few sections had significant distresses, and results were not statistically significant. 
Recommendations regarding durability are based on judgment as well as the results of this study. 

12.3 Recommendations for Further Work 

In this study, pavement characteristics and noise were observed for two years. However, two years is a 

short time to observe any trends. Therefore, permeability, friction, IRI, and sound intensity measurements 

and condition surveys should be conducted on the given sections for at least two or three years to develop 

better time histories and to see more sections reach failure. As of this writing  funding has been 

committed by Caltrans for two more years of measurement on the asphalt mix sections and updating of 

the models and performance predictions based on the four years of results. A similar study, funded for 

two years, will be performed on concrete surfaces. 

Open-graded mixes have lower noise levels than dense- and gap-graded mixes at higher 

frequency levels, which may be a benefit that A-weighted measurements do not capture well in terms of 

annoyance rather than audibility. Since the human ear is most sensitive at frequencies between 1,000 and 

4,000 Hz, the open-graded mixes may be perceived as quieter than dense-graded mixes with the same 

overall noise levels. The noise levels should be correlated with the human perception of annoyance to 

better evaluate noise-mitigation strategies. 



 

UCPRC-RR-2007-03 292 

Since the reason for placing open-graded mixes is to reduce the noise levels next to highways, the 

way-side measurements should be better correlated with OBSI levels than was possible in this study to 

understand the actual noise reduction provided by open-graded mixes.  

At 500 Hz, increasing air-void content was found to increase noise levels along with 

macrotexture; however, the noise-generation mechanism is unknown. The further effects of air-void 

content on noise levels at lower frequencies should be evaluated. In addition, a new parameter that 

correlates better with the sound intensity levels should be developed. This parameter can be a 

combination of MPD, RMS, and air-void content as well as a new measure of macrotexture. 

The results gave some indication that open-graded mixes with finer gradations (lower fineness 

modulus) may provide lower noise levels, particularly at higher frequencies of noise. In this study, only a 

few open-graded mixes had fine gradations. The effects of fineness modulus on the noise levels should be 

further evaluated, particularly for mixes with the same NMAS. 

This study could not fully evaluate the effects of NMAS and thickness on pavement performance. 

Therefore, a laboratory study should be performed to consider the durability, sound absorption (correlated 

with high-frequency noise), and permeability for a full factorial experiment considering these variables. 

Some optimization of the mixes based on initial results should also be performed. Since the presence of 

polymer-modified binders could not be identified for the OGAC sections in this study because of a lack of 

reliable as-built records for many sections, polymer and conventional binders, as well as rubberized 

binders used by Caltrans, should also be included in the factorial. Macrotexture should also be measured, 

since the results indicate that absorption and macrotexture provide an indication of noise at 1,000 Hz. 

The results of the laboratory study will provide a basis for designing a factorial for field-test 

sections to verify the laboratory results regarding the effects of thickness, NMAS, fineness modulus, and 

binder type on clogging, cracking, and noise levels. Permeability and noise measurements as well as 

condition surveys should be conducted on these test sections. The air-void content should also be 

measured using CT scans with a higher resolution than used in this study. A resolution around 15 microns 

(based on the results of this study) would be enough to see fine particles clogging the mix. The effects of 

pavement temperature on noise levels were evaluated measuring nine sections at three temperatures. No 

correlation was found between pavement temperatures and noise levels. A larger data set, with open-, 

gap-, and dense-graded mixes, should be obtained, and measurements should be conducted using a wider 

range of pavement temperatures. It would be useful to analyze the effects of pavement temperature on 

noise levels separately for each mix type. 
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APPENDIX A: CORRECTION OF OBSI VALUES FOR SPEED (FROM 35 
MPH TO 60 MPH) 
Speed corrections were applied at each frequency: 

 

500 Hz: OBSI60 = 1.99 * OBSI35 – 78.4 

630 Hz: OBSI60 = 1.12 * OBSI35 – 2.68 

800 Hz: OBSI60 = 0.889 * OBSI35 + 18.5 

1,000 Hz: OBSI60 = 1.06 * OBSI35 + 2.89 

1,250 Hz: OBSI60 = 1.14 * OBSI35 – 3.96 

1,600 Hz: OBSI60 = 0.932 * OBSI35 + 14.2  

2,000 Hz: OBSI60 = 0.959 * OBSI35 + 11.9 

2,500 Hz: OBSI60 = 1.03 * OBSI35 + 6.18  

3,150 Hz: OBSI60 = 1.04 * OBSI35 + 5.51 

4,000 Hz: OBSI60 = 1.03 * OBSI35 + 6.76  

5,000 Hz:  OBSI60 = 0.945 * OBSI35 + 12.3  

 

OBSI35 = OBSI measurement at 35 mph 

OBSI60 = Equivalent OBSI values at 60 mph 
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APPENDIX B: AIR-DENSITY CORRECTION 
Air-density corrections were applied at each frequency level. Following are the equations for air-density 

corrections: 

 

Mskg = 3.884266 × 10 ^ ((7.5 × Tc)/(237.7 + Tc))  

Mkg = Mskg × Humidity%/100 

Tvc = ((1 + 1.609 × Mkg)/(1 + Mkg)) × Tc    

Baro = Bmb × exp(–Am/7000) 

AirDensity = (Baro × 100)/((Tvc + 273) × 287))      

OBSICorrection = 10 × (Log10(ReferenceAirDensity) – Log10(AirDensity))   

where 

Mskg = factor to use in humidity correction,  

Tc = temperature (°C), 

Mkg = adjustment for humidity, 

Baro = adjustment of pressure for altitude, 

Bmb = calculation of pressure in mbars, 

Am = calculation of altitude in meters, 

Tvc = application of correction to temperature using the humidity adjustment, and 

ReferenceAirDensity = 1.21. 
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APPENDIX C: REGRESSION ANALYSIS FOR EACH FREQUENCY 
LEVEL 
Table C1 through Table C11 show the regression analysis for each frequency level. 

 

Table C1: Regression Analysis for 500 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.21 0.11 90.45 0.00 4.0 
1 Age 

without QP-16 0.21 0.16 90.46 0.00 3.1 

2 Air-Void Content 0.30 0.00 87.47 0.00 27.5 

3 Surface Type 2.54 0.00 89.77 0.00 18.8 

4 Fineness Modulus 3.08 0.00 75.84 0.00 23.2 

5 NMAS –0.05 0.66 91.98 0.00 0.3 

6 Cu  0.0019 0.00 0.102 0.00 17.9 

7 Well-Gradedness –0.99 0.18 91.67 0.00 2.9 

8 Rubber Inclusion 0.59 0.42 90.92 0.00 1.0 

9 IRI 1.55 0.00 88.96 0.00 11.0 

10 log (MPD)* –0.0083 0.00 0.129 0.00 50.3 

11 log (RMS)* –0.0078 0.00 0.126 0.00 40.6 

12 BPN –0.018 0.72 92.39 0.00 0.2 

13 Pavement Temperature 0.005 0.82 90.74 0.00 0.1 

14 
log (Surface 

Thickness)* 
–4.04 0.01 97.64 0.00 8.7 

15 
Presence of Fatigue 

Cracking 
1.00 0.39 91.44 0.00 1.3 

16 Presence of Raveling 1.28 0.20 91.19 0.00 2.8 

17 
Number of Transverse 

Cracks 
0.025 0.61 91.40 0.00 0.5 

18 
Presence of Transverse 

Cracks 
–0.42 0.64 91.60 0.00 0.4 

*Dependent variable is (1/OBSI500)0.5. 
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Table C2: Regression Analysis for 630 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.24 0.03 91.75 0.00 6.9 
1 Age 

without QP-16 0.22 0.08 91.79 0.00 4.8 

2 Air-Void Content 0.215 0.00 89.92 0.00 19.8 

3 Surface Type 1.47 0.01 91.76 0.00 9.0 

4 Fineness Modulus 1.53 0.02 84.93 0.00 8.2 

5 NMAS –0.080 0.44 93.70 0.00 1.0 

6 Cu –0.053 0.01 93.73 0.00 9.7 

7 Well-Gradedness –0.33 0.59 92.77 0.00 0.5 

8 Rubber Inclusion –0.369 0.55 92.82 0.00 0.6 

9 IRI 1.39 0.00 90.57 0.00 12.6 

10 MPD 0.0049 0.00 87.88 0.00 38.9 

11 RMS 0.0068 0.00 88.16 0.00 28.9 

12 BPN –0.014 0.73 93.54 0.00 0.2 

13 Pavement Temperature 0.013 0.53 91.95 0.00 0.7 

14 
log (Surface 

Thickness)* 
0.0020 0.01 0.100 0.00 9.8 

15 
Presence of Fatigue 

Cracking 
1.06 0.28 92.75 0.00 2.1 

16 Presence of Raveling 1.35 0.11 92.52 0.00 4.4 

17 
Number of Transverse 

Cracks 
0.04 0.34 92.66 0.00 1.6 

18 
Presence of Transverse 

Cracks 
0.078 0.91 92.80 0.00 0.0 

*Dependent variable is (1/OBSI630)0.5. 
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Table C3: Regression Analysis for 800 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.153 0.05 97.51 0.00 5.7 
1 Age 

without QP-16 0.138 0.13 97.56 0.00 3.6 

2 Air-Void Content –0.11 0.00 99.48 0.00 11.2 

3 Surface Type –1.68 0.00 99.04 0.00 24.1 

4 Fineness Modulus –1.40 0.00 105.12 0.00 14.3 

5 NMAS 0.083 0.24 96.97 0.00 2.2 

6 Cu 0.042 0.00 97.20 0.00 13.3 

7 Well-Gradedness 0.30 0.49 97.96 0.00 0.8 

8 Rubber Inclusion –0.88 0.03 98.55 0.00 6.7 

9 IRI 0.90 0.00 96.74 0.00 10.8 

10 MPD –0.00022 0.75 98.28 0.00 0.2 

11 RMS –0.0015 0.18 99.04 0.00 2.9 

12 BPN 0.083 0.24 96.97 0.00 2.2 

13 Pavement Temperature 0.045 0.00 96.43 0.00 15.9 

14 log (Surface Thickness) 0.65 0.52 97.03 0.00 0.7 

15 
Presence of Fatigue 

Cracking 
0.74 0.28 98.11 0.00 2.1 

16 Presence of Raveling 0.98 0.09 98.00 0.00 4.7 

17 
Number of Transverse 

Cracks 
0.02 0.34 98.10 0.00 1.6 

18 
Presence of Transverse 

Cracks 
0.73 0.15 98.03 0.00 3.6 
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Table C4: Regression Analysis for 1,000 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.125 0.15 96.01 0.00 3.2 
1 Age 

without QP-16 0.132 0.19 95.99 0.00 2.8 

2 Air-Void Content –0.207 0.00 99.05 0.00 31.4 

3 Surface Type –2.38 0.00 97.84 0.00 40.1 

4 Fineness Modulus –1.76 0.00 105.34 0.00 19.2 

5 NMAS 0.196 0.01 93.87 0.00 10.2 

6 Cu 0.071 0.00 95.02 0.00 31.1 

7 Well-Gradedness 0.07 0.88 96.47 0.00 0.0 

8 Rubber Inclusion –0.80 0.08 96.90 0.00 4.6 

9 IRI 0.86 0.02 95.19 0.00 8.3 

10 MPD –0.0007 0.35 97.15 0.00 1.4 

11 RMS –0.0023 0.05 98.00 0.00 5.9 

12 BPN 0.0020 0.95 96.36 0.00 0.0 

13 Pavement Temperature 0.067 0.00 94.00 0.00 28.9 

14 Surface Thickness 0.030 0.00 95.13 0.00 12.9 

15 
Presence of Fatigue 

Cracking 
0.69 0.35 96.53 0.00 1.5 

16 Presence of Raveling 0.96 0.13 96.43 0.00 3.8 

17 
Number of Transverse 

Cracks 
0.0079 0.80 96.62 0.00 0.1 

18 
Presence of Transverse 

Cracks 
0.804 0.15 96.45 0.00 3.6 
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Table C5: Regression Analysis for 1,250 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

Age with QP-16 0.39 0.00 92.11 0.00 18.9 
1 

 without QP-16 0.41 0.00 92.04 0.00 16.9 

2 Air-Void Content –0.32 0.00 97.53 0.00 45.4 

3 Surface Type –2.52 0.00 94.99 0.00 27.4 

4 Fineness Modulus –1.87 0.00 102.97 0.00 13.0 

5 NMAS 0.254 0.01 90.15 0.00 10.3 

6 Cu 0.082 0.00 91.86 0.00 24.9 

7 Well-Gradedness –0.31 0.61 93.71 0.00 0.4 

8 Rubber Inclusion –1.02 0.08 94.09 0.00 4.6 

9 IRI 1.09 0.02 91.93 0.00 8.0 

10 MPD –0.00041 0.67 93.93 0.00 0.3 

11 RMS –0.0020 0.20 94.84 0.00 2.6 

12 BPN –0.033 0.43 95.52 0.00 1.0 

13 Pavement Temperature 0.014 0.47 92.96 0.00 0.9 

14 log (Surface Thickness) 2.92 0.03 88.89 0.00 6.7 

15 
Presence of Fatigue 

Cracking 
2.08 0.03 93.23 0.00 7.6 

16 Presence of Raveling 1.12 0.19 93.34 0.00 2.9 

17 
Number of Transverse 

Cracks 
0.068 0.11 93.26 0.00 4.4 

18 
Presence of Transverse 

Cracks 
1.70 0.02 93.11 0.00 8.7 
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Table C6: Regression Analysis for 1,600 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.34 0.00 90.17 0.00 11.8 
1 Age 

without QP-16 0.36 0.00 90.11 0.00 10.5 

2 Air-Void Content –0.43 0.00 96.81 0.00 65.4 

3 Surface Type –3.19 0.00 93.27 0.00 34.8 

4 Fineness Modulus –3.04 0.00 106.68 0.00 26.7 

5 NMAS 0.312 0.00 87.25 0.00 12.1 

6 Cu 0.11 0.00 89.14 0.00 35.3 

7 Well-Gradedness 0.46 0.50 91.26 0.00 0.7 

8 Rubber Inclusion –1.24 0.06 92.11 0.00 5.4 

9 IRI 0.45 0.41 90.76 0.00 1.1 

10 MPD –0.0030 0.00 94.32 0.00 12.0 

11 RMS –0.0058 0.00 95.23 0.00 17.4 

12 BPN –0.019 0.68 92.55 0.00 0.3 

13 Pavement Temperature –0.018 0.43 92.11 0.00 1.1 

14 log (Surface Thickness) 5.54 0.00 82.65 0.00 19.2 

15 
Presence of Fatigue 

Cracking 
2.30 0.03 90.96 0.00 7.6 

16 Presence of Raveling 1.02 0.28 91.16 0.00 2.0 

17 
Number of Transverse 

Cracks 
0.074 0.12 90.99 0.00 4.3 

18 
Presence of Transverse 

Cracks 
2.03 0.01 90.78 0.00 10.1 
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Table C7: Regression Analysis for 2,000 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.21 0.04 86.85 0.00 6.3 
1 Age 

without QP-16 0.21 0.08 86.86 0.00 4.8 

2 Air-Void Content –0.37 0.00 92.29 0.00 65.8 

3 Surface Type –3.22 0.00 89.50 0.00 47.7 

4 Fineness Modulus –3.02 0.00 102.78 0.00 35.8 

5 NMAS 0.279 0.00 83.91 0.00 13.2 

6 Cu 0.105 0.00 85.48 0.00 43.2 

7 Well-Gradedness 0.82 0.16 87.32 0.00 3.2 

8 Rubber Inclusion –1.12 0.05 88.25 0.00 6.0 

9 IRI 0.54 0.24 86.84 0.00 2.1 

10 MPD –0.0032 0.00 90.78 0.00 19.1 

11 RMS –0.0066 0.00 91.95 0.00 30.2 

12 BPN 0.011 0.78 86.96 0.00 0.1 

13 Pavement Temperature 0.009 0.64 87.33 0.00 0.4 

14 log (Surface Thickness) 5.88 0.00 78.32 0.00 29.2 

15 
Presence of Fatigue 

Cracking 
2.01 0.03 87.34 0.00 7.7 

16 Presence of Raveling 1.24 0.13 87.40 0.00 3.8 

17 
Number of Transverse 

Cracks 
0.064 0.12 87.34 0.00 4.3 

18 
Presence of Transverse 

Cracks 
2.01 0.00 87.09 0.00 13.2 
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Table C8: Regression Analysis for 2,500 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.18 0.06 84.20 0.00 5.5 
1 Age 

without QP-16 0.20 0.06 84.12 0.00 5.6 

2 Air-Void Content –0.28 0.00 88.42 0.00 50.0 

3 Surface Type –2.41 0.00 86.24 0.00 34.5 

4 Fineness Modulus –2.42 0.00 97.00 0.00 29.5 

5 NMAS 0.169 0.04 82.60 0.00 6.2 

6 Cu 0.078 0.00 83.23 0.00 31.1 

7 Well-Gradedness 0.79 0.13 84.54 0.00 3.7 

8 Rubber Inclusion –0.94 0.06 85.37 0.00 5.4 

9 IRI 0.15 0.70 84.62 0.00 0.2 

10 MPD –0.0034 0.00 88.14 0.00 27.0 

11 RMS –0.0061 0.00 88.87 0.00 33.7 

12 BPN 0.0086 0.81 84.31 0.00 0.1 

13 Pavement Temperature –0.022 0.20 85.77 0.00 2.8 

14 log (Surface Thickness) 4.86 0.00 77.15 0.00 25.6 

15 
Presence of Fatigue 

Cracking 
1.37 0.10 84.57 0.00 4.7 

16 Presence of Raveling 1.12 0.12 84.55 0.00 4.2 

17 
Number of Transverse 

Cracks 
0.059 0.09 84.47 0.00 4.9 

18 
Presence of Transverse 

Cracks 
1.95 0.00 84.22 0.00 16.8 
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Table C9: Regression Analysis for 3,150 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

Age with QP-16 0.16 0.08 82.46 0.00 4.6 
1 

 without QP-16 0.20 0.06 82.34 0.00 5.4 

2 Air-Void Content –0.26 0.00 86.32 0.00 41.0 

3 Surface Type –1.90 0.00 84.16 0.00 21.1 

4 Fineness Modulus –2.13 0.00 93.75 0.00 22.4 

5 NMAS 0.139 0.11 81.20 0.00 4.1 

6 Cu 0.066 0.00 81.69 0.00 21.6 

7 Well-Gradedness 0.822 0.12 82.72 0.00 3.9 

8 Rubber Inclusion –0.87 0.08 83.54 0.00 4.6 

9 IRI –0.11 0.79 83.22 0.00 0.1 

10 MPD –0.0033 0.00 86.26 0.00 25.1 

11 RMS –0.0056 0.00 86.74 0.00 27.9 

12 BPN 0.0062 0.86 82.65 0.00 0.0 

13 Pavement Temperature –0.046 0.00 84.81 0.00 11.6 

14 log (Surface Thickness) 4.39 0.00 76.10 0.00 20.7 

15 
Presence of Fatigue 

Cracking 
1.02 0.22 82.77 0.00 2.6 

16 Presence of Raveling 1.20 0.08 82.67 0.00 5.1 

17 
Number of Transverse 

Cracks 
0.046 0.18 82.63 0.00 3.2 

18 
Presence of Transverse 

Cracks 
1.75 0.00 82.38 0.00 14.4 
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Table C10: Regression Analysis for 4,000 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

with QP-16 0.27 0.02 79.04 0.00 8.4 
1 Age 

without QP-16 0.29 0.02 78.96 0.00 7.9 

2 Air-Void Content –0.32 0.00 84.12 0.00 44.1 

3 Surface Type –2.30 0.00 81.35 0.00 21.0 

4 Fineness Modulus –2.73 0.00 93.72 0.00 25.0 

5 NMAS 0.15 0.14 77.95 0.00 3.4 

6 Cu 0.082 0.00 78.30 0.00 22.7 

7 Well-Gradedness 0.87 0.17 79.66 0.00 3.0 

8 Rubber Inclusion –1.13 0.07 80.64 0.00 5.2 

9 IRI –0.003 0.99 80.02 0.00 0.0 

10 MPD –0.0041 0.00 83.94 0.00 25.6 

11 RMS –0.0068 0.00 84.50 0.00 28.1 

12 BPN –0.0095 0.82 80.55 0.00 0.1 

13 Pavement Temperature –0.056 0.00 82.22 0.00 12.4 

14 log (Surface Thickness) 5.13 0.00 71.89 0.00 19.2 

15 
Presence of Fatigue 

Cracking 
1.66 0.10 79.601 0.00 4.8 

16 Presence of Raveling 1.43 0.09 79.55 0.00 4.9 

17 
Number of Transverse 

Cracks 
0.067 0.11 79.45 0.00 4.6 

18 
Presence of Transverse 

Cracks 
2.07 0.00 79.21 0.00 13.6 
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Table C11: Regression Analysis for 5,000 Hz  

Explanatory Variable Constant Term 
Model 

Number Name Coefficient 
p-

value 
Coefficient 

p-

value 

R2 (%) 

Age with QP-16 0.20 0.06 74.87 0.00 5.4 
1 

 without QP-16 0.21 0.08 74.83 0.00 4.8 

2 Air-Void Content –0.29 0.00 79.30 0.00 42.8 

3 Surface Type –2.05 0.00 76.78 0.00 19.8 

4 Fineness Modulus –2.59 0.00 88.57 0.00 26.5 

5 NMAS 0.15 0.12 73.57 0.00 3.9 

6 Cu 0.075 0.00 74.02 0.00 22.6 

7 Well-Gradedness 0.76 0.19 75.27 0.00 2.7 

8 Rubber Inclusion –0.96 0.09 76.12 0.00 4.4 

9 IRI –0.06 0.89 75.69 0.00 0.0 

10 MPD –0.0038 0.00 79.25 0.00 26.3 

11 RMS –0.0064 0.00 79.77 0.00 28.9 

12 BPN –0.0026 0.94 75.72 0.00 0.0 

13 Pavement Temperature –0.043 0.03 77.25 0.00 8.2 

14 log (Surface Thickness) 4.70 0.00 68.14 0.00 19.1 

15 
Presence of Fatigue 

Cracking 
1.31 0.16 75.27 0.00 3.5 

16 Presence of Raveling 1.49 0.05 75.14 0.00 6.3 

17 
Number of Transverse 

Cracks 
0.057 0.14 75.12 0.00 3.9 

18 
Presence of Transverse 

Cracks 
1.88 0.00 74.88 0.00 13.2 
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APPENDIX D: CONDITION SURVEY OF ENVIRONMENTAL NOISE MONITORING SITE 
SECTIONS FOR TWO YEARS 

Site Name Mix Types First-Year Condition Survey Second-Year Condition Survey 

OGAC, 75 mm Eastbound 1 low-severity transverse crack with a 
length of 0.6 m; 0.5 m2 raveling  

2 low-severity transverse cracks 
with a length of 5.4 m 

OGAC, 30 mm Eastbound No distresses 6 low-severity transverse cracks 
with a length of 7 m 

RAC-O, 30 mm Eastbound 10 low-severity transverse cracks with a 
length of 36 m; 0.5 m2 raveling 

10 low-severity transverse cracks 
with a length of 38 m 

BWC, 30 mm Eastbound 
8 low-severity transverse cracks with a 

length of 27 m; 9 medium-severity 
transverse cracks with a length of 33 m 

13 medium-severity transverse 
cracks with a length of 48 m 

Los Angeles 138 
(LA 138) 

 

DGAC, 30 mm Westbound 1 low-severity transverse crack with a 
length of 3 m 

14 medium-severity transverse 
cracks with a length of 45.4 m; 5.4-
m low-severity and 2.5 m2 medium-

severity fatigue cracking 
Los Angeles 19 

(LA 19) 
European Gap-Graded 

Mix, 30 mm No distresses 150 m2 bleeding  

Yolo 80 OGAC, 20 mm 60 m2 raveling 300 m2 raveling; 300 m2 bleeding  
 

RAC-G, 45 mm 
1.3-m longitudinal crack; 10 low-severity 

transverse cracks with a total length of 
20 m.  

47-m longitudinal cracking; 9-m 
low-severity and 15 m2 medium-
severity fatigue cracking; 51 low-
severity transverse cracks with a 

total length of 136 m; 170 m2 

raveling; 170 m2 bleeding  
 

Fresno 33 
(Fre 33) 

 

RAC-G, 90 mm 

11 low-severity transverse cracks with a 
total length of 24 m; 6 medium-severity 
transverse cracks with a total length of 

15 m; 0.04 m2 raveling 

150-m low-severity and 5 m2 
medium-severity fatigue cracking; 

33 medium-severity transverse 
cracks with a total length of 65 m; 
150 m2 raveling; 160 m2 bleeding 
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RUMAC-GG, 45 mm 

39 low-severity transverse cracks with a 
total length of 111 m; one medium-

severity transverse crack with a length of 
3.35 m 

150-m medium-severity longitudinal 
cracking; 45 medium-severity 

transverse cracks with a total length 
of 135 m; 180 m2 raveling; 180 m2 

bleeding 
RUMAC-GG, 90 mm No distresses 150 m2 bleeding 

Type-G MB, 45 mm 210 m2 bleeding  
3-m low-severity and 15 m2 

medium-severity fatigue cracking; 
210 m2 bleeding 

Type-G MB, 90 mm 154 m2 bleeding 12.5 m2 fatigue cracking; 245 m2 
bleeding 

Type-D MB, 45 mm 40 m2 bleeding  
1-m low-severity and 8 m2 medium-

severity fatigue cracking; 32 m2 
raveling; 345 m2 bleeding 

 
Type-D MB, 90 mm 2 m2 bleeding 300 m2 bleeding 

DGAC, 90 mm No distresses No distresses 
San Mateo 280 

(SM 280) RAC-O, 45 mm No distresses 0.1 m2 raveling 

OGAC, 30 mm 
Northbound 

18 low-severity reflective cracks with a 
total length of 51 m; 3 medium-severity 
reflective cracks with a total length of 13 

m 

6 low-severity reflective cracks with 
a total length of 21.6 m; 7 medium-

severity reflective cracks with a total 
length of 22.5 m; 8 high-severity 

reflective cracks with a total length 
of 28.8 m 

 

Sacramento 5  
(Sac 5) 

OGAC, 30 mm 
Southbound 

18 low-severity reflective cracks with a 
total length of 44 m; 60 m2 raveling 

17 low-severity reflective cracks 
with a total length of 63.2 m; 1 

medium-severity reflective crack 
with a total length of 3.7 m 

 

 




