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Overall, the longitudinally broomed texture type was found to be the quietest, although this texture had a small data
sample, followed by diamond grooved and diamond ground. Burlap drag was as quiet as diamond ground, and
longitudinally tined was the loudest. Differences in mean OBSI levels were small between all types, while differences of
up to 5 dB(A) were measured within a given texture type. The range of OBSI levels across all sections during the two
years was 99.4 to 107.3 dB(A). In addition to texture, the measured OBSI levels include the effects of joint slap, faulting
and sealant, if they were present.
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The contents of this report reflect the views of the authors who are responsible for the facts and accuracy of the

data presented herein. The contents do not necessarily reflect the official views or policies of the State of
California or the Federal Highway Administration. This report does not constitute a standard, specification, or
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PROJECT OBJECTIVES

This project evaluated tire/pavement noise on rigid pavements and bridge decks in California. The work

involved the identification and monitoring of field sections in a study similar to the Quieter Pavement Research
(QPR) investigation performed by the University of California Pavement Research Center (UCPRC) on asphalt
pavements. The project has three objectives:
1. To identify relationships between the design variables in concrete pavements and bridge decks and
tire/pavement noise, covering the majority of concrete surface textures used in California,
2. To determine trends in noise levels versus age for concrete pavement and bridge decks, and

3. To develop recommendations for concrete surface textures that minimize tire/pavement noise.

This report addresses all three objectives for concrete pavements. Tire/pavement noise evaluations for bridge

decks are covered in a separate report.
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EXECUTIVE SUMMARY

In the early 2000s, the California Department of Transportation (Caltrans) identified a need for research into the

acoustics, friction, durability, and related performance properties of the state highway system pavement surfaces.
Previous studies have evaluated the Department’s asphalt open-graded mixes and selected experimental asphalt
surfaces. The primary objectives of Quieter Pavement Research (QPR) on asphalt surfaces were to evaluate the
comparative effectiveness of various types of mixes in reducing tire/pavement noise without sacrificing
durability and safety, to determine the pavement characteristics that affect the tire/pavement noise, and to
develop correlations between laboratory sound absorption and tire/pavement sound intensity in the field for

different frequencies.

The study presented in this report is also part of the Caltrans QPR program and is intended to determine which
concrete pavement surface textures reduce tire/pavement noise. This study was initiated by the Caltrans QPR
Task Group in May 2008. The project has three objectives:
1. To identify relationships between the design variables of concrete pavement surface textures used in
California and tire/pavement noise characteristics,
2. To determine trends in tire/pavement noise levels versus age for concrete pavements, and

3. To develop recommendations for surface textures that minimize tire/pavement noise.

The field measurement part of the study involved the identification and monitoring for two years of 120
concrete pavement test sections at 47 sites distributed throughout the state. All sections are on state highways.
Thirty-six sites had three consecutive test sections each, while one site had two test sections and ten sites had

one test section each. Measurements were made twice over a two-year period.

The mechanisms of tire/pavement noise are affected by pavement surface texture, and five different texture
types were investigated in this project. Surface textures change after construction under the actions of traffic and
the environment and the interaction of the two, which is sometimes referred to as the aging of the textures. For
this reason, either the year of construction or of the last retexturing was investigated for all test sections in this

study.

The project began in September 2008 with the identification of candidate sections that would provide a range of
surface textures and ages representative of concrete pavements typically found on California highways. The
final list of test locations was selected from the candidate sections after a range of climate regions and traffic
levels were also considered. The experiment was not designed as a factorial experiment because it was intended
as an initial study to assess existing pavements, and therefore it is not balanced with respect to the age of the

sections, traffic levels, or climate regions.
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The tire/pavement noise from each of the different surface texture types was evaluated using the On-board
Sound Intensity (OBSI) method, which measures the noise level at the tire/pavement interface. (OBSI is the

same method used for the asphalt surface tire/pavement noise studies.)

Test sections were grouped into five surface texture types based on their construction texturing process: burlap
drag (BD), diamond ground (DG), diamond grooved (Gr), longitudinally broomed (LB), and longitudinally
tined (LT). The number of sections for each group tested in Year 1 and Year 2 are shown in the report. There
were fewer sections in the second year because some of them were taken out of service, and there were
occasional logistical problems. The sample sizes for the diamond grooved and particularly the longitudinally

broomed textures were smaller than the samples for the other textures.

Besides the typical air density correction that takes into account the effect of air density on the speed of sound,
two additional adjustments were considered necessary to normalize results and to make them consistent with
other OBSI databases. Results were converted to a particular test tire (the first Standard Reference Test Tires

used by the UCPRC) and to a particular sound analyzer (the newer Sinus Harmonie 4-channel analyzer).

The quietest texture type, when considering the mean of the OBSI results of sections with the same nominal
surface type and combining Year 1 and Year 2 data, was found to be the longitudinally broomed. The
longitudinally broomed group presented a mean OBSI level of 102.3 dB(A), although this is based on a small
sample. If sections with surfaces that had the texture worn out or essentially erased are excluded, then the mean
OBSI value for this group is 102.0 dB(A). The diamond grooved and the diamond ground texture types
produced similar mean OBSI levels, and are therefore ranked next at 103.6 and 103.8 dB(A) on average,
respectively. Burlap drag and longitudinally tined surfaces resulted in mean OBSI levels of 104.5 and
104.8 dB(A), respectively. Again, if worn surfaces are excluded, then the mean OBSI value for these two groups
are 103.8 and 104.7 dB(A), respectively. It should be remembered that human hearing can generally only

perceive differences in sound intensity of at least 2 to 3 dB(A).

In general, the differences in OBSI observed between the various texture types are fairly small. A simple two-
tailed t-test, which is presented in the report, was used to determine if the difference is significant or not for each

pair.

The report also presents the OBSI level results against surface age for each texture type. The vast majority of the
burlap drag sections were built in the 1960s and 1970s. There is only one “young” section, which was at the
Mojave Bypass and about six years old at the time of testing, while the oldest sections were 62 years old. The
burlap drag sections show a general trend of increased noise for the older sections, from 102 dB(A) for the

younger sections (under 10 years) to about 107 dB(A) for the older sections (over 40 years). The oldest
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diamond-ground sections evaluated were 11 years old at the time of testing. There was a general trend that the
older sections have higher OBSI levels. The diamond-grooved sections have ages of three and about 12 years
old since they were last textured with no sections of intermediate age. It is not possible to observe a trend in
OBSI level over time with the available data for the diamond-grooved sections because of the limited ranges of
age in the data set for that texture. The longitudinally broomed sections were 6 to 34 years old. From the limited
available data, it seems that OBSI levels on this type of surface texture do not increase much over time. For the
longitudinally tined sections it was observed that the OBSI levels remain mostly between 104 and 106 dB(A)

regardless of age.

The first set of conclusions pertains to the first objective of this study: To identify relationships between the
design variables of concrete pavement surface textures and tire/pavement noise, covering the majority of surface
textures used in California. The primary design variable investigated in this study was texture type, and the
secondary one was texture condition (new, aged, worn out). Taking into account all sections, regardless of
texture type, the OBSI levels on existing concrete pavements in California range from about 99 dB(A) to about
107 dB(A). The range does not change when the sections where the texture has been worn out (meaning that the
constructed texture has been worn off by traffic) were removed. It is understood that the range was unchanged
because of two cases introduced by the loss of texture: on texture types that lacked a significant amount of
positive texture at construction the wearing of traffic could produce a positive texture and increased OBSI, and
alternately texture types that had positive texture at construction could have that texture worn off by traffic,
resulting in decreased OBSI. An example of the former case could be loss of paste around large aggregates, and
an example of the latter case could be wearing off of fins from diamond grinding. These results indicate that a
more in-depth investigation to characterize the textures should be included in the next years of this study. This

will require texture measurements within traffic closures.

There is a large variation in tire/pavement noise level for each of the five texture types evaluated. The difference
between the lowest and highest OBSI levels for the same nominal texture type could exceed 5 dB(A) without
considering texture conditions, pavement age, and traffic and climatic conditions. Given that the average OBSI
levels for the different texture types are similar to each other, this means that there is a large overlap in the OBSI

levels for the different types of surface textures that are found on the state highway network.

The comparison of the network results with those from the Mojave sections that have the same concrete mix and
other variables showed that the burlap drag, diamond ground, diamond grooved, and longitudinally tined
textures at Mojave are generally similar to or quieter than the same textures on the rest of the state highway
network, while the longitudinally broomed (LB) texture at Mojave is noisier than nearly all of the LB sections
measured on the rest of the network. This conclusion from the Mojave sections again indicates that a more in-

depth characterization of the pavement textures—besides their nominal type and condition (new, aged, worn
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out)—is necessary to explain differences within texture type, such as the fact that the longitudinally broomed
(LB) sections at Mojave are louder than other texture types at the same location, while other LB sections are

generally quieter than other texture types.

The overall conclusion with regard to design variables is that texture type is not sufficient as a design variable to

predict tire/pavement noise across the design life.

The second set of conclusions pertains to the second objective of this study: To determine trends in noise levels
versus age for concrete pavements. It is clear from this study that the two years of data collected in this
experiment is insufficient to develop equations for the rate of change of tire/pavement noise. The data presented
in this report does not present clear trends for change in OBSI versus time. Better characterization of texture in
conjunction with collection of OBSI over longer periods of time is necessary to develop better understanding of

the effects of time and traffic on tire/pavement noise, and the changes in texture parameters that explain it.

The third set of conclusions pertains to the third objective of this study: To develop recommendations for
concrete pavement surface textures that minimize tire/pavement noise. The ranking of texture types from
quietest to loudest for the sections evaluated in this research project is shown below, without considering
differences in age, traffic, or climate. Shown in parentheses are the average overall OBSI excluding worn out
texture conditions, and shown in italic is the range of overall OBSI excluding sections with worn out textures:

1. Longitudinally broomed (small sample size, 102.0, 101.9 to 105.5)
2. Diamond grooved (103.6, 101.7 to 106.3)

3. Diamond ground (103.8, 99.4 to 107.3)

4. Burlap drag (103.8, 101.1 to 103.0)

5. Longitudinally tined (104.8, 102.7 to 106.8)

Although OBSI measurements on the diamond ground surfaces included the quietest in the entire sample
(99.4 dB[A]), they also yielded a wide range of noise levels whose average exceeded that of the limited sample
of longitudinally broomed sections. Out of the five textures evaluated, longitudinal tining was the loudest,
regardless of age, and cannot be the recommended texture when the only concern is tire/pavement interaction
noise. Longitudinally broomed textures appear to be adequate because they are quieter on average than the other
textures and tire/pavement noise from them seems to have little increase over time, although only a very limited
number of sections of this texture type could be included in this study. Burlap drag and longitudinally broomed
textures may not be good options in some places because of their possible lack of capacity to evacuate water
from under tires, which is an issue outside the scope of this study. Longitudinal tining could be an option but
since it was found to produce higher OBSI levels than diamond grooving, the latter should probably be preferred
between the two. From a cost point of view (which was not evaluated in the study), longitudinal tining might be

preferred over diamond grooving.
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The measured OBSI levels include the effects of joint slap, faulting and sealant providing positive texture
(referred to as overbanding), all of which would increase the OBSI level if they are present. These effects were
not separated from the tire/pavement noise associated with the surface texture of the concrete. Faulting and
overbanded sealant could not be considered because a method of measuring faulting and overbanding using the
high-speed profilometer was not established at the time the project scope and budget were determined, and
traffic closures to manually measure faulting, joint width, and overbanding were not included in the project
budget. Some initial analysis was performed regarding the effects of joints on overall OBSI measurements,
without separating the separate effects of slap caused by the joint groove, faulting, and overbanded sealant. That
initial analysis showed the spike in noise caused by the joint (faulting, groove, and any sealant combined).
However, the project had insufficient funding to fully analyze and consider these effects in the results. A method
for estimating the effect of joint slap based on the cross-sectional area of the joint groove has become available
since the data collection and analysis for this report were completed. There is laboratory data and some field

validation data relating fault height and sealant condition to overall measured tire/pavement noise.

In summary, where quieter pavement is needed, the data collected to date indicate that each of the textures
evaluated can produce pavements with OBSI less than 102 dB(A). All of the textures evaluated were generally
quieter than the longitudinally tined sections. However, the factors that control tire/pavement noise for a given
texture type, and which produce the wide range of tire/pavement noise measured for each texture, could not be

measured as part of this study.

It is therefore recommended that diamond-grooving, diamond-grinding, and longitudinal-tining technigques be
further investigated to better understand the wide range of noise values, so that best practice can be identified to
consistently reduce their noise levels. It is recommended that the next steps in the Caltrans QPR study of
concrete pavements include better characterization of the textures on the sections, expansion of the experiment
to better consider age, climate, and traffic levels, and inclusion of new generation concrete textures that are
currently being constructed in the state. It is also recommended that future surveys of concrete pavement noise
consider the effects of faulting, overbanding of sealant, and joint slap separately from the effects of texture. As
part of that effort, data should be collected to develop a model (theoretical if possible, empirical if not) that will
permit calculation of the effects of joint faulting and sealant overbanding on the total measured tire/pavement

noise.
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1 INTRODUCTION

In the early 2000s, the California Department of Transportation (Caltrans) identified a need for research into the
acoustics, friction, durability, and related performance properties of pavement surfaces on the state highway
network. Consequently, in November 2006, the Caltrans Pavement Standards Team (PST) approved a research
project to investigate the tire/pavement noise characteristics and performance properties of existing flexible
pavements, including the Department’s current open-graded mixes, dense- and gap-graded mixes, and selected

experimental mixes.

The flexible pavement Quieter Pavement Research (QPR) study had as its objectives evaluation of the asphalt
mixes’ durability and their comparative effectiveness in enhancing safety and reducing noise, determination of
the pavement characteristics that affect the tire/pavement noise, and evaluation of the correlation between
laboratory sound absorption and tire/pavement sound intensity in the field. The research study’s design included
measurement of the material properties of asphalt mixes and measurement of the field performance
characteristics (durability, noise, ride quality, macrotexture, and permeability) of four asphalt surface types
located throughout the state in different climate and traffic conditions. A similar research study for rigid
pavements, which is the subject of this report, was initiated by the Caltrans Quieter Pavement Research Task
Group in May 2008.

The quieter concrete pavement research study presented in this report was undertaken to determine the acoustic
characteristics of the noise generated by tire/pavement interaction on concrete pavement surfaces, and to
identify the types and properties of concrete surface textures that would effectively reduce tire/pavement noise.
This study has three objectives:
1. To identify relationships between the design variables of concrete pavement surface textures and
tire/pavement noise, covering the majority of surface textures used in California,
2. To determine trends in noise levels versus age for concrete pavements, and

3. To develop recommendations for concrete pavement surface textures that minimize tire/pavement noise.

The field measurements conducted as part of this study involved the identification and monitoring for two years
of 120 concrete pavement sections throughout the state. Measurements were made once each year over a two-

year period on most of these sections.

The mechanisms of tire/pavement noise are affected by pavement surface texture, and five different texture
types—burlap drag (BD), diamond ground (DG), diamond grooved (Gr), longitudinally broomed (LB) and
longitudinally tined (LT)—were investigated in this project. The five surface textures and the number of

pavement sections for each are presented in Table 2.1.
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After construction, pavement surface textures change under the actions of traffic, the environment, and the
interaction of the two; this change is sometimes referred to as the aging of the textures. For this reason, the year
of construction or of the last retexturing was investigated for all test sections. The project began in September
2008 with the identification of candidate pavement sections with a range of surface textures and surface ages
representative of concrete pavements typically found on California highways. The final list of sections was
selected from those candidates based on their texture type and age, and a range of climate regions and traffic
levels. Information about the concrete material in each section was unavailable. This is unfortunate since cement
content, aggregate gradation, and other mix design variables affect the initial texturing and how it changes over
time. As concrete surfaces are degraded by years of traffic and climate, the original texture is eventually worn
away and the surface can no longer be considered representative of that texture. Sections included in this study
were classified as having new, aged, or worn out textures based on visual observation. The experiment was not
designed as a factorial experiment because it was intended as an initial study to assess existing pavements, and

therefore it is not balanced with respect to the age of the sections, traffic levels, or climate regions.

Tire/pavement noise was measured on these sections using the On-board Sound Intensity (OBSI) method, the
same method used for the flexible surface tire/pavement noise studies. The results were analyzed to determine

overall OBSI levels and OBSI levels for different frequencies at one-third octave bands.

Chapter 2 of this report describes the data collection and data reduction procedures. Chapter 3 presents the
various results relating the measured OBSI levels to each texture type and then to pavement surface age, and the
effects of IRl and MPD. Chapter 4 includes an analysis and discussion of the results. Chapter 5 presents the

conclusions.

Four appendices are included with this report. Appendix A presents example pictures of texture types and
Appendix B shows bar charts with results of overall OBSI obtained on both testing years. Appendix C presents
the case of a longitudinally tined section that rapidly lost its texture due to traffic. Finally, Appendix D contains
pictures and the OBSI spectra of each section in the study.
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2 DATA COLLECTION AND REDUCTION METHODS AND TEST SECTION
SELECTION

2.1 Data Collection

In this study, concrete pavements with different surface texture types were evaluated using the On-board Sound

Intensity (OBSI) method, which measures the noise level at the tire/pavement interface.

As specified in AASHTO TP-76-09 (1), data was gathered on each section during three passes of five-second
duration at 60 mph (96 km/hr), the typical OBSI procedure that was also followed in an earlier part of the
California QPR studies on the tire/pavement noise of asphalt pavements. The data quality checks incorporated in
the AASHTO protocol were verified at the beginning of the study rather than for every section, which represents

a deviation from the AASHTO procedure.

In the testing on asphalt-surfaced pavements, each section resulted in approximately five seconds of data
collection. For the concrete pavement testing in this report, the sound analyzer was programmed to collect three
five-second periods of data in succession, creating three subsections at each test location. In addition to the three
five-second interval passes, one more pass was conducted with an experimental fifteen millisecond
(0.015-second) interval. This additional procedure and its analysis were carried out to try to identify the effects
of joints and non-homogeneity along each section. This 15-millisecond pass was only conducted during the
measurements performed in the first year of the two-year study. Some initial analysis was performed regarding
the effects of joint slap, as well as faulting and sealing of the joints, on overall OBSI measurements. However,

there was insufficient funding in the project to fully analyze and consider these effects in the results.

The collection of data on three successive 440-foot (134 m) sections—resulting from five seconds of travel at
60 mph (97 km/h), the time and distance typically specified for sound analysis—resulted in a total three-section
length of 1,320 feet (402 m).

Consecutive subsections were distinguished from each other with a unique identifying number added to the end
of the site’s ID number. For example, Section QP-100.1 corresponds to the first 440 feet (134 m) of test site
QP-100. Section QP-100.2 immediately followed this section, with no gap between them, and then
Section QP-100.3.

In addition to the use of the OBSI method to measure tire/pavement noise, an inertial profilometer was used to
measure International Roughness Index (IRI) and Mean Profile Depth (MPD), and visual observations were
made of the surface texture type and condition of each test section. The measured IRl values and texture
observations were collected at the same fixed short intervals used for OBSI measurement. The instrumented

vehicle used in this project is shown in Figure 2.1.
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It should be noted that, although IRI and macrotexture were collected as part of this project, the lasers used on
the profilometer are now generally considered to be inadequate for IRl and macrotexture measurement on
directionally textured surfaces. The lasers used for this project have very small contact areas which pop up and
down on tined or grooved textures as the vehicle travels on the pavement, producing IRI values that are thought
to be too high compared to the longitudinal profile elevation changes experienced by a tire much wider than the
laser. Various organizations are investigating alternative lasers with wider footprints. There are some similar
issues with MPD depending on the wander of the vehicle and how straight the tines or grooves are in the

longitudinal direction. Therefore, the visual observations were necessary to determine the texture type.

Figure 2.1: Instrumented vehicle with on-board sound intensity probes and an inertial profilometer.

2.2 Data Reduction

A large effort went into data reduction for this project. The OBSI method requires the measurement of sound
intensity levels in one-third octave bands, from the one centered at 400 Hz to the one centered at 5,000 Hz.
These values are obtained at the leading and the trailing edges of the tire contact patch. Three repeated passes
are conducted at each test section to account for lateral variability and for measurement inaccuracies due to
deviations from the 60 mph (97 km/hr) specification. Measurements from the three passes at the two probe
locations are used to obtain noise spectra, which are in turn used to calculate the overall sound intensity level,

the single value that summarizes the overall tire/pavement noise.

The sound intensity levels at the leading and trailing edges are averaged through the energy method. The energy
average is obtained using the following equation:
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Energy average =10*log,, F X 2101‘3}
n 5

where x; are the sound intensity values to be averaged, in this case the one-third octave results at the two probe

locations, and n is the number of samples, in this case two.

An air density correction was applied that takes into account the effect of air density on the speed of sound,

which is calculated from atmospheric variables collected during testing, including the air temperature,

barometric pressure, and relative humidity, as well as the altitude of the section.

There have been improvements to the process of OBSI data collection that have affected every consultant and

organization conducting this type of testing over the years. For this research, adjustments were considered

necessary to normalize results and make them consistent with other OBSI databases delivered to Caltrans by the

UCPRC. These adjustments include the following:

a.

Test tire: Although the tires used in both years of data collection were Standard Reference Test Tires
(SRTT), the actual test tire was replaced in early November 2009, when the tire was considered to be
“young,” to prevent problems associated with testing using an aged tire. Through comparisons
performed later, linear transformation equations were developed to adjust the results of the Year 1 and
Year 2 tires back to the first SRTT used by the UCPRC research team. The conversion made by the
UCPRC adjusted the SRTT#2 tire (used in 2008) and SRTT#3 tire (used in 2009), back to the SRTT#1
tire, which was the SRTT first used in the asphalt study. The conversions were applied frequency by
frequency, and the overall sound intensity was calculated from its own linear transformation as well, not
from summation of the adjusted spectra values. The tire correction equations used for the data in this
report were developed using data from concrete pavements only.

Sound analyzer: A frequency-by-frequency correction was applied to account for the fact that a new
sound analyzer was used for the second year of this study. Year 1 OBSI data were measured using two
Larson Davis two-channel analyzers, while a Sinus Harmonie 4-channel analyzer was used in Year 2.
Linear transformation equations were determined using results from field sections tested with both
analyzers, and the results that had previously been measured with the Larson Davis analyzers were
converted to equivalent Sinus Harmonie analyzer results. The analyzer correction equations were
developed using data from both asphalt and concrete pavements. Despite discussions with the
manufacturers and Dr. Paul Donavan of Illingworth and Rodkin, it could not be determined why the
400 Hz frequency had a low correlation coefficient between the two analyzers. The 400 Hz frequency
data was included in the overall OBSI correlation because it did show an expected trend, although there
was more variance around that trend than for the other frequencies. Removing the 400 Hz frequency
could possibly introduce bias into the overall OBSI correlation, despite that frequency having a low

weighting in the dB(A) system.
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These adjustments are presented in Table 2.2, where A is the intercept and B is the slope of the linear

transformation. Also shown is the coefficient of determination R?.

The decision to change tires between the two years of data collection was made in the summer of 2009 based on
an observation that the large number of sections tested by the UCPRC each year was producing observable wear
on the tread. There were no guidelines at the time for when to change tires. In early 2012, Donavan and
Lodico (9) presented a paper at the Transportation Research Board conference based on measurements
performed as part of NCHRP Project 1-41 (1 10) that included preliminary suggested guidelines for when to
change tires. That paper states that “potential criteria for retiring a test tire are: 1) being in-service for more than
4 years, 2) having more than 11,000 miles, 3) having hardness number of greater than 68, and/or 4) having tread
depth less than 7.2 mm.” The paper also states that “These could be applied singly or concurrently such that if

two or more are violated, the tire replacement should be considered.”

In early February 2012, UCPRC examined the ages, miles put on each tire per year, hardness values recorded
over time (UCPRC measures hardness on all tires in inventory several times each year), and tread depths
measured over time (also recorded several times each year). It was found that the tire used in Year 1 of this
study met criteria 2, 3, and 4: therefore, more than two of the criteria. Based on Donavan and Lodico’s proposed
guidelines, the UCPRC decision to change the tire between the two years of the study, and each year

subsequently, was justified.

The paper by Donavan and Lodico also makes the following recommendation: “However, further research with
a larger sample of older and newer tires should be considered to better statistically isolate these parameters and
determine if and how such criteria could be implemented.” The annual calibration of the new UCPRC tire to
previously used tires will provide data to better understand the relationships between different tires and the
physical mechanisms causing differences. The annual calibrations and other UCPRC practices include
measuring hardness and tread depth, tracking accumulated miles, and development of frequency-by-frequency

as well as overall OBSI statistical correlations between tires.

To help understand the effects of changing the tire between the two years of data collection, the uncorrected data
and the corrected data are included in the same table in Appendix E: Summary Table and Selected Figures with
Uncorrected OBSI Data, along with plots of selected figures from the main body of the report that have been

replotted with uncorrected data. All results in the main body of the report are with corrected OBSI values.
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It should be noted that no temperature correction has been applied to the data in this report. UCPRC has
previously developed corrections for air temperature based on UCPRC testing at two sites (11), but has not

included them in reports.

2.3 Description of the Test Sections

A total of 120 pavement sections at 47 sites were included in this study. Section selection was based on the
process explained in Section 2.1, with 108 pavement sections at 36 sites (i.e., three sections per site). In addition,
one site had two sections and ten sites had only one section each. Data collection spanned two years. The Year 1
sections were selected and immediately evaluated between September 2008 and February 2009. For Year 2, the

Year 1 sections were visited and evaluated again between September and December 2009.
The 120 pavement sections investigated for this concrete pavement study are all located on state highways
distributed across California. The counties in which study sections are located are presented in Figure 2.2 to

show the geographic diversity of the sections (the numbers in blue represent Caltrans districts).

The complete list of test sections is shown sorted by texture type in Table 2.1.

San Bernardino
A Fcyl 3 s

i

Figure 2.2: Map showing counties in which study sections are located.
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Table 2.1: List of Locations, Texture Types and Conditions, and Construction and Resurfacing Years of Field Evaluation Sections (OBSI values corrected for
analyzer and tire)

Section 1D ) Location: _ Lanet Textu |;e Construction | Surfacing Text_u_re I(D:?)tlfgtli?: i(;r gifleé;:rtlir:r? |Or:( OBSI Level (I?S/Sell
Dist-Cnty-Rte-Dir-PM Type Year Year Condition® v Year 1
ear 1 Year 2 Year 2
QP-117.1 04CC80W10.3 40of4 LT 2007 2007 New 10/28/2008 14:14 | 10/29/2009 14:57 103.1 106.3
QP-117.2 04CC80W10.2 40of4 LT 2007 2007 New 10/28/2008 14:45 | 10/29/2009 15:03 102.7 106.3
QP-117.3 04CC80W10.1 40f4 LT 2007 2007 New 10/28/2008 14:54 | 10/29/2009 15:12 102.9 106.4
QP-142.1 03NEV80W1.0 20f2 LT 2008 2008 New 11/24/2008 15:10 | 9/17/2009 12:31 104.9 1114
QP-142.2 03NEV80WO0.9 20f2 LT 2008 2008 New 11/24/2008 15:16 | 9/17/2009 12:49 104.5 111.2
QP-142.3 03NEV80WO0.8 20f2 LT 2008 2008 New 11/24/2008 15:19 | 9/17/2009 12:52 103.9 112.6
QP-100.1 03Yo0I113N3.0 20f2 LT 1976 1976 Aged 9/3/2008 15:09 9/4/2009 14:07 103.1 105.3
QP-100.2 03Yo0l113N3.1 20f2 LT 1976 1976 Aged 9/3/2008 15:59 9/4/2009 14:24 104.7 106.8
QP-100.3 03YoI113N3.2 20f2 LT 1976 1976 Aged 9/3/2008 16:10 9/4/2009 14:40 103.7 105.6
QP-101.1 03Yo0I113N6.0 20f2 LT 1990 1990 Aged 9/23/2008 10:42 9/4/2009 14:16 105.2 106.7
QP-101.2 03YolI113N6.1 20f2 LT 1990 1990 Aged 9/23/2008 11:00 9/4/2009 14:29 105.5 106.7
QP-101.3 03Yo0I113N6.2 20f2 LT 1990 1990 Aged 9/23/2008 11:09 9/4/2009 14:46 105.2 106.8
QP-127.1 04SCL85S21.5L1 1lof3 LT 1965 1965 Aged 11/7/2008 12:51 | 11/18/2009 13:03 103.2 104.6
QP-127.2 04SCL85S21.4L1 lof3 LT 1965 1965 Aged 11/7/2008 13:18 | 11/18/2009 13:09 103.7 105.1
QP-127.3 04SCL85S21.3L1 lof3 LT 1965 1965 Aged 11/7/2008 13:24 | 11/18/2009 13:16 103.1 104.5
QP-129.1 06FRE180W55.7 30f3 LT 2008 2008 Aged 11/10/2008 17:02 | 11/13/2009 15:03 103.6 105
QP-129.2 06FRE180W55.6 30f3 LT 2008 2008 Aged 11/10/2008 17:09 | 11/13/2009 15:13 103.7 104.8
QP-158.1 06Ker58E109.5 20f2 LT 2003 2003 Aged 1/9/2009 9:58 12/2/2009 11:39 103.6 104.4
QP-108.1 03Pla80E45.0 lof2 LT 1961 2004 Worn out 10/21/2008 11:24 | 9/16/2009 12:26 104.5 105.8
QP-108.2 03Pla80E45.1 lof2 LT 1961 2004 Worn out 10/21/2008 11:42 | 9/16/2009 12:35 104.7 105.7
QP-108.3 03Pla80E45.2 1lof2 LT 1961 2004 Worn out 10/21/2008 11:48 | 9/16/2009 12:45 103.9 105.5
QP-162.1 06Ker58E111.5 20f 2 LB 2003 2003 Aged 2/24/2009 16:53 12/3/2009 10:41 102.5 103
QP-146.1 04SM280N10.6 1lof4 LB 1974 1974 Aged 12/2/2008 14:05 | 11/16/2009 11:28 101.4 102.7
QP-146.2 04SM280N10.7 1lof4 LB 1974 1974 Aged 12/2/2008 14:11 | 11/16/2009 12:32 101.2 102.2
QP-146.3 04SM280N10.8 lof4 LB 1974 1974 Aged 12/2/2008 14:31 | 11/16/2009 12:41 101.1 102.1
QP-109.1 03Nev80E22.6 1lof2 LB 1989 1989 Worn out 10/21/2008 17:02 Not tested 102.2
QP-109.2 03Nev80E22.6 1lof2 LB 1989 1989 Worn out 10/21/2008 17:24 Not tested 102.7
QP-109.3 03Nev80E22.6 1lof2 LB 1989 1989 Worn out 10/21/2008 17:35 Not tested 101.9
QP-112.1 03Nev80W23.0 lof2 LB 1989 1989 Worn out 10/21/2008 17:21 Not tested 102.1
QP-112.2 03Nev80W22.9 1lof2 LB 1989 1989 Worn out 10/21/2008 17:33 Not tested 102.7
QP-112.3 03Nev80W?22.8 1of2 LB 1989 1989 Worn out | 10/21/2008 17:45 Not tested 104.1
QP-115.1 03Yo0l505S13.1 20f2 BD 1977 1977 Aged 10/27/2008 10:33 9/8/2009 11:33 104 105
QP-115.2 03Y0l505S13.0 20f2 BD 1977 1977 Aged 10/27/2008 10:56 9/8/2009 11:46 103.3 105
QP-115.3 03Yol505S12.9 20f2 BD 1977 1977 Aged 10/27/2008 11:21 9/8/2009 12:05 103.3 105
QP-123.1 04ALA580E37.1 40of4 BD 1965 1965 Aged 11/5/2008 15:30 | 11/12/2009 14:14 104.2 105.5
QP-123.2 04ALA580E37.2 40f4 BD 1965 1965 Aged 11/5/2008 15:51 | 11/12/2009 14:20 104 104.6
QP-123.3 04ALA580E37.3 40of4 BD 1965 1965 Aged 11/5/2008 15:52 | 11/12/2009 14:26 103.9 105.1
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. . . Date/Time of Date/Time of OBSI
ear 1 Year 2 Year 2
QP-137.1 | 04SON101N25.4L1 lof2 BD 1962 1962 Aged 11/17/2008 14:07 Not tested 102.2
QP-137.2 | 04SON101N25.5L1 lof2 BD 1962 1962 Aged 11/17/2008 14:36 Not tested 103.1
QP-137.3 | 04SON101N25.6L1 lof2 BD 1962 1962 Aged 11/17/2008 14:55 Not tested 102.8
QP-159.1 06Ker58E110.3 20f2 BD 2003 2003 Aged 1/9/2009 10:38 12/3/2009 10:37 101.9 102.2
QP-102.1 03Y0l113S5.5 20f2 BD 1976 1976 Worn out 9/23/2008 13:12 9/4/2009 14:20 101.1 103.3
QP-102.2 03Yo0l113S5.4 20f2 BD 1976 1976 Worn out 9/23/2008 13:46 9/4/2009 14:49 100.7 103
QP-102.3 03Yo0l113S5.3 20f2 BD 1976 1976 Worn out 9/23/2008 13:58 9/4/2009 14:49 100.8 103
QP-104.1 03Sac50E3.2 lofb BD 1971 1971 Worn out 10/3/2008 13:56 9/11/2009 11:12 103.5 105
QP-104.2 03Sac50E3.2 lofb BD 1971 1971 Worn out 10/3/2008 14:03 9/11/2009 11:47 104.1 105.4
QP-104.3 03Sac50E3.2 lofb BD 1971 1971 Worn out 10/3/2008 14:25 9/11/2009 11:57 104.7 105.5
QP-105.1 03Sac50E4.0 lof4 BD 1971 1971 Worn out 10/3/2008 14:00 9/11/2009 11:43 102.9 104.8
QP-105.2 03Sac50E4.1 1of4 BD 1971 1971 Worn out 10/3/2008 14:11 9/11/2009 11:55 103.6 104.8
QP-105.3 03Sac50E4.2 lof4 BD 1971 1971 Worn out 10/3/2008 14:46 9/11/2009 12:06 103 104.7
QP-106.1 03Sac50E10.5 lof5 BD 1973 1973 Worn out | 10/13/2008 14:48 | 9/11/2009 14:11 101.9 103.6
QP-106.2 03Sac50E10.6 lof5 BD 1973 1973 Worn out | 10/13/2008 14:55 | 9/11/2009 14:36 102.4 104.1
QP-106.3 03Sac50E10.7 lof5 BD 1973 1973 Worn out | 10/13/2008 15:14 | 9/11/2009 14:42 102.6 103.8
QP-107.1 03Sac80E13.6 50f5 BD 1973 1973 Wornout | 10/16/2008 14:23 9/9/2009 13:03 103.2 104.9
QP-107.2 03Sac80E13.7 50f5 BD 1973 1973 Wornout | 10/16/2008 14:29 9/9/2009 13:14 102.6 104.2
QP-107.3 03Sac80E13.8 50f5 BD 1973 1973 Worn out | 10/16/2008 14:36 9/9/2009 13:18 101.7 103.7
QP-113.1 03Yol80wW22.9 1of3 BD 1965 1965 Worn out | 10/23/2008 12:37 Not tested 103.9
QP-113.2 03Yol80wW22.8 1of3 BD 1965 1965 Worn out | 10/23/2008 12:45 Not tested 104.4
QP-113.3 03Yol8ow22.7 1of3 BD 1965 1965 Worn out | 10/23/2008 12:54 Not tested 103.6
QP-116.1 04S0I80E32.0 1lof3 BD 1946 1946 Worn out | 10/28/2008 10:35 | 9/10/2009 11:06 106.5 107.8
QP-116.2 04S0l80E32.1 1lof3 BD 1946 1946 Worn out | 10/28/2008 11:06 | 9/10/2009 11:20 106.3 107.3
QP-116.3 04S0l80E32.2 1lof3 BD 1946 1946 Wornout | 10/28/2008 11:06 | 9/10/2009 11:22 105.7 107
QP-126.1 04SCL85S21.5L3 30f3 BD 1965 1965 Worn out 11/7/2008 11:52 | 11/18/2009 12:38 107 107.4
QP-126.2 04SCL85S521.4L3 30f3 BD 1965 1965 Worn out 11/7/2008 11:57 | 11/18/2009 12:48 105.8 106.7
QP-126.3 04SCL85S521.3L3 30f3 BD 1965 1965 Worn out 11/7/2008 12:13 | 11/18/2009 12:53 106.9 107.4
QP-130.1 11SD5S39.7 40f4 BD 1964 1964 Wornout | 11/11/2008 13:33 | 11/22/2009 13:20 106.9 107.3
QP-130.2 11SD5S39.6 40f4 BD 1964 1964 Wornout | 11/11/2008 13:46 | 11/22/2009 13:28 106.6 107.1
QP-130.3 11SD5S39.5 40f4 BD 1964 1964 Wornout | 11/11/2008 13:56 | 11/22/2009 13:33 106.8 107.1
QP-128.2 04SCL85N14.9 30f3 DG 1993 2006 New 11/7/2008 15:38 | 11/18/2009 15:06 102.9 104.1
QP-128.3 04SCL85N14.10 30f3 DG 1993 2006 New 11/7/2008 15:46 | 11/18/2009 15:15 101.6 103.1
QP-129.3 06FRE180W55.5 30f3 DG 2008 2008 New 11/10/2008 17:17 | 11/13/2009 15:19 103.3 104.6
QP-147.1 04SM280N11.6 1of3 DG 1973 2007 New 12/2/2008 15:46 | 11/16/2009 12:29 102.5 102.9
QP-147.2 04SM280N11.7 1of3 DG 1973 2007 New 12/2/2008 15:56 | 11/16/2009 12:39 102.8 103
QP-147.3 04SM280N11.8 1of3 DG 1973 2007 New 12/2/2008 16:09 | 11/16/2009 12:46 102.7 103.4
QP-103.1 03Yo0lI50E0.2 1lof4 DG 1969 2005 Aged 10/2/2008 10:35 Not tested 99.8
QP-103.2 03Yo0lI50E0.3 lof4 DG 1969 2005 Aged 10/2/2008 10:45 Not tested 99.6
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Section 1D ) Location: _ Lane! Textu ge Construction | Surfacing Text_u_re , ICD:?)tI'Isgtlircr)]r? iorr [():zcijleé;:rtlir:r? Ior:‘ OBSI Level ESZII
Dist-Cnty-Rte-Dir-PM Type Year Year Condition Year 1 Year 2 Year 1 Year 2

QP-103.3 03Y0l50E0.4 1of4 DG 1969 2005 Aged 10/2/2008 10:56 Not tested 99.4

QP-114.1 04Sol80W18.7 20f4 DG 1949 1999 Aged 10/23/2008 14:45 Not tested 102.3

QP-114.2 04Sol80wW18.6 20f4 DG 1949 1999 Aged 10/23/2008 15:11 Not tested 102

QP-114.3 04Sol80W18.5 20f4 DG 1949 1999 Aged 10/23/2008 15:31 Not tested 102.6

QP-128.1 04SCL85N14.8 3o0f3 DG 1993 2006 Aged 11/7/2008 14:59 11/18/2009 14:57 103 104.2

QP-131.1 11SD8W15.5 1of3 DG 1985 1997 Aged 11/11/2008 17:01 11/23/2009 9:33 105.3 103.7

QP-131.2 11SD8W15.6 1of3 DG 1985 1997 Aged 11/11/2008 17:11 11/23/2009 9:40 105.1 103.6

QP-131.3 11SD8W15.7 1of3 DG 1985 1997 Aged 11/11/2008 17:26 11/23/2009 9:49 105.2 103.6

QP-132.1 11SD805N2.1 50f5 DG 1975 1998 Aged 11/12/2008 12:39 | 11/24/2009 11:06 105.4 106.3

QP-132.2 11SD805N2.2 50f5 DG 1975 1998 Aged 11/12/2008 13:04 | 11/24/2009 11:24 106.6 107.2

QP-132.3 11SD805N2.3 50f5 DG 1975 1998 Aged 11/12/2008 13:16 | 11/24/2009 11:36 106 107.3

QP-133.1 11SD805N2.3 40f 4 DG 1975 1998 Aged 11/12/2008 14:36 | 11/24/2009 11:50 106.5 106.4

QP-133.2 11SD805N2.4 40f 4 DG 1975 1998 Aged Not tested 11/24/2009 12:03 107.3

QP-134.1 11SD905WS5.2 20f2 DG 1975 2000 Aged 11/12/2008 16:03 | 11/24/2009 12:21 105 106.4

QP-134.2 11SD905WS5.1 20f2 DG 1975 2000 Aged 11/12/2008 16:35 | 11/24/2009 12:31 104.9 104.9

QP-134.3 11SD905WS5.0 20f2 DG 1975 2000 Aged 11/12/2008 16:39 | 11/24/2009 12:35 106.2 106.4

QP-135.1 04SON101N25.4L2 20f2 DG 1962 2006 Aged 11/17/2008 12:27 Not tested 103.4

QP-135.2 04SON101N25.5L.2 20f2 DG 1962 2006 Aged 11/17/2008 12:50 Not tested 103.5

QP-135.3 04SON101N25.6L2 20f2 DG 1962 2006 Aged 11/17/2008 12:57 Not tested 103.7

QP-148.1 04SM280N1.6 1of4 DG 1969 2001 Aged 12/3/2008 13:07 11/16/2009 14:36 102.9 103.4

QP-148.2 04SM280N1.7 1of4 DG 1969 2001 Aged 12/3/2008 13:25 11/16/2009 14:51 103 103.6

QP-148.3 04SM280N1.8 1of4 DG 1969 2001 Aged 12/3/2008 13:34 11/16/2009 15:00 103.2 103.7

QP-155.1 06Ker58E110.6 20f2 DG 2003 2006 Aged 1/8/2009 14:54 12/2/2009 14:17 101.2 101.7

QP-160.1 06Ker58E110.0 20f2 DG 2003 2006 Aged 2/23/2009 17:08 12/2/2009 14:13 102.7 102.9

QP-166.1 06Ker58E111.7 20f2 DG 2003 2006 Aged 2/26/2009 9:13 12/2/2009 11:44 101.7 103

QP-110.1 03Nev80E24.0 1of3 Gr 1989 1996 Aged 10/21/2008 17:13 Not tested 102

QP-110.2 03Nev80E24.1 1of3 Gr 1989 1996 Aged 10/21/2008 17:25 Not tested 102

QP-110.3 03Nev80E24.2 1of3 Gr 1989 1996 Aged 10/21/2008 17:37 Not tested 101.9

QP-111.1 03Nev80W?24.2 lof2 Gr 1989 1996 Aged 10/21/2008 17:16 Not tested 103.2

QP-111.2 03Nev80wW24.1 lof2 Gr 1989 1996 Aged 10/21/2008 17:26 Not tested 103.1

QP-111.3 03Nev80wW24.0 lof2 Gr 1989 1996 Aged 10/21/2008 17:38 Not tested 102.7

QP-136.1 04SON101S27.3L.2 20f2 Gr 1962 2006 Aged 11/17/2008 12:40 Not tested 103.8

QP-136.2 04SON101S27.2L.2 20f2 Gr 1962 2006 Aged 11/17/2008 12:52 Not tested 103.6

QP-136.3 04SON101S27.1L2 20f2 Gr 1962 2006 Aged 11/17/2008 13:00 Not tested 103.8

QP-138.1 04SON101S27.3L1 lof2 Gr 1962 2006 Aged 11/17/2008 14:27 Not tested 103.1

QP-138.2 04SON101S27.2L.1 lof2 Gr 1962 2006 Aged 11/17/2008 14:41 Not tested 103

QP-138.3 04SON101S27.1L1 lof2 Gr 1962 2006 Aged 11/17/2008 15:01 Not tested 101.7

QP-153.1 10Mer99S17.5 lof2 Gr 1962 2006 Aged 12/17/2008 14:53 | 11/13/2009 13:03 105.1 106.1

QP-153.2 10Mer99S17.4 lof2 Gr 1962 2006 Aged 12/17/2008 15:21 | 11/13/2009 13:16 105.6 106.3
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. . . Date/Time of Date/Time of OBSI
. Location: 1 Texture | Construction | Surfacing Texture .. .. OBSI Level
Section ID Dist-Cnty-Rte-Dir-PM Lane Typez Year Vgl Condition® Col\l(ectmn in Collection in Year 1 Level
ear 1 Year 2 Year 2
QP-153.3 10Mer99517.3 lof2 Gr 1962 2006 Aged 12/17/2008 15:34 | 11/13/2009 13:28 105.1 105.9
QP-154.1 06Ker58E110.2 20f2 Gr 2003 2006 Aged 1/8/2009 14:27 12/2/2009 11:42 102.1 103.7
QP-156.1 06Ker58E111.2 20f2 Gr 2003 2006 Aged 1/9/2009 7:57 12/2/2009 11:43 103.7 104.7
QP-157.1 06Ker58E111.4 20f2 Gr 2003 2006 Aged 1/9/2009 8:40 12/2/2009 14:17 102.1 103.2
QP-161.1 06Ker58E110.4 20f2 Gr 2003 2006 Aged 2/23/2009 17:44 12/3/2009 10:58 103.2 103.2
Notes:
1. Lane # of total lanes (Lane #1 is next to the median.)
2. Texture Type:
BD = burlap drag (37 sections)
DG = diamond ground (33 sections)
Gr = diamond grooved (19 sections)
LB = longitudinally broomed (10 sections)
LT = longitudinally tined (21 sections)
3. Texture Condition:
New = Sections that had been open to traffic for less than a year at the time of the first measurements (12 sections)
Aged = Sections where the texture could be observed in the wheelpaths (72 sections)
Worn out = Sections where the texture had been worn out in the wheelpaths by traffic (36 sections)
Table 2.2: Spectral and Overall Correction for Test Tire and Sound Analyzer
Frequency
Parameter 400 ‘ 500 \ 630 ‘ 800 | 1,000 ’ 1,250 ‘ 1,600 ‘ 2,000 ‘ 2,500 ‘ 3,150 | 4,000 \ 5,000 | Overall
SRTT#2 to SRTT#1
A 12.92 -4.83 -0.13 -3.61 12.85 2.34 -3.66 -6.17 2.15 -1.35 -0.46 0.97 -20.54
B 0.86 1.05 1 1.03 0.86 0.97 1.03 1.05 0.97 1.01 1 0.99 1.19
R? 0.58 0.93 0.96 0.95 0.65 0.94 0.95 0.93 0.92 0.95 0.96 0.92 0.94
SRTT#3 to SRTT#1
A 5.03 -33.53 -16.82 -16.27 -1.01 -1.04 9.1 1.15 0.74 10.46 7.62 2.03 -9.28
B 0.95 1.37 1.18 1.16 1.01 1.01 0.9 0.99 0.99 0.87 0.91 0.97 1.09
R? 0.75 0.9 0.92 0.95 094 | 092 | 09 | 096 | 093 | 093 | 093 | 094 | 096
Larson-Davis to Harmonie Analyzer
A 14.06 0.52 1.39 5.03 -0.28 3.6 2.27 1.7 1.34 1.91 2.33 4.34 2.19
B 0.83 0.99 0.98 0.95 1 0.96 0.97 0.98 0.98 0.98 0.97 0.94 0.98
R? 0.67 0.95 0.95 0.95 0.97 0.95 0.97 0.96 0.95 0.92 0.92 0.89 0.97
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2.4 Description of Texture Types and Texture Condition Categories
Five pavement surface texture types were identified for this study. Table 2.3 lists the surface texture types, the
number of sections evaluated in each year of the study for each texture type, and the pavement sites in which the

sections were located.

Table 2.3: Texture Types and Sections

Texture Type Number of | Sites (generally three sections per site)
Sections
Burlap drag (BD) Year 1: 37 QP-102, QP-104, QP-105, QP-106, QP-107, QP-113, QP-115, QP-116,

Year 2: 31 QP-123, QP-126, QP-130, QP-137, and QP-159. By Year 2, the six
sections at Sites QP-113 and QP-137 had been overlaid.

Diamond ground (DG) | Year 1: 32 QP-103, QP-114, QP-128, QP-129.3, QP-131, QP-132, QP-133,

Year 2: 24 QP-134, QP-135, QP-147, QP-148, QP-155, QP-160, and QP-166. In
Year 2, the three sections at Site QP-103 could not be tested due to
construction of a median concrete barrier that implied lane shift. Also
the six sections at Sites QP-114 and QP-135 were overlaid by Year 2.
Section QP-132.2 was not tested in Year 1 due to operator error, but it
was tested in Year 2. QP-129.3 is DG, whereas the other two sections at
this site are LT.

Diamond grooved Year 1: 19 QP-110, QP-111, QP-136, QP-138, QP-153, QP-154, QP-156, QP-157,

(Gn) Year2: 7 and QP-161. The first four of these sites (with a total of 12 sections)
were overlaid by Year 2.

Longitudinally Year 1: 10 QP-109, QP-112, QP-146, and QP-162. The first two of these sites (with

broomed (LB) Year 2: 4 a total of six sections) were overlaid by Year 2.

Longitudinally tined Year 1: 21 QP-100, QP-101, QP-108, QP-117, QP-127, QP-129.1 and 2, QP-142,
(LT) Year 2: 21 and QP-158.

It is important to note that this project did not have a sufficient budget for traffic closures, which would have
allowed for a closer examination of the surface type. In most cases the assessment of surface type was done by
observation from the shoulder, at highway speed in the field, and later from analysis of photographs. It was not
possible either to obtain information on the mixes, such as aggregate gradation. It should be noted that all but
one of the burlap drag (BD) sections were last surfaced before 1977. There is a possibility that these had some
other type of texture previously which was completely worn off, leaving no evidence that it existed anywhere on

the slabs, although this was considered unlikely.

Pavements were divided into three age categories:
e New, defined as a surface that had been open to traffic for less than a year at the time of the first
measurements.
e Aged, defined as a surface where the texture could be observed in the wheelpaths.
e Worn out, defined as surface where the texture had been removed from the wheelpaths by traffic.
This classification is somewhat subjective and was derived from visual observation of the surface as well as
comparison of the spectral content of OBSI with other sections of the same texture type. The number of sections

in each texture type and condition category is shown in Table 2.4, summarized from the section-by-section
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information in Table 2.1. It can be seen in Table 2.4 that for some texture types there is no data for one or two of

the three categories. These include longitudinally broomed in the new condition, burlap drag in the new

condition, diamond ground in the worn out condition, and diamond grooved in the new and worn out conditions.

Table 2.4: Texture Types and Conditions

Texture Type Texture Year 1 Year 2
Condition Number of Number of Number of Number of
Locations Sections Locations Sections
LT New 2 6 2 6
Aged 5 12 5 12
Worn out 1 3 1 3
LB New 0 0 0 0
Aged 2 4 2 4
Worn out 2 6 0 0
BD New 0 0 0 0
Aged 4 10 3 7
Worn out 9 27 8 24
DG New 3 6 3 6
Aged 10 26 7 18
Worn out 0 0 0 0
Gr New 0 0 0 0
Aged 6 19 2 7
Worn out 0 0 0 0

2.5 Lane Locations of Sections

Table 2.5 lists the locations of the test sections. All test sections at a site were in the same lane, however, the test

lanes at the sites varied as follows: 60 of the 120 sections sites were on the outside lane, 57 were on the inside

lane, and three were on the middle lane.

UCPRC-RR-2010-03

Table 2.5: Lane Locations of Sections

Test Lane and Total Number of
Number of Lanes Sections
Outside 20f2 34 60

30f3 9
4of 4 11
50f5 6
Inside lof2 21 57
lof3 18
1of4 12
1of5b 6
Middle 20f4 3 3

13
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3 RESULTS

3.1 Results by Texture Type and Texture Condition

The OBSI spectral contents were plotted to compare the OBSI results among the different texture types.
However, after examination of the changes of the spectra from Year 1 to Year 2, a decision was made to use
each section’s two-year average spectra. This approach was deemed a better one than trying to track the year-to-
year changes over the two years because those were very small. To simplify the comparison even further, the
spectra of sections from a given site were also averaged and depicted in graphs as one rather than three sections.
Data for just one year was used in cases where that was all that were available. The legend in each graph shows
whether a single line represents only one section or if the result comes from a site with three sections. The

construction year for each surface is also included in the legend.

As mentioned in Section 2.4, an attempt was made to categorize the texture on each section into one of three

texture condition categories: new, aged, or worn out.

3.1.1 Burlap Drag Sections

There were no sections with burlap drag texture in the new texture category. The texture aged and texture
worn out sections are shown in Figure 3.1 and Figure 3.2 respectively. A comparison of the average spectral
content for the conditions is shown in Figure 3.3. For one-third octave band frequencies below 1,600 Hz, the
spectra for the sections with the texture worn out have greater sound intensity levels than for aged texture

sections.

3.1.2 Diamond Ground Sections

There were no diamond ground sections in the texture worn out category. The new texture and aged texture
sections are shown in Figure 3.4 and Figure 3.5 respectively. A comparison of the average spectral content for
the two texture conditions is shown in Figure 3.6. The comparison shows almost no difference between the new
and the aged textures, on average. Differences within each texture condition category are greater than

differences between the average spectra for each category.
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Figure 3.1: OBSI spectral content for burlap drag sections, texture aged.
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Figure 3.2: OBSI spectral content for burlap drag sections, texture worn out.
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Figure 3.3: Comparison of average OBSI spectral content for burlap drag sections with texture in different
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Figure 3.4: OBSI spectral content for diamond ground sections, texture new.
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Figure 3.5: OBSI spectral content for diamond ground sections, texture aged.
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Figure 3.6: Comparison of OBSI spectral content for diamond ground sections with texture in different conditions.
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3.1.3 Diamond Grooved Sections

All diamond grooved sections fall in the aged texture category, so comparison against other conditions is not
possible. Figure 3.7 shows the results at each site, while Figure 3.8 presents the average of all sites. There is a
range of 4 to 5 dB(A) for every frequency within the aged texture category. The older sections, built in 1996,
appear to have lower OBSI levels for frequencies of 2,000 Hz and higher frequencies, and to have OBSI levels
in the middle of the range of the other sections built in 2006 for frequencies below 2,000 Hz.
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Figure 3.7: OBSI spectral content for diamond grooved sections, texture aged.
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Figure 3.8: Average of OBSI spectral content for diamond grooved sections.
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3.1.4 Longitudinally Broomed Sections

There were no sections with longitudinally broomed texture in the new texture category. The texture aged and
texture worn out sections are shown in Figure 3.9 and Figure 3.10 respectively. A comparison of the average
spectral content for the two texture conditions is shown in Figure 3.11. It can be seen that there is not much
difference between the two texture conditions. Differences within each texture condition category are greater
than the differences between the average spectra for each category.
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Figure 3.9: OBSI spectral content for longitudinally broomed sections, texture aged.
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Figure 3.10: OBSI spectral content for longitudinally broomed sections, texture worn out.
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Figure 3.11: Comparison of OBSI spectral content for longitudinally broomed sections with texture in different
conditions.

3.1.5 Longitudinally Tined Sections

This is the only texture type with sections found in the three texture conditions. Sections with longitudinally
tined texture in the texture new, texture aged, and texture worn out categories are presented in Figure 3.12,
Figure 3.13, and Figure 3.14 respectively. The second year results from Section 142 were excluded from the
analysis because of extensive damage to the pavement surface caused by truck chain wear. A comparison of the
average spectral content for the conditions is shown in Figure 3.15. The average spectra for the three conditions
are very similar, with the primary differences being that the OBSI level for the very low frequencies increases
after the first year, and that OBSI increases some for the 1,250 Hz frequency as the texture ages. Differences
within each texture condition category are greater than differences between the average spectra for each

category.
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Figure 3.12: OBSI spectral content for longitudinally tined sections, texture new.
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Figure 3.13: OBSI spectral content for longitudinally tined sections, texture aged.
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Figure 3.14: OBSI spectral content for longitudinally tined sections, texture worn out.
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Figure 3.15: Comparison of OBSI spectral content for longitudinally tined sections with texture in different
conditions.
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3.1.6  Comparison of Textures

To begin the examination of the noise characteristics of concrete pavement surface textures in more detail,
Figure 3.16 presents the one-third octave sound intensity levels, using the average for each texture type and
including textures of all three conditions. The longitudinally broomed texture has markedly lower levels at
frequencies below 1,250 Hz. The other surface types are difficult to distinguish from each other in terms of
average OBSI spectra. Given that once the texture of a surface has disappeared, it is no longer considered to be
designed, and it is more appropriate to consider only those sections with aged texture, as presented in
Figure 3.17.
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Figure 3.16: Comparison of OBSI spectral content of sections with different texture types, average of all sections of a
texture type.
(Note: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined.)
Because an average spectrum is just a mathematical construction of a fictitious average section, it is convenient
to include in the plots the actual spectra for the sections with the highest and lowest OBSI (of the aged texture

category). This is presented in Figure 3.18.

The results of Figure 3.18 are presented again in Table 3.1, along with the average overall OBSI for the aged

texture category for each texture type.
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Between DG and BD the analysis is as follows: the Max spectra and the Average spectra are similar for the two
texture types. At 1,250 Hz, the BD is lower than at the adjacent 1 kHz and 1.6 kHz frequency bands. Below
800 Hz the Min spectra are similar for BD and DG. At 1,000 Hz the BD texture minimum noise level is higher
than the DG, but they are similar again at 1,250 Hz. Above 1,600 Hz the BD texture minimum spectrum is
similar to the average levels, whereas the Min DG spectrum remains considerably lower than the average

spectrum.
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Figure 3.17: Comparison of OBSI spectral content of sections with different texture types, average of sections with
texture aged.
(Note: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined.)

The mechanism that increases the loudness of BD texture occurs at low frequencies because above 1,600 Hz the
Min, the Average, and the Max spectra are all similar. The mechanism that increases the loudness of DG texture

involves the entire spectrum.
The average spectra for all texture types and conditions was shown previously in Figure 3.16. The minimum and

maximum spectra values for the one-third octaves are shown for all sections with aged texture in Figure 3.19

and Figure 3.20, respectively.
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Figure 3.18:

Comparison of OBSI spectral content of sections of different texture type (only texture aged).
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Table 3.1. Sound Intensity in One-Third Octaves of Sections with Texture Aged

400 | 500 | 630 | 800 1,000 | 1,250 | 1,600 | 2,000 | 2,500 | 3,150 | 4,000 | 5,000 | Overall
BD | Max 87.3 | 915 [ 96.3 | 103.2 993 | 969 |97.7 |946 |90.7 |859 |827 | 799 | 107.2
Average | 85.2 | 86.3 | 90.6 | 98.1 | 976 |949 |956 |932 |89.6 |848 |816 | 785 | 103.7
Min 84.1 | 816 | 86.0 | 944 |96.7 |922 |949 |936 |903 |865 |836 |805 |102.0
DG | Max 88.5 | 91.2 | 945 | 102.0 | 101.2 | 97.7 | 984 |955 |91.3 |853 |821 | 789 | 107.3
Average | 85.8 | 87.3 | 91.3 | 98.7 | 975 |953 |942 |91.8 |886 |837 |80.7 |774 | 1035
Min 82.9 | 827 | 87.2 |949 |947 |928 |90.3 885 |89 |809 |775 |745 |994
Gr Max 86.0 | 885 933 |101.1|99.1 |975 |96.7 [940 |90.1 |86.1 |838 | 795 | 1059
Average | 84.8 | 865 | 91.1 | 98.7 | 97.3 | 952 |941 |920 |885 |84.6 |819 |77.9 |1034
Min 84.1 | 86.1 |90.3 |97.7 | 959 |94.0 |922 |[904 |874 |829 |80.1 |765 |101.7
LB Max 849 | 863 | 905|983 |981 |945 |97.3 [942 |903 |86.1 |827 |79.6 |104.1
Average | 83.9 | 845 | 887 | 964 |96.6 |934 |953 |928 |89.2 |847 |813 |784 |102.0
Min 84.7 | 852 | 888 | 957 |956 |93.7 |936 |[914 |882 |835 |801 |769 |101.6
|LT Max 88.2 {90.8 | 94.0 | 101.3|99.8 | 97.7 |96.1 |[931 |894 |846 |812 | 769 | 106.1
Average | 86.9 | 88.6 | 92.2 | 99.7 | 985 |964 |956 |929 |893 |844 |8l1 |77.2 |104.8
| Min 86.8 | 879 [91.2 | 989 | 974 | 953 |953 |923 |889 |841 |806 |77.2 |103.8
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Figure 3.19: Comparison of OBSI spectral content of sections with different texture types, minimum of sections
with aged'texture.
(Note: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined.)
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Figure 3.20: Comparison of OBSI spectral content of sections with different texture types, maximum of sections with
texture aged.
(Note: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined.)

To better visualize the difference, two texture types are presented together in each of the following figures.

Between LB and Gr the analysis is as follows: The Max spectrum is higher for Gr than LB below 1,600 Hz. The
Average spectrum is higher for Gr than LB below 1,250 Hz. The LB Average spectrum shows intensities at
800 Hz and 1,000 Hz very similar to those for Gr. The Min LB spectrum is lower than the Average LB spectrum
only at the 1,600 and 2,000 Hz bands. The Max and Average LB spectra show markedly lower intensities at 800,

1,000, and 1,250 Hz compared to the Gr spectra, which are the primary contributors to overall sound intensity.

Between LT and BD the analysis is as follows: The LT spectrum is very similar for the Max, the Average, and
the Min curves for both textures at frequencies higher than 1,600 Hz, with the differences in the low frequencies.
In these low frequencies the BD texture is quieter than the LT texture for the Average and the Min curves.
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Figure 3.21: Comparison of OBSI spectral content of diamond ground (DG) and burlap drag (BD), texture aged
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Figure 3.22: Comparison of OBSI spectral content of longitudinally broomed (LB) and diamond grooved (Gr),
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Figure 3.23: Comparison of OBSI spectral content of longitudinally tined (LT) and burlap drag (BD) sections.

3.2 Overall Sound Intensity

The results of OBSI measurements are presented by surface type in three sets: Year 1 results, Year 2 results, and
Year 1 and Year 2 results combined. Combining the two years of data provides a larger sample size, while the
results of the year-by-year analysis are of interest because of some differences within each surface type of
individual sections. Sections in all conditions (new, aged, worn out) are included here. Each texture type and

details of the OBSI level of each section measured in Years 1 and 2 appear in Appendix A.
The box plots in Figure 3.24 through Figure 3.26 show the OBSI level by texture type respectively for the data
set corresponding to Year 1, Year 2, and the combined Year 1 and Year 2 data. The values shown in the box

plots are the minimum and the maximum, and the 1% and 3" quartiles.

The mean results for overall OBSI by surface type along with standard deviation and sample size are presented
in Table 3.2.

Table 3.3 presents the same information, but only for new and aged textures, i.e., the sections with texture worn
out are excluded. It can be seen that separating out the texture worn out sections did not have much effect on the

mean overall OBSI levels, except for the BD texture type.

Figure 3.27 is similar to Figure 3.26 but only showing sections with new and aged textures.
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Figure 3.24: Box plots of OBSI results by texture type, Year 1.
(Notes: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined; number of observations in sample shown below texture type.)
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Figure 3.25: Box plots of OBSI results by texture type, Year 2.
(Notes: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined; number of observations in sample shown below texture type.)
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Figure 3.26: Box plots of OBSI results by texture type, Years 1 and 2 combined.
(Notes: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined; number of observations in sample shown below texture type.)

The quietest texture type, when considering the mean of the OBSI results of all sections with the same nominal
surface type with all texture conditions (new, aged and worn out) and combining Year 1 and Year 2 data, was
found to be the longitudinally broomed (LB), although this conclusion must be treated with some caution
because of the smaller sample size for this texture type. The longitudinally broomed group presented a mean
OBSI level of 102.3 dB(A) based on 14 measurements obtained by combining the two years of results on 10
sections located at four different sites (Table 2.5). Next, the diamond grooved and diamond ground texture types
showed values similar to each other in terms of mean OBSI level—103.6 and 103.8 dB(A), respectively—and
are therefore ranked as the second quietest. The value for diamond ground sections is the result of 56
measurements on 32 sections located at 14 sites, and for diamond grooved it is the result of 26 measurements on
19 sections located at 9 different sites. Burlap drag and longitudinally tined surfaces had mean OBSI levels of
104.5 and 104.8 dB(A), respectively. There were 42 measurements on 21 longitudinally tined sections located at

eight different sites, and 68 measurements for burlap drag on 37 sections at 13 sites.

Figure 3.27 shows a box plot of overall OBSI for each texture type for the new and aged textures, with those
sections with worn out textures removed. Figure 3.28 shows the normal distribution curves of OBSI results by
texture type, all sections. Figure 3.29 shows the normal distribution curves of OBSI results by texture for the

new and aged textures, with the worn out textures removed.
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If the sections with worn out texture condition are excluded, the results of the analysis are similar. The quietest
type is still the longitudinally broomed sections with a mean OBSI level of 102.0 dB(A). The diamond grooved
sections follow at 103.6 dB(A), then the diamond ground and the burlap drag at 103.8 dB(A) each. The
longitudinally tined sections presented a mean level of 104.7 dB(A). It should be noted that human hearing can

generally only perceive differences in sound of 2 to 3 dB(A) or more.

The normal distribution curves were prepared using the mean and standard deviation of OBSI levels that were

presented in Table 3.2 and

Table 3.3 for the combined data from Year 1 and Year 2, and for each texture type. The resulting charts are
presented in Figure 3.28 including all sections and in Figure 3.29 excluding sections with the texture worn out

condition. The legend includes the mean OBSI level in dB(A) next to the texture-type abbreviation.

Table 3.2: Mean Values of Overall OBSI Levels (dB[A]) by Surface Texture Type, All Sections (All Conditions:
New, Aged, Worn out)

Surface Type Year 1 Year 2 Combined Years 1 and 2
Mean Std. Sample Mean Std. Sample Mean Std. Sample
Dev. Size Dev. Size Dev. Size
(Bé‘g)"‘p drag 1038 1.8 37 105.2 15 31 1045 1.8 68
?[;g‘o“d ground 1533 19 32 104.4 16 23 1038 1.9 56
Diamond 1032 11 19 104.7 1.4 7 1036 1.4 26

grooved (Gr)
Longitudinally
broomed (LB)
Longitudinally
tined (LT)

102.2 0.9 10 102.5 0.5 4 102.3 0.8 14

104.0 0.8 21 105.7 0.8 18 104.8 1.2 39

Table 3.3: Mean Values of Overall OBSI Levels (dB[A]) by Surface Texture Type, Only Newand Aged Textures

Surface Type Year 1 Year 2 Combined Years 1 and 2
Mean Std. Sample Mean Std. Sample Mean Std. Sample
Dev. Size Dev. Size Dev. Size
?E;J[r)';‘p drag 1033 0.8 10 104.6 11 7 1038 1.1 17
(DD'%”;O”d ground 4033 19 32 104.4 16 23 1038 1.9 56
Diamond 1032 1.1 19 104.7 14 7 1036 1.4 26

grooved (Gr)
Longitudinally
broomed (LB)
Longitudinally
tined (LT)

101.5 0.7 4 102.5 0.5 4 102.0 0.7 8

103.9 0.9 18 105.7 0.9 15 104.7 13 33
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Figure 3.27: Box plots of overall OBSI results by texture type, Years 1 and 2 combined,

only sections with newand agedtextures (sections with texture worn out are excluded).
(Notes: BD = burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,

LT=longitudinally tined; number of observations in sample shown below texture type.)

It must be noted that the number of sections for the longitudinally broomed (LB) texture is considerably less

than for the other textures when all sections are considered. The number of sections for the burlap drag (BD)

texture are also fewer than those for the diamond ground (DG), diamond grooved (Gr), and longitudindally tined

(LT) textures when the texture worn out condition is excluded, since many of the BD sections are older and have

lost their texture.
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Figure 3.28: Normal distribution curves of OBSI results by texture type, all sections.
(Notes: BD=burlap drag, DG=diamond ground, Gr=diamond grooved, LB=longitudinally broomed,
LT=longitudinally tined; sample sizes for LB and Gr are smaller than for other textures.)
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