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Chapter 1. Introduction

Highway traffic noise has increasingly become a subject of concern for transportation
agencies as well asthe general public. Transportation planners, engineers, environmentalists, and
researchers have sought cost-effective ways to reduce noise pollution in urban areas. For traffic
noise, the most frequently used mitigation measure has been the construction of traffic noise
barriers along the highways. In recent years, some porous pavement surfaces have shown to be
quieter than their more common, non-porous counterparts—mostly a fortuitous property, given
that these surfaces are placed for their good draining characteristics. This discovery has led to the
use of such pavements as a viable aternative to traffic noise barriers. In Texas, this type of
pavement is known as “Permeable Friction Course” or PFC. An open-graded asphalt with
typically 18 percent or more air void content, PFC offers outstanding performance under wet
conditions, significantly reducing splash and spray, improving visibility, and increasing safety. It
isin use by a number of states, and is more formally known as “New Generation Open-Graded
Friction Course,” nationally and internationally.

PFC pavements also reduce noise, both inside the vehicle and at the roadside, because of
their relatively high air void content and the occasional inclusion of crumb rubber in the mix. For
the reasons discussed above, their use in Texas and several other statesisincreasing rapidly.

Considering the environmental concerns and the pavement technological developments,
the Texas Department of Transportation devised Project 0-5185, “Noise Level Adjustments for
Highway Pavements in TXDOT,” in an effort to assess the potential application of “quieter”
pavements for both impact avoidance and noise abatement.

The Federal Highway Administration (FHWA), the federal agency in charge of
developing policies and guidelines for the national highway system, alows a state to spend
federal-aid highway funds for noise abatement projects. The FHWA policy is contained in
[FHWA 1995], and it establishes that pavement type or texture cannot be considered as a noise
abatement measure. The policy in question also states that “while it is true that noise levels do
vary with changes in pavements and tires, it is not clear that these variations are substantial when
compared to the noise from exhausts and engines,” and that additional research is needed to
determine to what extent different pavement types contribute to traffic noise. The intent of this
research project is to provide evidence that can address this subject. The FHWA policy appliesto
al federally funded projects, and it has substantial consequences on the restriction of noise
reduction measures such as pavement types for evaluation by highway engineers and planners.

In accordance with the aforementioned policy, the current FHWA -approved traffic noise
and barrier modeling software, Traffic Noise Model (TNM), is restricted, for the time being, for
use only with an “Average Pavement” option. However, the program has other options—at the
time, only available for research purposes—enabled for modeling pavement types that would
render quieter noise levels, such as the “ Open-Graded Asphalt Concrete.” This applies to impact
avoidance.

TxDOT addresses highway noise in its Guidelines for Analysis and Abatement of
Highway Traffic Noise [TxDOT 1996]. These guidelines have been approved by FHWA. Under
these guidelines, “abatement” is defined as any positive action taken to reduce the impact of
highway traffic noise. A noise impact occurs when predicted traffic noise reaches a level that
requires the consideration of noise abatement measures. The abatement measures that must be
considered when atraffic noise analysis results in a noise impact are:



e Traffic management

e Alteration of horizontal and vertical alignments

e Acquisition of real property to serve as a buffer zone

e Insulation of public use or nonprofit institutional structures
e Construction of noise barriers

Following the FHWA regulations, no pavement consideration could be included in the
guidelines for noise abatement purposes.

Notwithstanding the policies, investigating impact avoidance at the chief source of the
noise, the tire/pavement interface, is a sensible endeavor. There are advantages to reducing the
noise at the source rather than placing a barrier between the source and the receiver. First, al
receivers, including drivers, can benefit. Second, the benefit can be achieved in situations where
barrier construction is not feasible or reasonable, or when barriers may be objectionable for
aesthetic reasons. If a pavement can be designed to be quieter, and it is able to retain those quiet
characteristics over its service life with reasonable maintenance, then the use of quiet pavements
may be approved by the FHWA in the future as a measure for impact avoidance and noise
abatement. If thisis accomplished, the use of quieter pavements may even eliminate the need for
noise barriersin neighborhoods.

Research has concluded that a very significant component of traffic noise is produced at
the tire/pavement interface. Other components of traffic noise are generated by the engine,
exhaust, and aerodynamic characteristics, but at higher speeds, the dominant source is the
tire/pavement noise. Evidently, the surface characteristics of the pavement have a key influence
in the generation of noise. Protecting individual receivers by reducing pavement noise at the
source rather than by means of traffic noise barriers may prove to be the more cost-effective way
of mitigating noise.

1.1 Background and Previous Resear ch

Thisisthe final report for this project. Two previous reports have been produced. Report
0-5185-1 [Trevino 2006] presented the literature review, evaluated available technology for
measuring pavement noise, and provided recommendations for equipment, protocols, and test
sections throughout the state of Texas. Information on the candidate pavement sections was
gathered at that stage, and a preliminary version of the data collection factorial was prepared.
The second report of the series [Trevino 2007], documented the findings from field testing of
pavement noise accomplished by two methods of testing—on-board and roadside—and
presented analyses of the data as well as comparisons with TNM. Preliminary conclusions and
recommendations were presented at that point, considering the results obtained up to that stage
of the project. This final report documents al the testing done throughout the project, presents a
detailed analysis of the results, draws final conclusions, and extends recommendations for future
testing and research. The comprehensive description of this report’s organization is presented in
Section 1.3.

Background for this research has been developed by its predecessor, TXDOT Project 7-
2957, “Use of Pavement Surfaces to Attenuate Traffic Noise.” This project, documented in
[DeMoss 1999], [McNerney 2000], and [McNerney 2001], devised some valuable noise testing
equipment that is still in use, some of which was incorporated into the 0-5185 Project, as



presented in Chapter 2. Project 7-2957 showed that there are significant differences in Texas
pavements with regards to tire/pavement noise, and concluded that it would be feasible to
develop quieter pavements able to provide at least a5 dB level of traffic noise reduction, even
though no pavements in the study were specifically constructed to be quiet pavements. Data
gathered in the project did not provide conclusive evidence that asphalt surfaces become less
quiet over time and wear, and also did not show that rigid pavements become quieter over time
as traffic abrades its surface texture. Good correlations were found between noise levels
measured on-board test vehicles with the roadside results. This research emphasized the
importance of considering the noise absorption characteristics of the various pavement types
when evaluating traffic noise.

A key event that determined the direction of the research and practice in this area in
recent years and for the foreseeable future in this country was the Tire/Pavement Noise Strategic
Planning Workshop, sponsored by the FHWA, held in the Fall of 2004, at Purdue University
[Bernhard 2004], in which one of the researchers of this project participated. This workshop
gathered the foremost experts in the traffic noise area, including engineers, researchers,
environmentalists, acousticians, policy-makers, and practitioners from government entities,
academia, and the private industry, to identify the needs and develop a roadmap to implement
quiet highways. The decisions and initiatives undertaken as a result of this meeting laid out a
comprehensive plan that has proved to be crucia in establishing new design practices, policies,
construction and maintenance, analysis (measurement and prediction), and research toward the
use of quieter pavements for noise mitigation.

One such decision was the creation of the Expert Task Group on Tire/Pavement Noise
Measurement in charge of developing standards for consideration by AASHTO for measurement
for tire/pavement noise. Some of the efforts of this group are nearing completion in regards to an
upcoming standard, which will be addressed in subsequent paragraphs. The need for the
establishment of standardized testing procedures was an area of opportunity identified by the
experts where much progress was needed, given the existence of a variety of wayside and near
field testing methods. The creation of pooled-fund projects with the state DOTSs is another
initiative from that meeting, with TXDOT being an active participant in those studies. Findings
from this 0-5185 Project have contributed to such pooled-fund study.

NCHRP Project 1-44, “Measuring Tire/pavement Noise at the Source,” performed by
Illingworth & Rodkin, Inc., and recently finalized, is another outcome of the workshop. This
project evaluated potential noise-measurement procedures for measuring tire/pavement noise,
applicable to light and heavy vehicles, under in-service conditions, for all pavement types
[Donavan 2009]. Dr. Paul Donavan, a widely known acoustics scientist, was the Principal
Investigator. This is a significant project with sizeable implications for the standardization of
measurement of tire/pavement noise. Based on the exhaustive review and analysis conducted in
this project, the researchers recommended a procedure for measuring tire/pavement noise by
means of the sound intensity method (On-Board Sound Intensity, OBSI). This is the same
method that the 0-5185 Project Committee and researchers agreed to use halfway through it, by
acknowledging the national and international trends followed by the transportation noise
community of researchers, scientists, practitioners and industry in recent years.

1.2 Objectives

The objectives of this research include:



Remove FHWA restrictions. The project pursues the elimination of two restrictions from
the FHWA policy, namely:

1) The exclusive use of “average’ as pavement type in TNM. The removal of this
restriction would allow the use of other specific pavement types with which the
software is equipped, which could in turn result in a better estimation of noise
levels and the possible avoidance of noise impacts.

2) The prohibition on the use of “quieter” pavement as noise abatement. The
elimination of this restriction would allow the possible consideration of quieter
pavements as noise abatement.

The FHWA policies specify that “unless definite knowledge is available on the
pavement type and condition and its noise generating characteristics, no adjustments
should be made for pavement type in the prediction of highway traffic noise levels.”
Thus, this project attempts to contribute to the definite knowledge on the matter.

Long-Term Noise Monitoring: Measure the effects of aging on the acoustic properties of
pavements, particularly open graded pavements.

Develop Noise Models: Correlate pavement design elements for porous pavements with
their acoustic properties to assist designers in predicting the noise levels generated by
various mix designs.

Assist TXDOT in Developing an In-House Noise Testing Program: Provide protocols,
equipment recommendations, and training to TXDOT to assist it in creating its own
network-level noise-monitoring program.

The objectives of this report are as follows:
1. To present the equipment and test methods utilized throughout this research

2. To document the pavement characteristics of the sections analyzed and the basis for
their selection

3. To present the experimental results obtained in the project, along with comparisons
and analyses

4. To present recommendationsto TXDOT for future research and noise data collection

1.3 Report Organization

Thisreport is organized in the following way:

The details of the equipment and test procedures utilized in this project are presented in
Chapter 2.

Chapter 3 is dedicated to the various data collections efforts denominated “Noise
Rodeos,” that were conducted at various stages of the project in cooperation with other agencies,
for the comparison, validation, and calibration of the OBSI equipment.

Chapter 4 provides an analysis of the OBSI results obtained on PFC pavements.

In Chapter 5, the results of the roadside tests are presented, along with the comparisons of
the actual measurements from the side of the road versus those predicted by TNM.



Several pavement sections of interest with particular characteristics that do not
necessarily fall into the open-graded pavement category (such as a diamond-ground concrete
pavement) were also investigated in the course of this research. Those have been labeled as
Specia Case Studies, and are the subject of Chapter 6.

A comprehensive statistical analysis has also been developed to evaluate the OBSI results
from various standpoints, including pavement characteristics, age, traffic, climatic variables, test
tires, and equipment, among others. This analysisis presented in Chapter 7.

Finally, Chapter 8 summarizes the conclusions and recommendations developed in the
preceding chapters.






Chapter 2. Instrumentation and Testing

The equipment and methodology for pavement noise testing continues to evolve
worldwide, and has even evolved greatly during the course of this four-year study. The driving
factor for this evolution seems to be increased speed of testing while till maintaining
comparability to roadside noise levels as measured with a standard decibel meter and as
experienced by the receivers (homes and businesses) at the roadside. Increased testing speed
reduces cost and also increases safety by using vehicle-mounted systems versus personnel
exposed to traffic hazards for long periods of time.

However, because vehicle mounted systems typically measure noise at the pavement-tire
interface, care must be taken to always relate on-vehicle measurements to roadside noise levels,
when the data is to be used for estimation of noise impact. Otherwise, the on-board
measurements simply give a “delta’ between various pavements, not the absolute value of noise
which would be experienced at roadside. Additionally, PFC pavements attenuate sound traveling
along the drive lanes and shoulder, a“propagation effect” that further reduces the roadside noise
levels. Thiseffect is not captured by the OBSI measurement.

2.1 Test Methods Used in this Study

The noise test methods can be broadly classified in three main categories of testing
equipment, each with its own standardized protocol. The categories are roadside tests, on-board
methods, and impedance absorption testing. All three were used in the course of this study and
are described in the sections below.

2.2 Roadside Noise M easurement using SPL Meters

The most basic (and still the most accurate) method of measuring traffic noise isto set up
sound pressure meters at the roadside. All other methods used to measure road noise are simply
more convenient, faster ways to approximate the wayside noise via correlation. Therefore, it's
essential to establish arelationship between the on-vehicle methods and the direct measurement,
and to check that correlation periodically during the vehicle testing. It’ s been observed under this
study and many others that correlations between on-board and roadside measurements are unique
to the vehicle configuration (primarily tires), and the pavement surface materia (propagation
effect).

Figure 2.1 shows a typical setup for a roadside noise measurement. One or two Class 1
sound pressure meters are set up at precise distances and elevations relative to the center of the
travel lane. Initidly, all requirements given in ISO 11819-1, Measurement of the Influence of
Road Surfaces on Traffic Noise [1SO 1997] were met, including the 7.5-m horizontal distance of
the microphone to the centerline of the measured traffic lane, and 1.5-m vertical elevation above
the plane of the road. Later in the study, a second meter was added at 15 m distance from the
centerline of the traffic lane to correspond with the distance used by Volpe Center in their
measurements for validation of the FHWA’s TNM program (more information on TNM can be
found in Chapter 5). A-weighted L was used as the standard variable, as that is the sound level
measurement that TNM predicts. Lo is the equivalent sound pressure level that, if maintained
constant over a given time, would deliver the same amount of acoustic energy as the time-
varying sound pressure level measured.
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Figure 2.1: Pass-by noise measurements at roadside

Another vital function roadside measurements perform is to provide as measured data for
comparison with predicted roadside noise levels using the FHWA’s TNM software. The TNM
program is important because its use is required on federally funded projects to determine
whether a noise barrier is required. TNM can predict the noise level at any location near a
roadway, provided very detailed inputs are available, including vehicle counts, roadway
geometry, type of surfaces, and vehicle speeds. To obtain the traffic data required for TNM, the
roadside measurement procedure under this study also includes videotaping of the traffic during
testing, and an inset vehicle speed reading obtained via aradar detector (Figure 2.2).

Figure 2.2: Video traffic record including vehicle speeds



At the time of this writing, a national standard for pass-by testing is being drafted by the
FHWA'’s Expert Task Group. The new standard will specify test instrument locations at 25 and
50 ft from the center of the travel lane, which matches the 7.5 and 15 m locations used in this
study. In any case, the exact locations are not important as the TNM program predicts noise
levelsfor any receiver locations. An example output from TNM appears as Fig 2.3.
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Figure 2.3: Comparison of actual roadside versus predicted noise levels using TNM

2.3 On-Board M easurement Systems

Although use of precision sound meters at roadside provides the best and most relevant
measure of traffic noise, it is impractical for use on a large scale due to the set up time and the
time required to take the measurements: typically 10-30 min per measurement, three replicates
per section. Therefore, on the national and international level, practitioners have migrated toward
vehicle-mounted measurement systems so as to be able to estimate roadside noise levels quickly,
at low cost, and with low risk to personnel.

Three classes of on-board systems have emerged, which can be roughly characterized as
free field close proximity devices, enclosed close proximity devices, and sound intensity devices.
The former two systems are referred to as CPX (generaly trailer mounted) and the latter is
termed OBSI (vehicle mounted). Much work has been done with all three systems, each having
specific advantages and disadvantages, with OBSI currently emerging as the dominant system.

2.3.1 FreeField CPX Trailer System

Figure 2.4 shows a typica free field, CPX trailer system that was developed under
Project 7-2957 [McNerney 2001] and initially used in this study. It consists of two precision
measurement microphones mounted on a hoop suspension system, designed to suspend the
microphones at a precise distance from the front and rear tire contact points, as well as vertically



above the pavement surface. The trailer is weighted with iron bars to closely match the axle
weight of atypical passenger vehicle.

e

Figure 2.4: Freefield CPX trailer system for pavement noise measurement

Inside the vehicle, the noise signal picked up by the microphones is not processed in real
time, but rather recorded to a laptop computer and analyzed later. It is termed a “free field”
system because the microphone area is not enclosed and therefore, there are no reflections or
standing wave “modes’ to contaminate the noise recording. This system gives very accurate and
repeatable measurements, provided that there are no other nearby sources of noise (e.g., traffic,
reflections from barriers, etc). Typically tests using this system were performed during very low
traffic times (e.g., 3:00 am. on weekends) and in carefully selected locations with no nearby
roadside objects (e.g., barriers) to cause reflections.

Unfortunately, most places of interest for noise data collection are in high traffic urban
areas, and do include nearby barriers or other structures. For this reason, use of free field CPX
trailersis very uncommon today.

2.3.2 Enclosed CPX Systems

The next step in the evolution of noise trailers was to add an enclosure around the
microphones in an attempt to attenuate extraneous traffic noise and reflections from roadside
barriers. Figure 2.5 shows the NCAT enclosed CPX trailer, a system that was widely used for a
number of years, and initially was considered for use under this study.

10



Figure 2.5: Typical enclosed CPX noise measurement trailer

Although this system afforded some reduction of extraneous noise (the exact
transmission loss through the thin panels has not been published), it added a new issue of
acoustic reflections inside the chamber forming standing waves, and therefore created modes
dependant on the enclosure dimensions, which in turn skewed the readings at various
frequencies, which in turn depended on where the microphones were placed. A thin layer of
Sonex foam was used to line the chamber and reduce reflections, but acoustic foam this thin can
only provide a very limited amount of attenuation at the mid frequencies that are of interest in
pavement noise measurement.

Figure 2.6 shows a graph prepared by Donavan (source: Dr. Donavan) showing the error
introduced by the trailer enclosure. As can be seen in the figure, the maximum error introduced
by the closed system and its associated standing waves occurs between 500 Hz and 1600 Hz,
with a peak error of about 4-5 dB at 800 Hz. Unfortunately, this is precisely within the area of
greatest interest for pavement noise. To move the standing waves down to a lower and less
problematic frequency range would require using a much larger microphone enclosure, or much
thicker absorptive material, neither of which is practical.

However, it was also noted by Donavan that the overall, A-weighted level measured by
the NCAT trailer system was not as seriously affected as the individua frequency band
measurements (Figure 2.7). It was therefore concluded in this study, and in [Donavan 2009] that
the NCAT system was not optimal for measurements where frequency band was critical.
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Figure 2.6: Measurement anomalies caused by microphone enclosure, NCAT trailer (source:
Dr. Donavan)
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Figure 2.7: Comparison of A-weighted overall noise level between NCAT Trailer and OBS
device (source: Dr. Donavan)
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2.3.3 On-Board Sound Intensity (OBSI) Device

In June of 2006, the OBSI device which had been developed by Dr. Paul Donavan of
[llingworth & Rodkin, and used extensively by Caltrans, became available to this study. The
OBSI system consists of a custom machined jig that bolts to the wheel rim and supports a sound
intensity probe at very close proximity to either the front or rear tire/pavement contact point.
Because the device is bolted to the wheel, the vertical distance from the pavement does not vary
as the suspension oscillates, and because there is a robust bearing connecting the bolted on
assembly to the microphone holders, the device does not rotate with the wheels. A slender
vertical post affixes to the car body to steady the assembly and provide resistance to the small
amount of rotational force generated by friction in the bearing. The OBSI device and vertical
stabilizer bar can be seen bolted to the study test vehicle in Figure 2.8. A schematic of the system
including the microphones position is shown in Figure 2.9.

Figure 2.8: OBS rig attached to Chevy Malibu test vehicle
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Figure 2.9: OBS microphone position

Unlike the previous CPX trailer systems, the OBSI datais not only collected in raw form,
but also analyzed in real time by an in-vehicle device, the Larson Davis 3000+ Anayzer (Figure
2.10). The analyzer requires a second vehicle passenger to operate, but affords the advantage of
analyzing and displaying the sound intensity for each frequency band in real time, alows the
operator to listen to the noise being recorded, and stores the processed data inside the analyzer
itself. A separate, flash card audio recorder captures the raw output from the LD 3000 for
reprocessing later, if needed.

Seeing the data display and hearing the noise during the test is extremely useful, as it
allows the operator to immediately detect any anomalies during testing, and flag the data as
suspicious for later examination. Often, mechanical problems with the jig or vehicle occur that
can be easily detected by the operator and corrected in the field, so that testing can resume.

14



Figure 2.10: Larson Davis 3000+ sound intensity analyzer

The OBSI system provides many advantages over the CPX trailers previously used, chief
among them the ability to almost totally exclude extraneous noise coming from other vehicles or
roadside reflections, both of which are a serious problem in urban areas due to heavy traffic and
concrete barriers. The system achieves this by using a phase matched pair of measurement
microphones precisely spaced so that the analyzer can measure the phase difference and
therefore the time offset between a wave front arriving at the outside microphone and the inside
microphone less than a millisecond later. This allows the analyzer to discriminate between the
noise coming from the tire contact point (desired) and from other sources (undesired). In
addition, the unique attachment jig allows the microphones to be safely suspended 70 mm above
the pavement surface and 100 mm from the tire contact point, greatly reducing extraneous noise.

Most importantly, the primary reasons that the OBSI system was selected for this study
were (1) ability to accurately estimate roadside noise, and (2) compatibility with other agencies
measuring road noise.

Figure 2.11 shows work performed by Donavan and Lodico [Donavan 2009] comparing
enclosed CPX to OBSI in estimating roadside noise levels. The spectral distortion due to the
enclosed trailer can be readily seen in the figure. By contrast, the OBSI system tracks very
accurately with the roadside measurement, allowing a 24-dB overall level adjustment for the 7.5-
m vs. 100-mm microphone distance (roadside sound meter vs. OBSI).

Table 2.1, also taken from [Donavan 2009], shows the correlation between the two
vehicle systems vs. pass-by. Note that both systems do an excellent job of matching pass-by
(slope = 0.94 for CPX vs. 0.96 for OBSI) on conventiona asphalt pavements, but the OBSI
device gives a closer one to one relationship when the porous pavement $4 is included, possibly
due to propagation absorption observed for these open-graded pavements.
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Figure 2.11. Comparison of CPX and OBS systems to pass-by levels [ Donavan 2009]
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Table2.1: Corrélation indicatorsfor CPX and OBSI to Pass-by [Donavan 2009]

Sections S1, S5, Sections S1, §4, S5, W3 All Sites
Metric W3

CPX OBSI CPX OBSI CPX OBSI
Slope 0.94 0.96 0.87 0.94 0.80 0.87 |
r 0.94 0.95 0.94 0.93 0.79 087 |
Offset, dB 219 23.7 21.7 24.0 224 24.6
Std Dev, dB 1.2 0.9 1.1 1.1 1.8 1.7
Avg. Dev, dB 1.0 0.7 0.8 0.9 14 | 13 |

Similar comparisons of OBSI to controlled pass-by levels were made during this study.
Although only a minority of the sections we tested with the on-board system were also tested
using roadside noise meters (primarily due to geometric or safety issues), enough data was
gathered to garner confidence that (a) the OBSI system was doing a good job of predicting
roadside noise levels, and (b) our results supported Donavan’s findings from his more extensive
study.

Figure 2.12 shows the result of the CTR testing. Note that the roadside levels observed
had a wide range, and that a good linear relationship was found with an average offset of about
25 dBA, very similar to the offset found at the 7.5-m microphone position in the previously
mentioned NCHRP study [Donavan 2009]. A more detailed analysis of the correlations found in
the CTR data between OBSI and roadside measurements is presented in Section 5.5 of this
report. Also note that an experiment using a single probe position at the center of the tire contact
patch rather than separate measurements at the leading and trailing edges was conducted on one
of the Y oakum sections (Y oakum 5 on IH10), and on one of the Waco sections (SH 6), which are
included in the graph. The experiment was aso conducted on SH 130 in Austin. More
information on this experiment is presented in Section 6.3.3.
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Figure 2.12: Comparison of OBS levels to pass-by

For all the reasons noted above, the OBSl system was chosen as the primary
measurement system used in this study. The OBSI method, at the time of producing this report,
is about to become an AASHTO standard, as the draft has just been submitted (AASHTO
Designation TP 76-10), which the researchers from this study participated in drafting. A new
standard for pass-by testing is also under devel opment at thistime.

Because the OBSI method requires testing at the leading tire contact point, then repeating
the many replicate tests after setting the device to the trailing contact point, efforts have been
made to combine the testing passes, including mounting two pairs of intensity probes
simultaneously testing both contact points, or, under this project, testing at the center of the
tire/[pavement contact patch. These will be discussed further in Chapter 6 and in the
recommendations chapter (Chapter 8).

In an experiment to evaluate the amount of engine noise measured by the OBSI device, a
set of runs was performed on FM 620 in Austin, in which the vehicle remained parked while the
engine RPMs were raised to an equivaent level to that of the OBSI method testing speed (60
mph). The noise measured with the stationary test was then compared to a run on the pavement
section at 60 mph demonstrating that the engine noise contribution to the measured level was
insignificant compared to the overall tire/pavement noise (Figure 2.13).

17



Tire/Pavement - Sound Intensity
FM 620 Test Sections - 9/7/2006

—— i
100 No Engine

={=Engine

A EB

90

—+WB —

Overall Level (dBA)

60 -

50

500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
1/3 Octave Band Center Frequency (Hz)

Figure 2.13: Engine noise contribution to OBS overall noise level measurement

2.4 Impedance Tube Absor ption Testing

The third and final system used for testing in this study was a standard impedance tube, a
test device commonly used for testing either the acoustic absorption or transmission loss of a
material specimen. The tube used in this study was designed and built under TXDOT project 7-
2957, documented in [DeMoss 1999]. It consists of a 40-in. long aluminum tube with 4-in. inside
diameter designed to accept 4-in.-diameter pavement cores commonly available at the time it
was made. Three holes have been machined into the side of the tube to allow two precision
microphones to be inserted. A full range speaker is mounted at one end of the tube to generate
broadband noise, and a specimen holder is arranged at the other end to hold the core or mold
under test (Figure 2.14).
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Figure 2.14: Impedance tube testing system for pavement cores
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The principle behind the impedance tube is that standing waves are formed in the tube,
and the absorption coefficient at any desired frequency for the material under test is determined
using the cross spectral density observed at the two inserted microphones. From this, the
reflection coefficient can be determined and the absorption coefficient is simply defined as 1—
the square of the reflection coefficient. The equations used are:

_H,- e
e’ - le ,

where:

R = pressure reflection coefficient

S = microphone separation distance

H12 isthe transfer function defined as

S,
H]2 = ﬁ-
11
where:

S, = cross spectral density between the two microphones
S;1 = auto spectral density of the microphone nearer the sound source

Under this study, superior analog to digital converters were purchased (compared to those
available to the 7-2957 project researchers), and new analysis software was developed with the
assistance of a consultant audio engineer. Consequently, the ease of use for the system and the
accuracy of the results have been greatly improved. The upper frequency limit of the tube
remains at 1950 Hz as determined by the 4-in. inside diameter.

Using the impedance tube is very simple. The tube is first calibrated using an open cell
(acoustic) foam target. A 30-second burst of bandwidth limited pink noise is played through the
tube and the output from the microphones recorded digitally (a 24-bit, 95-kHz stereo flash
memory recorder was used in this study). The two microphones are swapped and the process is
repeated, resulting in two sound files that form the calibration data for the tube. Performing this
process before each set of tests compensates for any dlight phase or amplitude difference
between the two microphones, as well as any extrinsic factors such as temperature and humidity.

After the calibration data has been obtained and stored, specimens can be prepared and
tested.

A 4-in. molded or cored specimen is placed in the receiver (Figure 2.14d) and loaded into
the impedance tube. To best simulate areal pavement, the core is backed up by material similar
to what would be found under the thin PFC layer, i.e., generally athicker section of dense-graded
asphalt. The same pink noise source is then played into the tube, the noise reflects off the
composite pavement sample instead of the (very) absorbent acoustic foam calibrator, and the
results are recorded to a digital file, as with the calibration data.

The new analysis software is then used to post process the stored data; it is not capable of
processing the date in real time, nor is that needed. Figure 2.15 shows the initial data entry
screen, where file names, ambient conditions and notes are entered, to be saved in the output
Excel spreadsheet.
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Figure 2.15: Impedance tube analysis software—data entry screen

As a reasonableness check, Figure 2.16 shows the results of testing a sample of acoustic
foam (above) and the results for a polished aluminum cylinder (bottom); the absorption of the
foam is very high, while the absorption of the plug is very low.
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Figure 2.16: Impedance tube results for (a) foam and (b) metal plug
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The results for the pavement specimens tested are more interesting. Figure 2.17 shows
the absorption spectra for a uniformly-tined portland cement concrete (PCC) specimen (top) and
for a dense-graded asphalt specimen (bottom). Note that the concrete is aimost completely
reflective, whereas the ACP absorbs well around 300 Hz.
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Figure 2.17: Absorption results for PCC (top) and ACP (bottom)
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Figure 2.18 shows the result from two PFC samples, the top being a lab mold, and the
bottom being a thin core from an overlay. The thicker molded specimen shows good broadband
absorption, and the core, a strong absorption spike around 1 kHz.
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Figure 2.18: Absorption for a 100-mm PFC mold (top) and a 50-mm PFC core

The above example results serve to demonstrate how powerful atool the impedance tube
may prove to be for measuring the absorptive properties of permeable pavements. Although
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absorption is not the sole characteristic determining tire noise on PFC pavements, it is a
significant component. Additionally, the absorption spectra constitute a key component of
propagation absorption, which the recent NCHRP 1-44 study [Donavan 2009] found very
significant in determining roadside noise.

Although the impedance tube is presented above as strictly a tool for destructive
measurements of pavement (cores must be taken), it can also be used to test molded specimensin
order to evaluate candidate mix designs for noise performance before constructing the sections.
Additionally, as shown in Figure 2.19, all the impedance tube system components are field-
portable (battery-powered) and can be used (as were used in Project 7-2957) with a custom stand
to be placed on porous pavements to check absorption characteristics in situ. This latter use may
even prove to be a means to estimate loss of permeability over time due to clogging or
compaction, as air void content and connectivity of air voids can reasonably be assumed to be
correlated to acoustic absorption.

Figure 2.19: Vertical mounting of the impedance tube for in situ field measurements
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Chapter 3. Noise Rodeos

3.1 Background

When performing measurements of any kind, variability is a key element that should not
be overlooked. Noise measurements can be influenced by many factors, such as equipment,
environment, pavement characteristics, and data collection procedures all of which are sources of
variability.

Comparisons of results from different times, measured by different persons, using
different equipment (vehicles, tires, microphones), and processed and analyzed in different ways
present a challenge, as each component contributes its own variability. Researchers from
different agencies, states, and countries have attempted to compare their results, as the
procedures and technology for measuring noise become more standardized, and as evaluating
noise characteristics of pavements becomes a more widespread practice all over the world.
However, the variability involved in the measurements might make these efforts meaningless.

On the national level, regarding OBSI testing, there have been various gatherings
involving several agencies that meet at certain location, bringing their respective equipment and
vehicles, to test the same pavement sections and compare results. These have been named “noise
rodeos.” CTR has been involved in some of such efforts.

Before participating in any one of these rodeos involving other agencies, CTR and
TxDOT did some comparisons with their equipment, given that all the OBSI gear and vehicles
used for testing by CTR and TxDOT are virtually the same, and the data processing is done in
identical way. An adequate highway location with good characteristics for identifying suitable
test sections was selected in the Austin area. Several rounds of tests were performed in August
2006, on a section of FM 734, aso known as Parmer Lane, in Round Rock, north of Austin. This
pavement is a conventional, dense-graded AC, designated as CMHB-C. Four subsections were
identified and tested on various occasions, namely 1T, and 2T, in the southbound direction, and
3T and 4T in the northbound lane. The overall results are presented in Figure 3.1.
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Parmer Lane Test Sections - Comparison
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Figure 3.1: Comparison of equipment and vehicle between CTR and TXDOT on Parmer Ln.

Even though the TXDOT data from August 8, 2006 seem to yield the highest sound levels
in al four cases, the differences are relatively small. The rest of the data look very similar as
well, the differences are indeed negligible. The spectra (Figure 3.2) also present little variability
among the dates and the vehicles, and the patterns of the graphs are the same in every case,
which was an encouraging indication that both sets of equipment and vehicles could be
considered equivalent for every aspect needed in this research. The information gathered during
the month of August 2006 was the basis for CTR's and TxDOT participation in subsequent,
more comprehensive efforts oriented toward OBSI results comparisons.
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Figure 3.2: Sound spectra for Parmer Ln. tests comparing TxDOT and CTR equipment

3.2 First Rodeo: September 2007

The first Texas Rodeo took place on September 6™ and 7, 2007. The objective was to
compare and validate tire/pavement noise measurements using the OBSlI method, on different
types of pavements, with different vehicles and different equipment. The participants were
TxDOT, Transtec, a local consulting firm, and CTR. Other out-of-state agencies were invited,
but declined. John Wirth, of TXDOT, organized this rodeo.

Three groups of sections in the Austin area were selected for these tests, corresponding to
the three common pavement types targeted in this research:

e FM 734 (Parmer Ln.)—Conventional, dense-graded AC (DGAC)
e US 183—New and old CRCP
e |H-35—PFC

A map of the test sites for thisfirst rodeo is shown in Figure 3.3.
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Figure 3.3: Test sitesfor the first Texas Rodeo

3.2.2 Parmer Lane

The same group of four subsections that were previously used by TxDOT and CTR in the
first round of OBSI results comparisons in September 2006 was tested on this occasion during
the rodeo (Figure 3.4). The use of this group of sections was convenient, given the familiarity of
the researchers with them, the fact that they were already marked, and further comparisons could
be performed on the same site.
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Figure 3.4: Parmer Ln. test sections
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Figure 3.5 shows the results from the Parmer Ln. sections.

Tire/Pavement Noise Sound Intensity
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Figure 3.5: Parmer Ln. overall rodeo results
3.2.3US 183

Two groups of sections were identified on US 183, with concrete pavements of different
ages: north of McNeil Dr., subsections 5, 6, 7, 8 and 9, which correspond to newer CRCP were
marked, and south of McNeil Dr., subsections 10, 11, 12, 13, and 14, were identified, which are
the older pavements. Both groups are uniformly, transversely tined pavements (Figure 3.6).
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Figure 3.6: CRCP sectionson US 183

The results of the newer and older pavements are shown in Figures 3.7 and 3.8,

respectively.
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Figure 3.7: US 183 results—newer CRCP
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Figure 3.8: US 183 results—older CRCP

3.241H-35

The IH-35 sections chosen for the rodeo are located in Buda, south of Austin, in a stretch
between Loop 4 and Y arrington Rd. Two segments were tested, each paved with a different type
of PFC: the northbound direction includes subsections 11, 12 and 13, corresponding to PFC 76-
22TR, and the southbound segment is comprised of subsections 7, 8, 9, and 10, consisting of
PFC 76-22S (Figure 3.9).

Figure 3.9: I1H-35 sections in Buda
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The overall results are show in Figure 3.10.
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Figure 3.10: 1H35 rodeo results

3.2.5 Summary of First Rodeo

The average measurements obtained by each agency, by test section are shown in Table

3.2.

127

13T

Table 3.2: Average measurements by agency, by section (dBA)

Section | FM 734 US 183 US 183 IH-35 IH-35
DGAC | New CRCP | Old CRCP ] SB PFC | NB PFC
TxDOT 101.1 101.7 106.3 100.7 100.0
CTR 101.6 101.8 106.1 101.0 100.1
Transtec 105.0 104.2 107.9 102.0 100.7

While TxDOT and CTR results were very similar, the results of these agenciesrelative to
Transtec’s present much larger differences, and these occurred consistently in all the sections
measured. The largest differential occurred in the FM 734 results, the dense-graded AC, in which
Transtec was almost 4 dBA higher than its counterparts. Transtec's averages were higher in all

cases than those of TXDOT and CTR.

Between CTR and TxDOT, the largest differential happened also on FM 734, but it is

quite asmall amount: 0.4 dBA, which underscores how similar the results were.

The higher noise levels obtained by Transtec might be explained by differences in their
OBSI equipment, vehicle, tire, and data processing. Figures 3.11 and 3.12 compare the OBSI

equipment utilized by CTR and TxDOT with the Transtec rig.
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L

Figure 3.12: Transtec OBSI -fixturé_

The first obvious difference is that TXDOT and CTR use a single-probe OBSI rig, while
Transtec’ s is dual-probe, meaning that it is capable of measuring the leading and trailing edges of
the tire/pavement contact patch simultaneously. The second difference is that the Transtec fixture
is attached to the suspension of the vehicle, and therefore, the microphones move with it, and this
causes that the distance of the microphones to the ground is not consistent throughout the runs.
Even in Figure 3.12 with the vehicle stationary, it appears that the left-side probe microphones
are closer to the ground than the microphones on the right side. Also, the microphones are set at
an angle from the ground instead of being completely horizontal. Finally, the position of the four
microphones as held by the rig might cause wind issues affecting the measured noise. Besides
the rig, CTR and Transtec used a 15-in. Uniroyal Tiger Paw AWP test tire, mounted on their
2001 Chevrolet Malibu vehicles, as opposed to Transtec’s 16-in. Standard Reference Test Tire
mounted on their Buick test vehicle. The tread pattern for the test tiresis shown in Figure 3.13.

Regarding the data analysis, Transtec records its data and post-processes it, while TXDOT
and CTR process it in real-time with a Larson Davis analyzer (see Figure 2.10). Transtec utilizes
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proprietary software to analyze their noise data. All these differences may account for the
discrepancies in results obtained in this rodeo. The inconclusive results led the researchers to
plan afuture rodeo, with more homogeneous procedures among the participants.

\ : ‘ I .-."-:_" . 'R
Figure 3.13: Uniroyal Tiger Paw AWP(left) and SRTT (right)

3.3 Rodeo Follow-up

In early 2008, TXDOT procured new 16-in. SRTTs for their Malibu vehicle. This offered
the opportunity to repeat some of the rodeo measurements with their new tires and find out if the
results could resemble Transtec’s from the first rodeo, while the CTR vehicle was still equipped
with the AWP tires used in the first rodeo. On March 28" 2008, TXxDOT and CTR repeated some
of their tests from the rodeo. For this one-day rodeo follow-up, only the sites of Parmer Ln. and
US 183 were tested. The results of the Parmer Ln. sections are summarized in Figure 3.14, in
which the values from the first rodeo are also plotted for comparison. In this graph it can be seen
that a new section was added to the tests, denominated #5T. This section was intended as a
substitute for section #4T, because section #4T is very close to a traffic light, which makes it
difficult to test at 60 mph, even though still afew runs were performed on it by TxDOT.
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Figure 3.14: Rodeo Follow-up and First Rodeo results, Parmer Ln.

The results shown in Figure 3.14 indicate that the measurements obtained by TxDOT in
the follow-up are higher than CTR’s, and get slightly closer to Transtec’s results from the first
rodeo. This suggests that part of the discrepancies with Transtec’'s higher results from that
occasion could be attributed to the tire. The hypothesis that would complement this assumption
is that the other part of the difference is due to their particular rig and vehicle. CTR’s results
were higher this time when compared with CTR measurements during the first rodeo, and this
could be explained by the lower temperatures occurring in March compared to those from

September.

When looking at the spectra (Figure 3.15), it can be seen that the curves stayed
reasonably consistent, and that the new SRTTs appear to produce similar curves as the Tiger Paw
tires, only dlightly higher. In this graph, only the results of one subsection (#3T) are presented for
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simplicity and clarity, but the remaining sections produced similar outputs.
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Figure 3.15: Spectral analysisfor Parmer Ln., Section #3T

The results of the US 183 test sections are presented in Figure 3.16, which also includes
the comparison with the First Rodeo results.
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Figure 3.16: Rodeo Follow-up and First Rodeo results, US 183

Besides the OBS tests, some individual pass-by tests were run at the Parmer Ln. site,
with the purpose of finding out if differences in loudness could be attributed solely to the tires,
given that the vehicles are virtually identical. In these tests, each vehicle, driven at 60 mph,
passed by a microphone, set on atripod 7.5 m away from the center of the outside lane and 1.2 m
above the pavement surface level, while no other vehicles passed by the area surrounding the
sound meter. The results of these runs are shown in Table 3.2.
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Table 3.3: Individual Pass-By Testson Parmer Ln.

Vehicle

TxDOT CTR
Run
1 79.9 82.3
2 80.7 82.4
3 81.5 82.7
4 80.0 81.9
Average 80.5 82.3
Difference 1.8

The results indicate that the passes by the CTR vehicle with the AWP tires were louder
than those of the TXDOT car with the SRTTs. This was not expected, as during the rodeo, it was
the car equipped with the SRTTs (Transtec’s) that produced the louder sound levels.

3.4 Second Rodeo: July 2008

TxDOT, Transtec, and CTR participated in the Second Rodeo, conducted on Jul}: 15,
2008, with the purpose of repeating some of the measurements performed on September 6" and
7™ 2007, when the first rodeo took place.

In this rodeo, just two of the roadways from the first rodeo were tested: Parmer Ln., a
dense-graded AC pavement, and US Highway 183, arigid pavement section. The sections from
the first rodeo that were eliminated in this case were the IH-35 sections south of Austin, in the
interest of time, to be able to perform al the testing within one day. Figure 3.17 shows the three
test vehicles being prepared for testing, prior to the start of the Second Rodeo, near the US 183
test sections.

Figure 3.17: E:TR, TxDOT and Transtec (L to R) vehicles before starting the Second Rodeo
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Transtec acquired anew OBSl rig for their vehicle in preparation for this rodeo. A picture
of their new rig is shown in Figure 3.18. This new equipment is a dua probe vertical rig which,
unlike the previous one, does not attach to the suspension of the car, but to the tire, keeping the
distances from the microphones to the tire consistent.

Figure 3.18: Transtec new OBS rig for the Second Rodeo
3.4.2 Parmer Lane

Four sections were originally identified by John Wirth on the Parmer Ln. segment, which
served initially to compare TXxDOT's and CTR’s equipment during various experimental runs in
August 2006. Those four sections were also utilized in the first rodeo, back in September 2007.
As mentioned before, section #4T has been replaced by an additional section (named #5T) since
the March 2008 measurements, because of the proximity of section #4T to a traffic light, which
makes it difficult to test at 60 mph. Figure 3.19 presents CTR’s results from the two rodeos, the
March 2008 follow-up, and the August 2006 experiment.
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Figure 3.19: Parmer Ln. overall level comparison, CTR results

The graph shows that the Parmer Ln. sections are getting slightly louder over time. Asin
the case of US 183, the March 2008 measurements are the highest, and this can be attributed to

the lower temperatures during the tests. Table 3.3 summarizes the weather conditions for the
Parmer Ln. tests.

Table3.4: Summary of weather conditionsfor Parmer Ln. tests

8/8/2006 9/6/2007 3/28/2008 7/15/2008
Air Temperature (°F) 83.3 85 69 95
Relative Humidity (%) 88 66 66.5 76
Wind Speed (mph) 6 7 4 3




Figure 3.20 presents the frequency spectra for the Parmer Ln. tests, showing uniformity
among the four sections, and a shape typical of conventional AC pavements.
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Figure 3.20: Parmer Ln. frequency spectra

The overall results for the rodeo including Transtec's and TxDOT’s numbers are
presented in Figure 3.21. This chart shows that the highest results are still those from Transtec,
but their levels were lower in the case of the second rodeo when compared to the first. This
reduction (between 0.5 and 1 dBA, approximately) could be due, in part at least, to their new
equipment. The other factor contributing to this reduction, as noted earlier, is the temperature.
Still CTR presented the lower levels, followed by TxDOT and then by Transtec. CTR’s lower
results are explained by the different tire with which the CTR vehicle is equipped, as opposed to
the SRTT tires on the TXDOT and Transtec cars.
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Figure 3.21: Parmer Ln. results of both rodeos and rodeo follow-up

3.4.3 USHighway 183

The segment of interest on US 183 consists of two groups of different CRCP segments.
From Braker Ln. to Oak Knoll (sections 10 to 14) the CRCP is an older pavement, and from
McNeil to Anderson Mill (sections 5-9) the CRCP is newer. Figure 3.22 shows CTR’s results
from this rodeo, along with those from the two previous occasions.

Tire/Pavement Noise Sound Intensity
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Figure 3.22: CTR sUS 183 Overall level comparison
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There is a clear difference in levels between the older and the newer pavements, with the
newer ones being significantly quieter (about 4 dBA on average), and the difference is consistent
over time. The older CRCP has some shallow spalling, while the newer sections show no
apparent spalling. The sections' levels have also remained very consistent in the time span of
these measurements. The fact that the measurements from March 2008 are slightly higher than
the other two sets of results can be attributed mainly to the lower temperature prevailing at the
time of the test, as compared to the temperatures during the other two dates. The weather
conditions recorded during the tests are shown below (Table 3.4).

Table3.5: Summary of weather conditionsfor US 183 tests

9/6/2007 3/28/2008 7/15/2008
Air Temperature (°F) 83 69 79.9
Relative Humidity (%) 77 85 76
Wind Speed (mph) 5 4 2.7

The conditions during the September 2007 and July 2008 tests were very similar, which
explains the analogous results from those dates. Figure 3.23 shows the frequency spectra for the
recent rodeo tests, where the two groups of pavements are also very distinguishable, and where
the peak corresponding to the 1000-Hz frequency band, which is characteristic of tined CRCP,
can be observed for all sections.
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Figure 3.23: US183 frequency spectra

Figure 3.24 shows the overall levels obtained in the US 183 tests by all agencies in the
second rodeo, along the values from the previous efforts.
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Figure 3.24: US 183 results of both rodeos and rodeo follow-up
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This graph also shows a reduction in Transtec’s results from the previous rodeo, similar
to the Parmer Ln. reduction. TXDOT’s results are amost identical to what they measured in
March when their vehicle was outfitted with the new SRTTs, and CTR’s results are also very
similar to what was obtained in March. CTR’'s levels remained lower than TxDOT's, and
Transtec still got the highest measurements in every subsection during both rodeos.

3.5 Conclusion

The “noise rodeos” were valuable efforts to compare OBSI results obtained on different
pavement surfaces by the participating agencies, in this case, TXDOT, Transtec, and CTR, which
have similar testing equipment. Among the participants, TXDOT's and CTR’s sets of equipment
are virtually identical, while Transtec’s equipment differs from TxDOT’s and CTR’s. The same
is true for Transtec's analysis procedure. Those differences are reflected in the results of the
noise measurements. Results from TxDOT and CTR diverted dightly from each other when
TxDOT acquired a new set of tires for their vehicle, the SRTT, to be in line with what the OBSI
community is recommending, and soon standardizing, for this kind of tests. The results show that
the SRTT gives higher results than the AWP tire with which the CTR vehicleis still equipped.

On average, the SRTT resulted in louder sound intensity levels than the AWP tire by 1.1
dBA on dense graded AC (FM 734); between 0.7 and 1 dBA louder on new CRCP (US 183);
and between 0.1 and 0.4 dBA on older CRCP (US 183).

During these efforts, CTR was the agency that introduced less variability in its
equipment, as it remained unchanged throughout all the testing. The results showed this as well.
However, it is expected that eventually the CTR vehicle will be equipped with SRTTS, in order
to be able to deliver results that can be compared with other agencies, according to what has been
observed in the national and international trends. Transtec introduced a new, improved OBS rig
for their vehicle, which brought their results closer to what the other two participants obtained,
but still their OBSI values remained the highest for all surfaces and subsections.
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Consistency in OBSI results reassures that the measurements are being conducted
following the same protocols, and gives credibility to the testing process, as the results can be
compared with other values obtained by other agencies elsewhere which follow the same
procedures.



Chapter 4. OBSI Testsand PFC Aging

4.1 Introduction

This chapter presents the results of the on-board sound intensity (OBSI) tests performed
in this project on several sections of porous asphalt that were selected to be tested over time. As
mentioned in other sections of this report, an important part of this project focused on testing
open-graded friction course (OGFC) pavements, also known in Texas as permeable friction
courses (PFC). These pavements have delivered excellent results in terms of their acoustic
characteristics, even though in Texas they have not been designed and constructed with this
purpose in mind. Most of the testing in this project was dedicated to PFC pavements.

One of the main objectives of this research is to evaluate the acoustic performance over
time of this type of surfaces, which are commonly regarded as quieter than conventional asphalt
and concrete pavements. The question that this study attempted to address is whether such
guietness can be sustained over time, as a well-known hypothesis indicates that these porous
asphalt pavements get louder with time and traffic, as the voids in the surface get clogged. In
order to confirm or refute the hypothesis, tests on PFC had to be repeated over along period of
time on the same pavements, and that is what thisresearch intended. One of the variables utilized
to classify the pavementsin this study is age.

It should also be emphasized that to obtain more definitive conclusions on this matter, it
would have been optimal to have alonger time frame to conduct the testing. The OBSI testing in
this project started in May 2006 and concluded in the summer of 2008. Hopefully, future
research endeavors will enable the continuation of this work over time, to provide results that can
cover the lifespan of a PFC overlay, which is normally considered to be between 6 and 8 years.

The selection of the test sections was performed according to the factorial prepared for
this project.

4.2 Factorial

4.2.1 Factorial Variables

The design of the PFC factorial experiment includes variables that have an effect on the
acoustic properties of the surface, such as binder type, pavement age, and geographic location.

Binder Type

Two main categories of binder types were identified to classify the PFCs in Texas:
polymer modified binders and crumb rubber binders. The polymer modified category includes all
the PG 76-22 and PG 76-22 TR.

Pavement Age

It is generally accepted that as a pavement surface ages it becomes louder, but this
genera perception is not necessarily true. The common hypothesis supporting this premise is
that, with time, the pavement air voids become clogged with dust and other debris, and when the
voids are filled with material, they can no longer absorb sound, making the surface louder. This
is true in many cases, and if that is the case, it could be assumed that the desirable acoustic
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properties can be restored with cleaning of the porous surface. However, the usefulness of
cleaning procedures is the subject of debate.

It should be mentioned that the less porous the riding surface is, the less susceptible it is
to clogging. This brings up an instance in which an aging pavement does not become louder with
time is when a non-porous riding surface (e.g., a concrete pavement) gets polished with use and
loses its texture, making it smoother and hence, quieter.

Besides clogging, another change that the pavement surfaces exhibit with time and wear
that has an effect on noise generation is compaction. Compaction of a pavement layer might
occur in a more noticeable way in newer porous surfaces, such as a recently placed PFC. The
loads imposed by traffic on the pavement reduce the air voids' sizes, and the particles of coarse
aggregate might change their position and orientation when subjected to such loads, partially
diminishing the effectiveness of the air voids to absorb noise.

The change in acoustic properties with age is a foremost research subject in this study.
For FHWA to accept that “ pavement type” can be used for noise mitigation purposes, it hasto be
demonstrated that such properties can be maintained in “ perpetuity,” i.e., that a pavement that is
constructed quiet will remain quiet.

Three age categories were established:

e New: pavements two years old and newer
e Medium: pavements between two and five years old
e Old: pavementsfive years old and older

It should be noted that as the project progressed, naturally some of the study sections
changed from one age category to the next. The results of the tests are reported and classified
according to the pavement age at the time of each particular test, thus, some sections may
provide results that fall into various pavement ages throughout the duration of this study.

Pavement Location

The geographic location of the sections has an influence on the weather conditions,
mainly regarding precipitation and temperature. These two environmental aspects have an impact
on tire/pavement noise. There is a wide variety of climatic conditions that occur in the State of
Texas. However, for the purpose of this study, to simplify the factorial, the climatic conditions
within the state have been grouped into four categories, which also correspond to four regions
within the state:

1. Wet and freeze
2. Wet and no freeze
3. Dry and no freeze
4. Dry and freeze
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Figure 4.1: Climatic region classification in Texas, showing TxDOT districts

The geographic location of the four regions is determined by two lines dividing the state
into quadrants. One line, close to a horizontal line, separates the region prone to freezing
temperatures from the region in which temperatures remain above freezing for the most part,
while the other line divides the state into wet and dry regions as shown in Figure 4.1. Thislineis
based on the Zero Thornthwaite Index, which separates regions with water deficiency from
regions with water surplus. Thus, in general, it can be seen that the northern part of the state is
prone to freezing while the southern part of the state is not; similarly, the eastern part of the state
fallsinto the wet classification, while the west part corresponds to the dry classification.

It should be noted that the boundaries of the four regions are not absolute, meaning that
given the variability of climatic conditions with time, the location of the lines that determine the
guadrants may change. Also, the locations of those lines sometimes fall within districts, making
some districts have areas in two or more climatic regions.

The PFC factorial, indicating the number of sections that were initially identified for this
research, is presented in Table 4.1.

Table4.1: PFC Factorial

Age Age 2 5 Years 2<Age<h Age <2 Years
Binder Type Polymer Modified] Crumb Rubber | Polymer Modified] Crumb Rubber | Polymer Modified] Crumb Rubber
Dry-Freeze 5 0 8 0 5 0
Climate Dry- No Freeze 1 1 4 2 0 4
Wet-Freeze 0 0 3 0 2 0
Wet- No Freeze 2 0 4 0 10 0
Total 8 1 19 2 17 4

The sections identified by climatic region and district are as follows (Table 4.2):
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Table 4.2: PFC Factorial by climatic region and district

Age old Medium New

Climate Asphalt Rubber Yes No Yes No Yes No
Amarillo 1
Austin 2 4
Dry-Freeze Fort Worth 1
Waco 1 1
Wichita Falls 3 5
Corpus Christi 1 1
El Paso 1
Dry- No Freeze |Odessa 2
Pharr 3
San Antonio 1 1 2
Dallas 1
Wet-Freeze Lufkin
Tyler

Houston 1
Yoakum 2

N RI= N
[0¥)

Wet- No Freeze

As it turned out, not all of the initially identified sections were suitable for noise testing.
For instance, some were not true PFCs, such as the Fort Worth pavements, which were similar
mixes to PFC, but not designed under the current PFC specification, others were in urban areas
in which the OBSI testing speed was not attainable, e.g., one section in downtown Waco, and
others, such as the El Paso and Amarillo sections were not practical to test because of their
distance from Austin. The final number of sections tested is presented in Table 4.3.

Table 4.3: Final factorial of PFC test sections

Age Age 2 5 Years 2<Age<5 Age <2 Years
Binder Type Polymer Modified] Crumb Rubber | Polymer Modified] Crumb Rubber | Polymer Modified] Crumb Rubber
Dry-Freeze 1 0 4 0 7 0
Climate Dry- No Freeze 0 0 1 2 0 2
Wet-Freeze 0 0 0 0 1 0
Wet- No Freeze 1 0 2 1 4 0
Total 2 0 7 4 12 2

4.3 PFC Test Sections

The PFC sections that were tested in this project, with their factorial classification are
shown in Table 4.4.
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Table 4.4: PFC Test sections by district, climatic region, binder and age

— - Year - — - —
District Highway Type ea Site Description - Factorial CIfismﬁcann
Constructed Climate Binder Age
US 183 PFC 2003 North Fork San Gabriel R. to Seward Junction (SH 29)  [Dry-Freeze Polymer Modified |Medium
IH 35 PFC 2006 Colorado River to Ben White Dry-Freeze Polymer Modified |[New
IH 35 South PFC 2005 Loop 4 to Yarrington Rd. Dry-Freeze Polymer Modified |New
Austin IH 35 North PFC 2005 Loop 4 to Yarrington Rd. Dry-Freeze Polymer Modified |New
Item 3231 - . . . . .
FM 1431 PFC 2005 From Trails End rd. to 0.2 mi West of Vista Ridge Dry-Freeze Polymer Modified |[New
FM 620 PFC 2004 From Parmer Ln. to IH-35 Dry-Freeze Polymer Modified |[New, Medium
Loop 360 PFC US 183 to FM 2222 Dry-Freeze Polymer Modified |New
Dallas IH 30 PFC 2006 Sylvan Ave. to Loop 12 Wet-Freeze Polymer Modified |New
(CC1: Asphalt rubber mix w/ limestone). From downtown
Corpus IH 37 PFC 2004 Corpus Christi at US 181 to north of the Nueces River Dry- No Freeze |Crumb Rubber |New
. Bridge.
Christi (CC2: fibers and limestone). From Nueces River Bridge N
IH 37 PFC 2004 to Atascosa County line. Dry- No Freeze |Polymer Modified [New
Us 90 PFC 2003 from IH 10 east of Peach Ridge rd. to FM 359, West |\yo N Freeze |Crumb Rubber  |Medium
Harris Area Office
SH 6 PFC 2004 from Harris CO.' Line fo US 90A, letin January 2004; Fort Wet- No Freeze |Polymer Modified {Medium
Bend Area Office
Houston IH 45 PFC 2005 from Loop 336 to FM 1097, letin February 2005; Wet- No Freeze |Polymer Modified |New
Montgomery Area Office
SH 242 PFC 2005 from San Jacinto River to US 59, let in February 2005:  |\ye1_ o Freeze |Polymer Modified |New
Montgomery Area Office
SH 146 PFC 2005 FM 518 to FM 1764 Wet- No Freeze [Polymer Modified |[New
IH 35 PFC 2003 Weidner Road to Loop 1604 or Thousand Oaks to Dry- No Freeze |Crumb Rubber |Medium
Topperwein
San Antonio US 281 PF(;—TARI 2006 Bass Rd to 0.40 Miles North of Hildebrand Dry- No Freeze |Crumb Rubber |New
US 281 PF(;—TARZ 2006 0.40 Miles North of Hildebrand to Pearl Parkway Dry- No Freeze |Crumb Rubber |New
IH35 PFC 2003 Main lanes at Craven Ave, placed in 2003, 1 % inches of |\ e oo/ Polymer Modified [Medium, Old
Waco PFC, McLennan County
SH 6 PFC 2005 from BU 77 to SH 164, McLennan County Dry-Freeze Polymer Modified |[New, Medium
US 290 PFC 2004 from Washington County Line to Lee County Line, Wet- No Freeze |Polymer Modified |Medium
Fayette County
Yoakum IH 10 PFC 2001 fé‘grnﬁz"s 609 o US 90 at Waelder, Fayette and Gonzales|\ o N Freeze |Polymer Modified |Old
H 10 PFC 2006 from US 90 at Waelder to US 183, Gonzales and Wet- No Freeze |Polymer Modified [New
Caldwell Counties

The age in the rightmost column corresponds to the classification at the time each
particular test was conducted, therefore, as mentioned before, some sections fall under various
age classifications.

The subsequent paragraphs are dedicated to present the results for some of the PFC
pavements with most outstanding features that have been monitored over time in this project,
followed by the summary of al the sections and their results as they pertain to aging of the PFCs.

4.3.2US 281 in San Antonio

The acoustic performance of the US 281 PFC section in San Antonio has been monitored
in this research project almost since the construction of this pavement. This has been a valuable
opportunity to evaluate the noise levels generated by traffic at various stages of a PFC life.
Among the test sections measured in this project, this one was consistently identified as the
quietest. This pavement, labeled as PFC1, consists of a 2-in thick asphalt rubber PFC overlay on
concrete pavement, constructed in 2006 over 2.4 miles. It has been tested on several occasions
both by TXDOT and by CTR, the first time being in October 2006, shortly after construction,
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when TxDOT got the first opportunity to perform OBSI tests on this surface. Another important
feature of this pavement is that there is another similar PFC section adjacent to it, which is about
the same age, and which has been tested several times as well. This one was labeled PFC2, and it
is also a rubberized overlay on concrete pavement, 1 ¥z in. thick, placed in 2006 over 2.5 miles.
Besides the PFC sections, other conventional AC sections were identified and tested, specifically
some Type C mix, which offered the opportunity to compare a conventional AC pavement with
the PFCs.

The subsections that correspond to the US 281 pavements analyzed are summarized in
Table 4.5, and a map showing the sections' location is presented in Figure 4.2.

Table 4.5: Subsections of US 281 in San Antonio

Thickness Year of Southbound
Section Aggregate Type Northbound Subsections
(in.) Construction Subsections
PFC1 2 Traprock 2006 12T, 13T, 14T 3T, 4T, 5T
PFC2 15 Sandstone 2006 9T, 10T, 11T 6T, 7T, 8T, 17T
TypeC | 15 Limestone 2000 15T, 16T 1T, 2T
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Figure 4.2: San Antonio test sections on US 281

The sound levels for US 281 pavements from October 2006 are shown in Figure 4.3. As
expected, the PFC sections were considerably lower than those for the Type C mix, but there was
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also a significant difference between PFC1 and PFC2. In fact, PFC1 had the lowest sound levels
of al the sections tested throughout this project, with an average level of 94.9 dBA. The
variability within the section is small, showing that the quiet level was consistent throughout that
segment. This quiet level prompted repeated visits for additional testing to confirm the results,
both from TxDOT and CTR, and the section has proved to remain quiet on every occasion.

Tire/Pavement Noise Sound Intensity
US 281 - All Types - Flex Test Sections - 10/9/2006
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Figure 4.3: Overall OBS levelsfor US 281 sectionsin San Antonio

The spectra for the sections (Fig. 4.4) show that the subsections within the same type of
pavement present similar patterns, which is a sign of consistency between the tests and the
pavements themselves. The spectra show that the dense-graded AC surfaces have a peak at the
800 to 1000 Hz bands, whereas PFCs stay more uniform in the lower-frequency bands.
Subsections of the three pavements (Type C, PFC1, and PFC2) are clearly distinguishable as the
curves tend to group within each main section.
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Figure 4.4: Spectra for US 281 sectionsin San Antonio

On November 29, 2006, the CTR researchers visited the US 281 project, and focused on
the PFC1 section, which had yielded the quietest results among the US 281 tests and was the
quietest of all the tests performed by both TxDOT and CTR up to this stage of the project. The
researchers deemed that conducting the tests on this particular segment, either confirming the
previous results or refuting them, would offer great insight. Only the PFC1 asphalt rubber section
was tested in this round.

The overall results of the November 29 tests indicate it is indeed a quiet pavement, even
when compared with other PFC sections, but it turned out slightly louder than it was in the
previous set of tests, which were conducted amost 2 months before. The same trend in the
results continued in the following three rounds of tests, which were performed by TxDOT on
December 6, 2006, by CTR on September 26, 2007, and by CTR on September 3, 2008. The
results of the five sets of tests are presented in Figure 4.5.
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Figure 4.5: Comparison of OBS results on PFCL1 section on US 281 in San Antonio

In most of the subsections, the levels are dlightly louder in the most recent tests,
indicating that the surface might be getting louder with time. However, the differences are small,
and in some cases, negligible. On average, the difference between the minimum and maximum
noise levels recorded is 1.7 dBA, which isindeed a small amount for a time span of aimost two
years.

An element that can influence sound test results is the climatic conditions prevailing
during the test. Table 4.6 summarizes the weather conditions for the five dates of testing at the
site.

Table 4.6: Weather Conditions During OBSI Testing on PFC1 section on US 281 in San

Antonio
Date of Test Wind Speed (mph) Air Tagglp:);arature Rdativ?(;;l)umidity
October 9, 2006 9.0 82.4 51
November 29, 2006 138 82.0 70
December 6, 2006 3.0 71.6 67
September 26, 2007 19 91.0 53
September 3, 2008 5.2 89.1 46
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The temperature was very similar for the first two rounds of testing, whereas the
December test, with the lowest temperature, had higher sound levels up to that point in time. The
levels remained similar or increased dightly in the September 2007 tests, when the temperature
was the highest. The conditions during the September 2008 were very similar to those during the
September 2007. It is a normal occurrence that higher temperatures are associated with lower
noise levelsin the tests. The main reason for the noise reduction with higher temperatures is due
to a decrease of impact noise, caused by the softened materials in the tire structure when the
temperatures rise. Several empirical studies indicate that tire/pavement noise increases about 1
dB per decrease in temperature of 10° C [Sandberg 2002]. Therefore, in this case, the
temperature itself does not entirely explain the fact that the surface is dightly louder, plus if this
were the decisive factor, the levels should have dropped back for the September 2007 tests, when
it was about 20° F warmer than during the December 2006 tests. Plus, the steepest increase in
noise levels occurred between the September 2007 and September 2008, when the weather
conditions were similar, suggesting that the pavements acoustic properties are changing with
time. Thus, the small increase in noise levels might be attributed to void reduction due to
clogging or compaction, both of which are normal occurrences in this type of pavement with
traffic and time. Clogging of the voids with dust and debris, and compaction caused by traffic
loads might diminish the quieter characteristics of PFCs, as it is those open spaces that provide
the acoustic absorption of these surfaces. However, the acoustic changes observed in this case
are small, and even with the dlight increase in noise levels over time, the section remains within
the quietest range among those measured in this project. Even the loudest measurement on this
section, which is also the most recent, is lower than any other OBSI result from any other
pavement in this project.

4.3.3 Waco SH 6

The PFC segment of SH 6 from BU 77 to SH 164, in McL ennan County, was constructed
in 2005, and it was a significant test site for this research because its age classification changed
during the time frame of this project. This pavement was visited on two occasions, during which
its age classification changed from new to medium. Itslocation is shown in Figure 4.6
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Figure 4.6: SH 6 PFC section location in Waco

The first set of tests on this road was performed on September 29, 2006. On that
occasion, two subsections in each direction were identified for measurements, EB1 and EB2 for
the eastbound direction, and WB1 and WB2 for the westbound lanes. The overall levels and the
1/3 octave band spectra are presented in Figures 4.7 and 4.8, respectively.
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Figure 4.7: Overall sound levelsfor SH 6 in Waco (classified as new)
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Figure 4.8: Spectral analysis for the PFC on SH 6 in Waco (classified as new)
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By the next time the section was visited, on September 8, 2008, ailmost two years after
the first visit, the section’s age was classified as medium. The results comparing both test dates
are presented in Figure 4.9.
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Figure 4.9: Overall sound levels for SH 6 in Waco from 2006 and 2008

It can be seen that the section got slightly louder, but the difference on average does not
account for even 1 dBA. The spectra from the 2008 tests are presented in Figure 4.10, showing a
very similar pattern as in the previous round of tests. With aging, this section might have
experienced some clogging, and every subsection turned relatively louder, but the acoustic
performance reflects minimal differences in two years. Considering that during the last set of
tests the section was three years old, at which point most of the effects of compaction and
clogging could have aready occurred, it can be said that this section has retained its favorable
acoustic properties as a PFC.
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Figure 4.10: Spectral analysis for the PFC on SH 6 in Waco (classified as medium)

4.3.41H-10in Yoakum

The PFC segment on IH-10 in Y oakum District, from FM 609 to US 90 at Waelder, in
Fayette and Gonzales Counties was constructed in 2001, which makes this one the older PFC
segment that could be tested in Texas for the purposes of this project. The only older PFC section
that could be located in the state is in downtown Waco, and it is close to a traffic light, at a place
not suitable to attain the testing speed required for OBSI. The location of the Yoakum tests
sectionsis shown in Figure 4.11.

S L e
Figure4.11: Yoakum 5 test sections on IH-10 (classified as old)
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The Y oakum section was visited on August 9, 2007 for the first time. The second time it
was measured was almost a year after, on August 7, 2008. The results from both times (Figure

4.12) indicate that the section got louder, but the difference is again negligible, on average about
1 dBA.

Tire/Pavement - Sound Intensity
IH-10 Yoakum5 Test Sections - 8/9/2007 vs. 8/7/2008
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Figure 4.12: Overall sound levels for IH-10 Yoakum 5 test sections from 2007 and 2008.

The spectral analysis (Figure 4.13) also shows minimal changes with time. Being an old
section, and the oldest one found for testing, it can be concluded that it has performed adequately
from the acoustical standpoint over time.
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Figure 4.13: Spectral analysis for the PFC on IH-10 in Yoakum (classified as old)
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4.4 Discussion of PFC Results

In this section, the relationship between aging of PFC surfaces and their noise
measurements is further analyzed by presenting the results of al the OBSI tests performed in this
type of pavements, following the age classification introduced at the beginning of this chapter.

4.4.1 PFC Overall Reaults

The OBSI results of the PFC measurements in this project, sorted from quietest to loudest
are summarized in Figure 4.14.
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Figure 4.14: PFC OBS measurements

The data used to create the chart, aong with the pavement characteristics that the
researchers were able to compile for all the PFCs tested in this project, are presented in
Appendix A (Table A.1). The results in Figure 4.14 show that the five quietest measurementsin
this project were obtained from the US 281 PFC 1 section in San Antonio discussed above. The
lowest overall measurement was 94.9 dBA; the loudest one was 101.9 dBA, recorded on IH-37
in Corpus Christi, on a section constructed in 2004 with limestone aggregate and fibers. This
section was approximately two years old when the test took place, on October 11, 2006.

Other quiet measurements coincidentally, originated from other sections in San Antonio,
such as the aforementioned PFC2 on US 281, and the IH-35 section. Among all the
measurements collected, the range of overall levelsis 7 dBA. The graph shows that the majority
of the measurements (58%) are between 98 and 100 dBA. Only six measurements (17%) were
below 98 dBA (with five of those corresponding to US 281 PFC 1), and 25% of them were
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above 100 dBA. The average measurement was 98.8 dBA, while the median is 98.9 dBA and the
standard deviation is 1.6 dBA.

4.4.2 PFCsand Other Pavement Types

The majority of the tests in this project was conducted on PFC pavements. However,
there were some other tests performed on conventional AC as well as concrete pavements. The
graph in Figure 4.15 illustrates how the PFCs fared against all the pavement types tested by
means of the OBSI procedure in this project. The pavement types are classified as CRCP, PFC,
and conventional AC. This chart shows that PFC was the quietest pavement type in general.
There were some loud CRCP sections, but there were others that were as quiet as, or even quieter
than some PFCs, while the AC sections also had some loud measurements, but remain mostly in
the medium range within the chart.
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Figure 4.15: OBS Tests by pavement type

4.4.3 PFC Resultsby Age

The effect of age on PFCs acoustic properties is presented in Figure 4.16, in which the
PFC results have been grouped according to the age classification described before in this
chapter.
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PFC by Age
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Figure 4.16: PFC OBS results by age classification

The old PFCs seem to be louder, but there were only three measurements that could be
performed on sections classified as old. As Table 4.4 shows, only a handful of test sections were
available under this classification. The old sections average is 99.8 dBA, the medium sections
average is 98.9 dBA, and the new sections average is 98.7 dBA. Therefore, the averages
correspond with what is expected from evaluating the effect of age on PFC surfaces, but the
differences are almost negligible, especially between medium and new sections.

4.5 Summary

From the results presented in this chapter, it can be concluded that the PFC pavements
analyzed have gotten louder with age, as this is a definite trend in every case studied, perhaps
due to clogging and compaction, reducing the size of the voids that are present in these pavement
surfaces. However, the acoustical changes do not represent large variations over time, and in
most cases are very minimal. Surfaces that have been in service for a period of time long enough
to be classified as old relatively to the life span of a PFC are still performing acoustically in such
a way that they can still be considered quiet when compared to other pavements. This leads to
the conclusion that if the voids clogging action occurs as expected, and compaction happens on
the PFCs as well, the amount and rate at which these changes take place do not preclude the
PFCs from adequately dissipating and absorbing traffic noise. In general, it can be concluded that
PFCs are the quietest pavement type.
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Chapter 5. Roadside M easurements and Comparison to Traffic
Noise M odel Results

5.1 Introduction

Roadside noise measurements and modeling are performed to assess the impact of traffic
noise from the standpoint of the receivers, i.e., the homes, businesses, and people experiencing
the traffic noise from the nearby road.

Even though a considerable amount of effort and time on this project was dedicated to
OBSl testing, roadside measurements constitute a very significant portion of the research
because of their comparison with TNM (Traffic Noise Model), the FHWA approved traffic noise
and barrier modeling software. The TNM program allows the modeling of the road geometry and
conditions, as well as traffic, and calculates the sound levels for receivers at specified distances
from the side of the road, results which are analogous to roadside noise measurements. Thus,
performing comparisons between roadside measurements and the corresponding modeling of the
road conditions with TNM is a sensible endeavor.

Currently, the Federal Highway Administration (FHWA) does not allow the use of quiet
pavement design for the purpose of noise impact avoidance or abatement on federally funded
projects [FHWA 1995]. This is due to two concerns. (1) a need to quantify how much of the
noise generated by traffic comes from the tire/pavement interaction (and thus can be reduced by
quieter pavement), and (2) how long and under what conditions “quiet” pavements remain quiet.
At this time, the FHWA'’s Traffic Noise Model (TNM), which predicts roadside noise based on
traffic and roadway geometry, includes an option for open-graded pavement but may not be used
by practitioners in determining the need for noise barriers. Instead, an “average pavement”
option must be used for all pavements, which essentially implies that al pavement types are
acoustically equivalent.

The FHWA policies establish that “unless definite knowledge is available on the
pavement type and condition and its noise generating characteristics, no adjustments should be
made for pavement type in the prediction of highway traffic noise levels.” Thus, this project
attempts to contribute to the definite knowledge on the matter.

Accordingly, several states are making a strong effort to address these concerns, and this
research project is part of that effort in the state of Texas. The research attempts to provide
evidence that can remove the FHWA existing restrictions against using pavement design for
impact avoidance and abatement. This would allow the use of the “open graded” pavement
option in the TNM program. Thus, this study focuses on PFC pavements, as it is deemed that this
type of pavement can be indeed quieter, and therefore can demonstrate that not all pavements are
acoustically equivalent. Some other surfaces including portland cement concrete (PCC) and
dense-graded asphalt have also been tested, and have provided valuable results for comparisons.

Given the significance of roadside measurements, from the practical standpoint, another
essential goal of this project isto be able to predict noise on the side of the road from OBSI tests.
OBSl tests are less labor-intensive and less time-consuming than roadside tests. the amount of
sound intensity data gathered in the time a roadside noise test is completed would allow for the
characterization of several sections. Therefore, one of the relevant characteristics of OBSI testing
is that it can be used as a reasonable predictor of roadside values, as OBSl is a measurement
more likely to be performed at the network level. Thus, the correlation obtained between OBSI
and roadside measurements for PFC pavements is presented in this chapter.
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5.2 Roadside Noise M easurement Procedure

In devising the roadsi de noise measurement procedure, the researcherstried to follow and
stay as consistent as possible with the methods outlined in the FHWA Sample Data Acquisition
Plan, to help ensure FHWA acceptance of the data. The procedure used to measure noise on the
side of the road in this project is based upon the use of a calibrated Type | instrument, which isa
handheld or tripod-mounted sound pressure level (SPL) meter, such as the one illustrated in
Figure5.1.

Briel & Kjar =5 Type 2250 Interactive Tour oss -

e |

e b AT

Figure5.1: B&K Handheld Recording SPL Meter.

The distances from the measuring device to the road, as well as the vehicle classification
are based upon the methodology for Statistical Pass-By Testing, which is established in an
international standard, 1SO 11819-1 [1SO 1997].

As specified by the standard, the SPL meter is mounted on a tripod located precisely 7.5
meters (24.6 ft) from the center of the travel l1ane, with the measurement microphone elevated 1.2
meters (3.9 ft) above the plane of the roadway. In many instances, whenever possible, an
additional microphone was placed at 15 meters (49.2 ft) from the center of the lane, and at the
same height as the other microphone, to provide data directly comparable to the REMELS
utilized to characterize pavement types within TNM. Other restrictions in the standard establish
that measurement is not possible during windy conditions or when the roadway is wet. The
primary SPL meter and its position relative to the roadway are shown in Figure 5.2.
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Figure 5.2: SPL meter on a tripod during pass-by test

The standard classifies each vehicle into one of three vehicle categories. “passenger
cars,” “dual-axle heavy vehicles,” and “multi-axle heavy vehicles.” Because most of the sections
that were surveyed under this project normally have intense traffic, it would be difficult for the
researchers to be able to count and classify the traffic mix, on the spot, as the sound
measurements are being performed. Therefore, it was found that recording the traffic by means
of avideo camera is the best option, because it has the advantage of allowing pauses and slower
playback when the heavy traffic conditions would make it difficult to perform an accurate
vehicle count and classification. Another input of the TNM program is the vehicle speed as listed
in the next section. In the field, the researchers mounted a radar and placed it in such away that
each vehicle speed is registered by the same video camera that recorded the traffic (Figure 5.3).
This setup produces video images such as the capture shown in Figure 2.2. The speeds were
averaged for each vehicle classification and these numbers were used as inputs for the TNM
program.
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Figure 5.3: Equipment setup for traffic recording for pass-by tests

There are some requirements that should be assessed for the selection of the test sections.
The standard establishes that free-field conditions should exist for at least 25 m (82 ft) around the
microphone. This means that the site should be free of walls, barriers, buildings, and other large
objects on the side of the road, such as highway signs, that could cause noise reflection. Another
important consideration in the measuring procedure is to select a stretch of road that isfairly flat,
to avoid additional noise caused by engine acceleration or braking, and that the road should also
be straight. It is also advisable that the roadway at the measurement site be away from entrance
and exit ramps, as these will alter the speed of the traffic flow and could potentially represent
higher noise levels because of the acceleration and deceleration of the vehicles. Additionally, the
air temperature at the time of the measurements should be between 5 and 30 °C (41 and 86°F),
while the pavement temperature should remain between 5 and 50 °C (41 and 122°F), and the
wind speed must not exceed 5 m/s (16.4 ft/s).

However, the proposed procedure for the test utilized by the researchers does not entirely
follow the aforementioned standard, because SPB data and TNM results are not directly
comparable, as the former is for individual vehicles, while the latter predicts levels for a traffic
stream averaged over time. One of the main differences between the standard and what the
researchers performed involves the duration of the test. The researchers have found that it is
reasonable to conduct the measurements at each location until the noise level stabilizes, so that
the elapsed time allows for a measurement that is a good representation of the acoustic
characteristics of the site, regardless of the time of the day or the traffic mix that traverses that
particular stretch of road. Various experiences conducting this type of measurements have shown
that a 10-minute period is sufficient for the noise levels to become stable. At each location, the
researchers typically performed pass-by tests in two different 10-minute periods and used both
noise levels in the modeling and calculations. Evidently, the time of day would have an effect on
the noise level that is measured in the test, as the traffic levels are likely to vary within the day;
however, these variations with time of day and amount of traffic are not the subject of interest of
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these measurements; by relating the noise level to its corresponding traffic count and mix and
using it in the computer modeling, the effects of the time of the tests are neglected, and thus, the
tests are able to evaluate the acoustic properties of the site only, including what is most important
for this study, the pavement’ s properties. Currently, an FHWA Expert Task Group is working on
the standardization of a roadside method that can satisfy the purposes of this test. In the case of
this TXDOT Project, the researchers took some guidelines from the Statistical Pass-by standard,
and devised a procedure, but there is no standard that can accomplish the measurements that the
researchers developed for this project. The researchers in this project have collaborated in that
FHWA group.

5.3 TNM Modeling

TNM is the FHWA approved traffic noise and barrier modeling software developed for
the use of state transportation agencies in addressing highway traffic noise. This program,
created as a replacement for STAMINA 2.0/OPTIMA, is a state-of-the-art computerized model
capable of predicting noise impacts in the vicinity of highways. TNM Version 1.0 was released
in March 1998, then Version 1.1 came out in September 2000, and Version 2.0 in 2002. Version
2.5 was issued in April 2004. The Volpe National Transportation Systems Center Acoustics
Facility has been in charge of the TNM validation study, which started in July 1999 and is an
ongoing project. Version 2.5 is required for al new traffic noise analyses initiated on or after
May 2005. For the case of this project, TNM 2.5 was used to predict the noise levels that
correspond to the conditions observed in the field during the roadside tests. This was done for
each of the locations measured, using the roadside procedure described in the preceding section.
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Figure 5.4: TNM Introductory screen
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The program, for the intended purpose of the comparison to roadside measurements,
requires the following inputs in regards to the roadway and its geometry:

Number of lanesin each direction

Lane and shoulder widths

Whether there is a median barrier and its dimensions
Median width

Pavement type (runs with “average”, and the specific pavement type, i.e., “open-
graded” or “PCC” or “dense-graded” were performed; see Figures 5.5, 5.6, and 5.7,
respectively)

6. Location of receivers
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Figure 5.5: Runs using both “ Average” (top window) and “ OGAC” (bottom window)
pavement type options are performed for PFC pavements
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Figure 5.6: Runsusing both “ Average” (top window) and “ PCC” (bottom window) pavement
type options are performed for rigid pavements
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Figure 5.7: Runsusing both “ Average” (top window) and “ DGAC” (bottom window)
pavement type options are performed for dense-graded pavements
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For the purpose of the comparison model with roadside tests, only one or two receivers
are required, which correspond to the microphone positions, but from the program’s standpoint,
the receiver could be positioned anywhere, and the program would deliver the results according
to whichever location is chosen.

In addition, the following inputs are necessary regarding the traffic:

1. Vehicle speed
2. Number and type of vehicles passing by the microphone location during the test

Data for these two inputs were recorded with the video camera and radar arrangement
described in the previous section.

The models used in these comparisons are very simplified versions of the roadway and do
not make use of al the capabilities that the software has, because for this case, it is not necessary
to use them. For instance, the terrain lines describing the vertical profile of the roadway are not
used, assuming that the test site has been properly selected according to the standard, i.e., that the
siteisfairly flat. Also, no curves need to be modeled in the roadway, assuming that the stretch of
road isindeed straight. Similarly, no building rows, tree zones, other barriers, and other receivers
are introduced in the model. If the test site has been selected properly for the purposes of the
roadside test, none of these elements are necessary.

The comparison between roadside noise levels and the results obtained with TNM is
performed in the following manner. The output of TNM vyields the noise level estimated for an
hour of traffic, and that number is compared to the level obtained with the meter in the field. The
actual traffic counts are multiplied by six (because a 10-minute period has been recorded with
the meter) when entered into the model to have a consistent result with what was measured in the
field.

5.4 Roadside Test Results and Discussion

The following PFC sections were tested for roadside noise levels: FM 620 in Austin, IH-
30 in Dallas, SH 6 and IH-35 in Waco, IH-37 in Corpus Christi, I1H-35 and US 281 in San
Antonio, US 290 in Yoakum, and two different PFCs on IH-10 in Yoakum. Some of these
sections were tested on different dates. Table 5.1 presents the results in chronological order, with
the last three columns showing the noise levels: first, the measured level, followed by the TNM
calculation using the “Average” pavement option and finally, the TNM calculation using the
“OGAC” pavement option. Several sections were measured on more than one occasion within
the same test date, i.e., more than one 10-minute period.
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Tableb5.1: Pass-by Tests Resultsand TNM Comparisons

LAeg (dBA)
Roadway | District Section Test Date M TNM TNM
eter (“Average’) | (“OGAC")

FM 620 | Austin PFC 29-2 9/7/2006 ggg 75.0 734
78.2

IH30 Dallas WB @ exit 43A | 9/26/2006 | 78.0 80.6 79.0
78.5

SH6 Waco WB1 9/29/2006 | 70.9 755 74.0

IH-35 Waco NB1 9/29/2006 | 77.0 81.1 795
. .. | CCINB1 76.0

IH-37 Corpus Christi (AR PFC) 10/11/2006 747 78.9 77.2

CC2NB1
IH-37 Corpus Christi | (Fibers& LS 10/11/2006 | 73.4 76.2 745
PFC)

IH-35 San Antonio NB2 10/24/2006 | 78.4 814 79.8

. 73.7 79.3 7.7

us2s1 San Antonio NB12 11/29/2006 741 79.7 78.0

70.4 74.0 725

UsS 290 Y oakum Y oakum 1 8/8/2007 695 748 733

71.2 76.5 75.0

IH-10 Y oakum Y oakum 6 9/25/2007 728 779 758

70.5 75.1 73.7

IH-10 Y oakum Y oakum 5 9/25/2007 69.8 76.0 745

73.2 775 76.0

IH-10 Y oakum Y oakum 5 8/27/2008 724 777 76.2

) 74.5 79.7 78.1

us2s1 San Antonio NB12 9/3/2008 737 79.0 774

69.1 75.8 74.4

SH6 Waco WB1 9/4/2008 66.7 750 735

The table shows that in every case, the actual noise levels measured in the field are lower
than those predicted with the program. As expected, the predicted values using the “OGAC”
pavement type option are lower than those predicted using the “ Average” pavement type option,
but are still higher than the actual levels recorded with the meter. Figure 5.8 illustrates the pass-
by results and the comparison with the TNM predictions.
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Figure 5.8: Pass-by results versus TNM predictions

Table 5.2 shows the differences between the measured levels and the predicted levels. It
also presents the percentage by which TNM over-predicts the noise levels with respect to the
actual pass-by measured level.

Table5.2: Pass-by and TNM Comparison; Differences (in dBA) between Predicted Noise
Level and Actual Pass-by L evel
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Roadway District | Pass-by Test |TNM (“Average”)| TNM (oGacy|TNM "Average” - Pass-by| TNM "OGAC" - Pass-by
(dBA) (dBA)
(Meter Average)
FM 620 Austin 70.3 75.0 73.4 4.7 31
IH-30 Dallas 78.2 80.6 79.0 24 0.8
SH6 Waco 70.9 755 74.0 4.6 31
IH-35 Waco 77.0 81.1 79.5 4.1 25
IH-37 (CC1NB1) C. Christi 75.4 78.9 77.2 3.5 1.8
IH-37 (CC2NB1) C. Christi 73.4 76.2 745 2.8 11
IH-35 S. Antonio 78.4 81.4 79.8 3.0 1.4
US 281 (PFC1) S. Antonio 73.9 79.5 77.9 5.6 4.0
US 290 (Yoakum 1) |Yoakum 70.4 74.0 72.5 3.6 21
US 290 (Yoakum 1) |Yoakum 69.5 74.8 73.3 5.3 3.8
IH-10 (Yoakum 6) Yoakum 71.2 76.5 75.0 5.3 3.8
IH-10 (Yoakum 6) Yoakum 72.8 77.2 75.8 4.4 3.0
IH-10 (Yoakum 5) Yoakum 70.5 75.1 73.7 4.6 3.2
IH-10 (Yoakum 5) Yoakum 69.8 76.0 74.5 6.2 47
IH-10 (Yoakum 5) Yoakum 73.2 77.5 76.0 4.3 2.8
IH-10 (Yoakum 5) Yoakum 72.4 .7 76.2 5.3 3.8
US 281 (PFC1) S. Antonio 74.5 79.7 78.1 5.2 3.6
US 281 (PFC1) S. Antonio 73.7 79.0 77.4 5.3 3.7
SH 6 Waco 69.1 75.8 74.4 6.7 5.3
SH 6 Waco 66.7 75.0 73.5 8.3 6.8
Mean 4.8 3.2
Std. Deviation 14 1.4
C. of Variation (%) 29.3 44.6




The means, standard deviations, and coefficients of variation of those differences have
been calculated and are shown at the bottom of the table. The “Average’ pavement option in
TNM over predicts noise levels by almost 5 dBA, while the “OGAC” pavement option over
predicts noise levels by about 3 dBA, on average. These differences areillustrated in Figures 5.9
and 5.10. Figure 5.9 shows the relationship between TNM using the “ Average’ pavement option
and the actual measured values, and Figure 5.10 represents the relationship between TNM using
the “OGAC” pavement option and the actual measured values. If the program predictions in both
cases were to match the actual measurements, those charts trend lines would be one-to-one
relations.
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Figure 5.9: Relationship between TNM “ Average” prediction and actual pass-by
measur ements
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Figure 5.10: Relationship between TNM “ OGAC” prediction and actual pass-by measurements

The consistency found in the outcome of the models leads to the conclusion that in fact,
considering that the roadside measurements were performed on PFC sections, which are widely
regarded as quieter than conventional AC pavements, the TNM program delivers very reasonable
and adequate results for most pavement types. Accordingly, the results of this comparison show
that, indeed, PFC pavements are quieter than the “Average” pavement considered in TNM, and
that they are also quieter than the “OGAC” pavement considered in TNM. Over-predicting noise
levels by amost 5 dBA is a considerable amount, and it is an indication that the “average”
pavement type option should not be used for PFCs, especially when there is another option
aready built-in the program that delivers better results which represent more closely what was
measured in the field. The fact that even the “OGAC” pavement option over-predicts for the case
of all the PFCs studied would suggest that such pavement option in the program could be further
adjusted with this type of results to be a better predictor. The results of pass-by measurements
obtained in this research should be analyzed towards incorporating them into the REMELSs
database to improve the TNM program’ s prediction of open-graded pavements.

The general outcome of these comparisons provide an encouraging basis toward attaining
one of the main objectives of this project, stated at the beginning of this chapter: the removal of
the two FHWA restrictions regarding a) the exclusive use of “Average” pavement typesin TNM,
and b) the prohibition to use pavement types as noise abatement. The results show that PFC
deviates from what is considered “Average’ in the program, and because of its quieter
characteristics, a pavement of this type merits its consideration for noise abatement and impact
avoidance. The data gathered in this project offers evidence that the restrictions could be lifted.
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5.5 Roadside and OBSI M easurements Correlation

As mentioned in the introduction to this chapter, a foremost objective in this project isto
analyze the correlation between roadside measurements and OBSI measurements. If a consistent
and meaningful correlation between both types of measurements is established, it will allow
OBS tests, which are faster and easier to perform than pass-by tests, to be used as a predictor of
roadside traffic noise. Figure 5.11 presents a plot of OBS| versus pass-by results. As the graph
shows, most of the values correspond to PFC surfaces, but as it was observed that values
obtained from other pavement types follow a similar pattern that do not deviate from establishing
a correlation, it was decided to include them. Thus, the points from US 183 (CRCP), SH 130
(CRCP), and Parmer Ln. (AC) are included in the chart. The fact that these points blend in with
the pattern of the PFC points suggests that a correlation between the two methods is independent
of the pavement type.
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Figure 5.11: OBS versus pass-by results on various pavement types

In analyzing this graph, it seems that the points describe close to a linear relationship.
Interestingly enough, the value that appears to be an outlier in this plot is the one that
corresponds to the quietest section measured in the project, US 281 in San Antonio (PFCL). It is
its quietness in the OBSI results that make it depart from an otherwise linear behavior exhibited
by the other data points. Two linear regression equations were calculated for the data from
Figure 5.11, using two different approaches, relationships which are shown in Figure 5.12.
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Figure5.12: Linear regression of traffic mix pass-by and OBS

On average, the offset between the OBSI and the traffic mix pass-by sets of datais 26.5
dBA. If this offset were used to predict the pass-by results from the OBSI data, the
measurements that deviate more from such prediction would be those taken on CRCP, from US
183 (for both the old and the new groups of sections). If the two CRCP segments are not taken
into account for the computation of the offset, the new number would be 27.7 dBA.

Another field noise test that was performed on occasion to contribute to analyze the
correlation in question was the individual pass-by run, which can also be referred as a controlled
pass-by. For this test, the setup of the equipment was the same as described for the pass-by tests,
but the difference is that instead of measuring the traffic noise generated by the traffic mix
traversing the test section for a period of time, only a single vehicle, in this case, the CTR test
vehicle, passed by the microphones at a known speed (60 mph). A single, instantaneous reading
on the noise meter is taken for thisindividual event. The reason this test could not be performed
in every road on every occasion is because in many of the busy roads it was impossible to find a
suitable gap in the traffic that would allow isolating the noise generated by a single vehicle
without having traffic control. Only on five roadways could this test be performed, namely, US
290 (Yoakum 1), SH 130 in Austin, Parmer Ln. in Austin, IH10 Yoakum 5, and SH 6 in Waco.
The graph displaying these results compared to their respective OBSI measurements is shown in
Figure 5.13. Again, this chart includes a CRCP (SH 130) as well as an AC pavement (Parmer
Ln.) among the other values of PFCs, showing that the relationship can include any pavement
type without affecting the outcome in any significant way.
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Figure 5.13: OBS vs. Controlled pass-by tests

The graph of OBSI versus individual pass-by events shows that the data points are
aligned in a very linear fashion, which predicts a good correlation. The regression equation is
shown in Figure 5.14, in which R?is 0.98.
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Figure 5.14: Linear regression of controlled pass-by and OBS

The previous correlation shows that OBSI can be used to predict the results of controlled
pass-by tests with a high degree of certainty. Thereis afairly consistent offset between both sets
of measurements which on average is 24.9 dBA. It is interesting to notice that if the pass-by
results were to be predicted from this offset and the OBSl tests, the measurements on PFC
surfaces, in this case, are the ones that remain closer to such prediction, while those that
correspond to CRCP and AC pavements depart slightly more from the prediction based on the
offset.
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5.6 Summary

In this chapter, the results of the comparisons performed between the actual roadside
measurements and the predictions of such measurements calculated with the TNM program have
been presented. Under current FHWA policies, only one of the TNM pavement type
characterization options is available, which is denominated as “Average” pavement. However,
for research purposes, an additional option has been made available within TNM for open-graded
pavements, called “OGAC.” Comparisons of the actual measurements were analyzed utilizing
both pavement type options. The experimental results obtained on PFC pavements in this project
indicate that the TNM program over-predicts noise levels with either program option. The
“Average” pavement option in TNM over predicts noise levels by amost 5 dBA, while the
“OGAC” pavement option over predicts noise levels by about 3 dBA, on average. These figures
suggest that the “Average’ option is not optimal for calculations corresponding to PFC
pavements and also that, while the “OGAC” option represents an improvement toward a more
accurate prediction, the values within the program on which the calculations are based
(REMELSs) could be adjusted with results such as those gathered in this study.

The results of this study support the use of pavements such as PFC as “OGAC” in TNM,
which could result in the avoidance of noise impacts.
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Chapter 6. Special Case Studies

6.1 Introduction

This chapter presents the experimental work that was performed on several pavement
sections that were not necessarily considered as the primary focus of this research project, but
that offered valuable insight both on noise measurements and pavement acoustic performance.
The first part of this chapter analyzes the work conducted on three highways which offered the
opportunity to evaluate the acoustic performances of different pavement surfaces. The second
part of this chapter presents a summary of the work conducted on rigid pavements throughout
this project.

For the first part, the roads in question in the case studies were a segment on 1H-30 in
downtown Dallas that, at the time was a CRCP about to be overlaid with a PFC; the other two
pavements were afairly new rigid pavement in the Austin area, SH 130, and a segment on IH-35
that goes through downtown Waco, which includes various sections of different types of
pavements. The noise measurements conducted included the two main tests that were
implemented throughout this project, the on-board sound intensity (OBSI) measurements, and
pass-by tests from the side of the road, performed on SH 130. Roadside measurements from SH
130 were compared with the results predicted by a computer program, the Traffic Noise Model
(TNM), by means of the procedure explained in detail in Chapter 5 of this report.

The highway segment of IH-30 going through downtown Dallas is a very busy road that
had noise problems as a uniformly transversely tined CRCP surface. In an effort to mitigate such
problem, it was suggested to overlay a short segment of it with a PFC, situation which offered
the researchers an opportunity to test both surfaces.

The new SH 130 isa49-miletoll road that extends from 1H-35, just north of Georgetown
to US 183 southeast of Austin, passing through Williamson and Travis Counties. The segment
that was tested is the northernmost. The pavement is also uniformly transversely tined CRCP.
This roadway was visited on severa occasions. This offered the opportunity to compare the
various results and verify their repeatability. For some time, the researchers have been tinkering
with an idea that might expedite the way OBSI tests are normally conducted, by introducing
slight modification to tests, with encouraging results so far. This modification, involving the
positioning of the microphones during the measurements, was experimented again on this road.

The 1H-35 segment in Waco is a busy downtown set of sections of rigid pavement that
has had different overlays and surface treatments. Part of this section is a PFC that was visited
and measured in 2006. Next to this older PFC is a brand new PFC. Also adjacent to these
sections are short segments of the old CRCP that have been treated by diamond grinding to
improve its texture, as well as untreated concrete segments that show some distresses. Thus, the
loop that was tested includes old PFC, new PFC, old CRCP, and textured CRCP sections.

The following paragraphs present the work conducted on each of the highway sections,
including the work conducted on the Dallas pavement both prior to the PFC overlay as a CRCP
surface, and after the overlay, the OBSI and roadside results for SH 130, the OBSI microphone
positioning experiment on SH 130, as well as the results from the IH-35 OBS| measurements.
Finally, comparisons between the SH 130 and Waco CRCP sections are also shown, followed by
asummary of measurement on rigid pavements.
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6.2 1H-30in Dallas

The first pavement tested in this project by means of the OBSI Method was the 1H-30
CRCP in downtown Dallas. The main drive to conduct noise tests in this project was that the
existing CRCP surface was going to be overlaid within a short period of time with a PFC
overlay, the main purpose of which was to reduce the high tire/pavement noise levels. Therefore,
this project offered a valuable opportunity to compare noise levels before and after the PFC
overlay was placed. The segment that was overlaid extends from Sylvan Ave. to Loop 12, just
west of downtown Dallas. This is a short stretch, approximately % of a mile. The tests on the
CRCP were conducted on May 1, 2006. Figure 6.1 shows the map of the project location.
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Figure 6.1: Map of IH-30 in Dallas, showing the loop driven while performi ngihe OBS tests

A picture of the beginning of the westbound segment, west of Sylvan Ave,, at exit 43 A,
is presented in Figure 6.2, where the change in pavement type can be seen, from AC to CRCP.
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Figure 6.2: Beginning of IH-30 CRCP westbound section

6.2.2 Testson CRCP

Three subsections were tested, two in the westbound direction and one in the eastbound
lanes. At that point, it was unclear to the researchers what the westernmost limit of the segment
to be overlaid was in the eastbound direction; that is why only one subsection was tested on that
side of the roadway. The overall noise levels obtained are illustrated in Figure 6.3.

104

103 +

102 A

101 +
100
" I
98 - T T T
WB1 WB2 EB Aw.

Section

Figure 6.3: Overall noise levels for IH-30 CRCP Sectionsin Dallas

Overall Level (dBA)

The WB2 subsection had a few distresses, and part of it was below grade, with a tall
retaining wall close to the outside line, which might explain the higher overal noise level.
However, the results in the OBSI method are not supposed to be affected by walls, given the
proximity of the microphones to the tire/pavement interface. Perhaps the results of this
subsection are influenced by a noise reflection problem.

The overall A-weighted sound intensity level over 1/3 octave bands from 500 to 5000
hertz was calculated. The resulting spectrafor the IH-30 sections are shown in Figure 6.4.
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Figure 6.4: Spectral analysis for the Dallas IH-30 CRCP sections

6.2.3 Testson PFC

The pavement was overlaid on May 11, 2006, shortly after the first round of tests was
completed on the CRCP. The research team visited the section once the PFC overlay was already
in place, on September 26, 2006, to conduct the OBSI tests on the new surface (Figures 6.5 and
6.6).
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Figure 6.5: Texture of the new PFC overlay on IH-30 in Dallas
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Figure 6.6: Westbound transition to new PFC overlay on IH-30 in Dallas

Thistime, two PFC subsections were tested in each traveling direction, WB1, WB2, EB1,
and EB2, plus an additional westbound segment beyond the limits of the new PFC overlay, i.e., a
CRCP segment, which was run to have another reference for the original noise levels prior to the
overlay rehabilitation. This subsection is identified as WBCRCP in the graphs that follow. The
noise levels for the September 2006 tests are shown in Figure 6.7.
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Figure6.7: Overall noiselevelsfromIH-30 PFC in Dallas

The spectra for each subsection are presented in Figure 6.8, where, as expected, the
pattern of the PFC spectra are quite different from that of the CRCP, which, as observed in the
various tests conducted on uniformly transversely tined CRCP throughout this project, has a
characteristic peak in the 1000-Hz frequency band.
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Figure 6.8: Spectra for the IH-30 Dallas PFC project and the additional CRCP section

The overall sound level comparison from before (CRCP) and after (PFC) isillustrated in
Figure 6.9, which shows that the PFC fulfilled its purpose of making the pavement quieter,
especialy in the westbound lanes, which experienced a reduction of more than 2 dBA. The
eastbound direction PFC was quieter as well, but the origina CRCP in this direction was not as
loud as the westbound, so the attenuation provided by the PFC overlay was not so significant. As
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expected, the WBCRCP section had a high measured value (higher than 104 dBA) because it
was still a concrete pavement segment, which extends beyond the limits of the rehabilitation
project, and therefore, such value is comparable to those obtained on the CRCP during the May
2006 tests. The noise reflection issue by the adjoining retaining wall could still be occurring with
the new PFC in subsection WB2, as that subsection remains as the loudest among the subsections
in this project, but the PFC has provided significant attenuation.
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Figure 6.9: Overall level comparison for the IH-30 Dallas project before and after PFC
overlay

In comparing the 1/3-octave band spectra for the two occasions (Figure 6.10), it can be
seen that the CRCP spectra have the characteristic peak in the 1000-Hz band, which is consistent
with other CRCP results, whereas PFC spectra do not show any such pronounced peak, and their
highest levels tend to occur in alower frequency range.
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Figure 6.10: Spectra comparison for the IH-30 Dallas project before and after PFC overlay

The porous texture of the PFC is very different from the stiff, slicker texture of the CRCP
and this explains their different spectra. The peak of the CRCP in the 1000-Hz band is associated
to the whining sound caused by the uniform transverse tining that these pavements normally
feature on their surfacesin Texas. Thus, it is not just the overall levels that are attenuated when a
PFC pavement is in place as opposed to a CRCP, but mainly, the different frequency distribution
that changes the perception of the sound from the receiver standpoint that, in general, makes
these pavements quieter.

As a reference, the IH-30 PFC overall level average (99.7 dBA) leans toward the louder
range among the PFCs measured in this project. Of a total of 36 overall averages, when sorted
from quietest to loudest, this PFC ranks as the 25", ranking in which the quietest average is 94.7
dBA and the loudest is 101.7 dBA. However, it can still be considered an average PFC, asiit is
part of the vast mgjority of measurements that lie between 98 and 100 dBA, which encompasses
58 percent of the PFCs measured in this project (see Section 4.4.1 for the discussion on overall
PFC rankings).

6.3 State Highway 130

On May 28, 2008, a first scouting trip was taken to identify some sections within the
segment between US 290 and Georgetown, i.e., the north segment of the highway. This segment
opened to traffic in late 2006. Figure 6.11 shows a map of SH 130. Figure 6.12 shows a general
view of the roadway, its geometry and traffic.
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Figure6.11: Map of SH 130
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Figure 6.12: View of SH 130

The pavement in all sections identified is uniformly transversely tined CRCP, and it isin
very good condition. As the picture shows, the traffic on the road can be considered light. Figure
6.13 shows a close view of the pavement condition, which is representative of the overall
condition of the roadway.

Figure 6.13: Uniformly transversely tined CRCP on SH 130 in Austin
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The sections were selected based on the criteriafor OBSI, which include adequate length,
fairly straight and flat, no walls or other objects that could reflect noise, and away from other
sources of noise such as frontage roads. These criteria also suit the needs of an adequate location
for pass-by tests, especially the distance to frontage roads. This was a problem with the other
CRCP highway that was tested in the Austin area as part of this project, US 183 (which results
will be presented in the second part of this chapter), where the frontage roads are so close and are
also so busy that the sound meters record the noise coming from that traffic as well. The sections
that were finally chosen lie from just north of Highway 79 and IH-35 near Georgetown. Two
sections were chosen in the northbound direction, NB1 and NB2, and three in the southbound
direction: SB3, SB1, and SB2.

6.3.2 OBSI Tests

On June 2, 2008, the first set of OBS tests was performed on SH 130. The overal results
of this set of tests are shown in Figures 6.14 and 6.15. The average level for al five sections was
101.3 dBA.
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Figure 6.14: SH 130 overall sound levels for June 2, 2008 tests
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Figure 6.15: SH 130 OBS spectra for June 2, 2008 tests

The shape of the spectrais very similar for all the sections, and it is al'so consistent with
that of other uniformly transversely tined CRCP sections: they all have a peak for the 1000 Hz
frequency.

On June 12, 2008, a second set of OBSI tests was conducted on the same five sections, to
verify the consistency and repeatability of the previous results, and also to conduct some
additional testing, trying a dlight variation in the OBSI procedure. The results of the OBSI
standard procedure tests are shown in Figure 6.16, where it can be seen that the average of all
sections was 101.2 dBA, i.e., there was only 0.1 dBA difference from the previous set of tests.
Figure 6.17 compares the data from both dates of OBS| tests on SH 130, showing very little
difference between them. These are positive results from the standpoint of the repeatability of the
tests.
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re6.16: SH 130 overall sound levels for June 12, 2008 tests

Tire/Pavement - Sound Intensity
SH 130 Austin. CRCP Test Sections - 6/2/2008 vs. 6/12/2008

102.302.0

101301 2
100.4.00.5

®6/2/2008

06/12/2008

Test Section

6.17: SH 130 overall sound levels for 6/2/2008 and 6/12/2008

6.3.3 Microphone Position Experiment

Normally, for
the tire: at the leadin

severa occasions, unt

OBSl, the microphone probe is placed at two different positions relative to
g edge of the tire/pavement contact patch and at the trailing edge of the
patch. Leading edge runs and trailing edge runs are then averaged, resulting in the “tire average,”
which is reported as the outcome of the test. In the field, a series of runs are performed first with
the microphones in either position, while the loop encompassing the test sections is driven on
il a least two or three sets of runs are collected for each test section. Then,
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the microphone position is switched to the other edge, and the procedure is repeated. This makes
conducting OBSI tests a time consuming endeavor. The researchers have thought about
conducting the tests at a single position, at the center of the tire/pavement contact patch and
checking how the results would compare to a tire average of both edges. If the results are
comparable, this aternative could save time and resources while conducting these tests,
especialy if the intent is testing at a network level, in which performing a large number of tests
in shorter time is a priority. In the past, this alternative was experimented in a series of PFC
sections in Y oakum, on IH-10, back in September of 2007, with very encouraging results. As a
reference, the overall sound level comparison between the average of leading and trailing edges
measurements and the center of the tire/pavement patch from the Y oakum sections is shown in
Figure 6.18.

Tire/Pavement - Sound Intensity
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Figure 6.18: 1H-10 Yoakum microphone probe position comparison between leading and
trailing edges and the center of the tire/pavement patch

The maximum difference between leading and trailing edges and the center of the
tire/pavement patch on that occasion was 0.7 dBA, and it occurred in Section WB5. The average
difference for al sectionswas 0.1 dBA.

The microphones at the center of the tire/pavement patch experiment was performed
again on SH 130 during the June 12", 2008 OBSI runs. The results are not as close to the tire
average as the Y oakum experiment was, but are still very reasonable and show that this could be
aviable aternative in the interest of saving time. Figure 6.19 presents the comparison, showing
that the measurements at the center of the tire patch were lower than the leading and trailing
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edges measurements, indicating that at least for the case of this pavement, the tire/pavement
interface has the edges as the louder spots.

Tire/Pavement - Sound Intensity
SH 130 Austin. CRCP Test Sections - 6/12/2008
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Figure 6.19: SH 130 microphone probe position comparison between leading and trailing edges
and the center of the tire/pavement patch

The differences between leading and trailing edges and the center of the tire/pavement
patch for the case of each section are illustrated in Figure 6.20, where the maximum difference
was 1.7 dBA, for Section SB2, and the average difference was 1.4 dBA.

Tire/Pavement - Sound Intensity
SH 130 Austin. CRCP Test Sections - 6/12/2008
Difference Between Leading & Trailing Edges and Center
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Figure 6.20: SH 130 differences between leading and trailing edges and the center of the
tire/pavement patch
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6.3.4 Roadside Tests

Two sets of roadside tests were performed on SH 130 following the procedure described
in Chapter 5: on June 3, 2008, one 10-minute period of pass-by was recorded, and on June 12,
2008, two 10-minute periods were recorded. Traffic was counted with the aid of a video camera,
and the speed of every vehicle was registered by the radar, which was taped as well. The
equipment set-up is presented in Figure 6.21, where two sound meters, the video camera and the
speed radar can be seen. The two sound meters are placed at 7.5 m and 15 m, respectively, from
the center of the outside traffic lane.

Figure 6.21: Equipment set-up for pass-by testson SH 130

An example of how the individual speeds are recorded is shown in a screen capture from
the video taken during the roadside test (Figure 6.22).
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FiQure 6.22: Speed recoding for pass-by test on SH 130

On June 3, only the 7.5-m microphone measurement could be obtained. Table 6.1 shows
the summary of the traffic information gathered both days.

Table 6.1: Traffic information from roadsidetests on SH 130

Autos Medium Trucks Heavy Trucks Motorcycles

6/3/2008 \Y, S \Y S \Y, S \Y S
veh/hr mph veh/hr mph veh/hr mph veh/hr mph

NB Outside Lane 72 69.1 12 60.5 6 65 0 0

NB Inside Lane 84 66.6 0 0 24 61 0 0

SB Inside Lane 84 66.6 0 0 24 61 0 0

SB Outside Lane 72 69.1 12 60.5 6 65 0 0

Autos Medium Trucks Heavy Trucks Motorcycles

6/12/2008 1st

Measurement v S v S v S v S
veh/hr mph veh/hr mph veh/hr mph veh/hr mph

NB Outside Lane 60 63.4 6 55 36 59.5 12 61

NB Inside Lane 78 61 12 64 6 56 6 66

SB Inside Lane 78 61 12 64 6 56 6 66

SB Outside Lane 60 63.4 6 55 36 59.5 12 61

6/12/2008 Autos Medium Trucks Heavy Trucks Motorcycles

2nd Measurement v S v S v S v S
veh/hr mph veh/hr mph veh/hr mph veh/hr mph

NB Outside Lane 66 61.9 24 61 36 57.7 6 51

NB Inside Lane 78 66.8 0 0 18 62.7 0 0

SB Inside Lane 78 66.8 0 0 18 62.7 0 0

SB Outside Lane 66 61.9 24 61 36 57.7 6 51

The results of the roadside tests were compared to those predicted by the computer
model. The FHWA's Traffic Noise Model (TNM) is used for this purpose. The roadway’s
geometric configuration, traffic type and counts, and vehicle speeds are al inputs for the
computer program. The program has options to characterize the pavement type: arigid pavement
can be modeled as “average,” or as“PCC.” However, at this stage, because of the current FHWA
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restriction on the use of pavement type as a noise-reduction alternative, only the “average’
selection is available to the public. For research purposes, the “PCC” pavement option is enabled
in the program, and was investigated in this case. The detailed results from TNM are contained
in Appendix B.

Table 6.2 summarizes the results of the roadside tests on SH 130 and the comparison with
the TNM results utilizing both average and PCC as pavement types.

Table 6.2: Roadside measurements and comparison with TNM

Pass-by TNM Difference Pass-by vs. TNM
Date |Measurement| Microphone | Measured ]TNM "Average"] TNM "PCC" | Measured - "Average"| Measured - "PCC"
Distance (m)| Leq (dBA) (dBA) (dBA) (dBA) (dBA)
75 72.8 70.6 723 2.2 0.5
6/3/2008 1 15 ) 66.5 681 i )
1 7.5 73.7 71.9 731 1.8 0.6
15 68.4 68.1 69.1 0.3 0.7
6/12/2008 2 7.5 75.2 72.3 73.6 2.9 1.6
15 69.9 68.2 69.4 1.7 0.5
Mean 1.8 0.8
Std. Dev. 1.0 0.5
C. of V. (%) 53.5 59.7

As Table 6.2 shows, in al cases, the PCC pavement option delivered results that are
closer to the actual measurements obtained with the sound meters, while the average option
aways underestimated the actual sound pressure levels. Given that the “PCC” option is not
enabled yet to use by the general public, these results support making it available. This is an
analogous case to the observations detailed in Chapter 5 of this report, regarding the use of the
open graded option of the TNM program to characterize PFC pavements. In both cases, the use
of the more specific pavement type option provides better results that more accurately
characterize the pavement type than the more general “average” pavement type option.

6.4 1H-35in Waco

The pavement section in Waco was first visited in September 2006. On that occasion, the
focus was the measurement of the PFC near downtown. This pavement section is located on IH-
35 at Craven Ave,, in McLennan County, and was placed in 2003, consisting of 1 %2 in.-thick
PFC. On June 5, 2008, the section was visited again, but this time the objective was twofold:
measuring the diamond-ground CRCP adjacent to the aforementioned PFC, and following up on
the measurements of the PFC from 2006. Dr. German Claros, from TxDOT, had recommended
the researchers to get measurements on this textured segment. However, the scouting of the
section prior to the actual tests to identify sections indicated that the textured section was very
short and there were not many suitable subsections that could be identified for OBSI tests, and
also that a segment of the old PFC placed in 2003 had been overlaid with a newer PFC. Thiswas
an interesting finding, because in addition to the original PFC, measurements could be taken on
the new PFC, as well as on textured and non-textured CRCP sections. Figure 6.23 shows a map
of the Waco sections on IH-35.
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Figure 6.23: Map of the Waco sections on IH-35

The textured CRCP sections on 1H-35 occur in both directions, beginning at the Brazos
River and ending at Behrens Circle. The texturing work was performed in the summer of 2007,
according to information obtained from Mr. Billy Pigg, District Materials/Pavement Engineer, in
Waco.

For comparison purposes, the OBSI results from the September 2006 tests on the original
PFC are presented in Figures 6.24 and 6.25 (overall sound levels and frequency spectra,
respectively). On that occasion, two northbound and two southbound sections, and an additional
northbound section of dense-graded AC were tested.

Tire/Pavement - Sound Intensity
IH-35 Waco Test Sections - 9/29/2006

Overall Level (dBA)

Test Section

Figure 6.24: Waco IH-35 overall levels from September 2006
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Figure 6.25: Waco IH-35 frequency spectra from September 2006

Table 6.3 shows the sections that were tested on June 5, 2008 and their corresponding
pavement type.

Table6.3: IH-35 Waco sections tested on June 5, 2008

Section Pavement Type

NBO Diamond Ground CRCP
NB OC Non-milled CRCP

NB1 New PFC

NB2 Old PFC

SB1 Old PFC

SB2 New PFC

SB3 Diamond Ground CRCP

From the sections measured in September 2006, only the old PFC sections, NB2 and
SB1, could be measured again, as the others had changed due to the placement of a new PFC.
The placement date of the new PFC is unknown, and so is the age of the old CRCP. Figure 6.26
illustrates the texture of the old PFC, from a September 2006 picture, and Figure 6.27 presents
the comparison of the results from that occasion and the recent tests, which indicates that the
PFC was dlightly louder in the most recent tests (0.6 and 1.2 dBA, respectively for NB2 and
SB1). These differences are small, and might be caused by clogging of the voids of the PFC by
debris, possibly compaction, as well as the wear of the surface that occurs with time and traffic,
considering that the tests were conducted almost two years apart.
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Figure 6.26: Old PFC on IH-35 in Waco, from September 2006

Tire/Pavement Noise Sound Intensity
IH-35 Waco Test Sections. 9/29/2006 vs. 6/5/2008
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Figure 6.27: Waco |H-35 tests on original PFC

Figure 6.28 illustrates the appearance and distresses of the old concrete pavement section.
Notice that the surface is not tined.
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Figure 6.28: Old CRCP on IH-35 in Waco

The beginning of the textured concrete pavement is shown on the right side of the
photograph in Figure 6.29, while the left side shows non-milled concrete pavement. Figure 6.30
shows a closer view of the improved texture of the diamond-ground surface, which removed the
superficial distresses.
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Figure 6.29: Beginning of IH-35 northbound diamond-ground section in Waco
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Figure 6.30: Texture of the diamond-ground section on IH-35 in Waco

The overall level results and the spectra from the June 2008 tests are shown in Figures
6.31 and 6.32, respectively. The overall levels indicate that the milling on the CRCP had a very
positive effect on the loudness of the pavement, as the treated surface was about 2 dBA quieter.
The old PFC was as loud as the old CRCP (100.6 dBA on average), which could be considered
as a surprising result, given that concrete pavements, in general, are regarded as louder than
PFCs. The new PFC was quieter than the old PFC, about 2.5 dBA on average. Regarding the
spectra, the CRCP in these cases do not show the characteristic peak that normally occurs at
1000 Hz because the surfaces were not tined. The spectra for the two diamond-ground sections
are virtually identical, which indicates that the rehabilitation had the same effect on both sides of
the road; also, the milled CRCP shows to be quieter in all frequencies than the non-milled CRCP.
This suggests that it is the practice of tining the pavements which gives CRCP that typical
whining sound. Even though in this case the CRCP was not originaly tined, the tests indicate
that diamond grinding could be a viable option to make tined pavements quieter, even if thisis
only aside effect of what might otherwise be the purpose of such repair.

103



102
101

100 +
99 +

98
97
96
95
94

Overall Level (dBA)

93
92
91
90

Tire/Pavement Noise Sound Intensity
IH-35 Waco Test Sections. 6/5/2008

100.7 100.6

1606

1606

Section Number

Figure 6.31: Waco IH-35 overall sound levels from June 5, 2008
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Figure 6.32: Waco IH-35 frequency spectra from June 5, 2008

6.5 SH 130 and IH-35 Waco CRCP Comparison

The tests conducted on these two roads featuring rigid pavements offered the opportunity
to compare an amost new uniformly transversely tined concrete pavement with and old,
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distressed, and heavily-trafficked one with no tining, and also to see what the effect of the
diamond grinding that was applied to it has caused to its acoustic behavior (Figure 6.33).

Tire/Pavement - Sound Intensity
SH 130 Austin and IH-35 Waco CRCP Test Sections - June 2008

104

102 TOT3 1012
1006

< 100 +
s}
) 98.6
2 98
>
s
= 96 B Austin
[
)
5 94 + BWwaco

92 +

90 + T T T

S & >4 o
& & & &
Qv N4 © >
) O N
S 5 5 N
O & & ~<>~"§)
< A\
K @
N <
4 o
X N
S &

Test Section

Figure 6.33: SH 130 Austin and IH-35 Waco average sound level comparison

It is interesting to notice that the old CRCP on IH-35 in Waco is quieter than the new
uniformly transversely tined CRCP on SH 130, and that the milling that took place on part of the
Waco pavement has made it significantly quieter. This implies that the common practice of
tining CRCP might be responsible for most of its loudness, as the pavements in question on IH-
35 in Waco do not exhibit this pattern in their texturing (Figure 6.34).
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Figure 6.34: Non-milled, old concrete pavement texture on IH-35 in Waco

6.6 Summary of OBSI Results on Concrete Pavement Sections

Even though the focus of this project was the acoustic performance of PFCs, it aso
presented the opportunity to conduct traffic noise measurements on several rigid pavements.
Some of those have already been presented in the first part of this chapter. Other concrete
pavement sections that were tested as part of this research besides those on IH-30 in Dallas, 1H-
35 in Waco and SH 130 in Austin, include the various old and new CRCP segments on US 183
on Austin that were part of the Noise Rodeos presented in Chapter 3. Unfortunately, the ages of
the CRCP sections studied are not known, except for the newest one, the SH 130 pavement.

The detailed description of the US 183 sections is presented in Section 3.2.3 of this
report.

The average OBSl measurements on concrete pavement sections are summarized in
Figure 6.35, where the sections have been sorted from low to high overall levels, and have been
identified by colors so that tests conducted on different dates for the same sections can be
compared. This graph is based on the total averages calculated for each test date for al the
subsections involved.
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Figure 6.35: OBS Concrete pavement section comparison

It is interesting to note that the quietest measurement on rigid pavement was obtained
from the lone diamond-ground pavement that was tested. Another remarkable finding is that the
two quietest measurements on rigid pavements were recorded on surfaces that are not tined.
Tining might be responsible for a significant component of the loudness of such pavements as
the spectra suggests, and as discussed in the previous paragraphs. Both of those quieter concrete
surfaces are the sections on IH-35 in Waco, and as could be seen in the previous sections
dedicated to the analysis of those pavements, the non-milled, non-tined pavement is old and
exhibited several distresses, facts that apparently are not reflected in the noise levels. Because the
diamond-ground section is part of this distressed, old pavement, it can be assumed that the
milling treatment applied to it accounts for the 2-dBA reduction when comparing both adjacent
segments, making the textured section as quiet, and even quieter than many PFCs. This
underscores the effectiveness of the diamond grinding as a noise attenuation treatment for
concrete pavements.

The loudest of the measurements on rigid pavements were recorded on the old CRCP
sections of US 183, during the rodeo tests. The results from those sections remained very
consistent over time, which istrue also for the newer CRCP sections of US 183.

6.7 Conclusions

This chapter presented the results of various roadway segments that enabled the
comparison of the acoustic behavior of sections of different pavement types. The Dallas IH-30
project is particularly interesting because it showcased the results of two different surfaces on the
same road stretch at two different stages: the roadway was originally a concrete pavement
(uniformly, transversely tined CRCP), which was overlaid with a PFC, in an attempt to make it
quieter. OBSI tests were conducted on the CRCP before it was overlaid, and on the new PFC
overlay.

107



The two sets of test sections on SH 130 and IH-35 in Waco represented a unique
opportunity to conduct a series of comparisons between different kinds of pavements, including
old and new PFC, old and new CRCP, and textured and non-textured CRCP, as well as to
experiment with the OBSI microphone position, and to perform roadside tests and compare their
results to those obtained with a computer model (TNM).

From the results and discussion presented in this chapter, the following conclusions can
be drawn:

e OBSI tests on IH-30 in Dallas on uniformly transversely tined CRCP, first, and then
on PFC, showed that the PFC accomplished its purpose of reducing the noise levels.

e Besides the noise level reduction, the frequency spectra of both surfaces are very
different, which might account for a significant reduction in the perceived noise by
the receivers.

e Tests on SH 130 conducted within a 10-day span showed good consistency and
repeatability of the results

e The microphone position experiment (center of tire/pavement patch instead of
leading/trailing edges) produced reasonable and encouraging results. The center
position resulted in an average of 1.4 dBA quieter levels as compared to the
leading/trailing positions. A similar experiment on the PFC in Y oakum from 2007
resulted in even smaller, almost negligible differences. This indicates that the
alternative microphone position results might be closer to the leading/trailing
position results for porous pavements, such as the PFC, as opposed to therigid, less
porous counterparts, such as the CRCP.

e The TNM “PCC” option resulted in accurately predicted sound levelsin relation to
actual roadside measurements. The “average” option underestimated the actual
sound pressure levels. Given that the “PCC” option is not enabled yet to use by the
general public, these results support making it available. This is an analogous
situation to what occurs in TNM with PFCs and the “OGAC” option discussed in
Chapter 5, in which the more specific pavement type option .

e The PFC in Waco (placed in 2003) got slightly louder in less than 2 years time. The
new PFC adjacent to it is significantly quieter (about 2.5 dBA on average).

¢ Diamond-grinding of the CRCP in Waco resulted in even quieter overall levels, and
eliminated the whining noise produced by the tire/pavement contact. This is
illustrated by the absence of the 1000-Hz peak in the frequency spectra, which is
characteristic of the tined CRCP. Removal of superficial distresses through the
diamond-grinding process has also contributed to the improved acoustic
performance.

e The overall noise levels of the diamond-ground CRCP in Waco are very similar to
those of the new PFC next to it. On average, the textured CRCP is only about 0.5
dBA louder than the new PFC. This is another good indication that the texturing of
an old CRCP is beneficial toward reducing its loudness, making its loudness
comparable to that of aPPFC.
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e The old PFC in Waco is as loud as the old CRCP (100.6 dBA, on average).
Unfortunately, there is no history of noise measurements available for either section
to quantify their rates of increase in loudness.

e The old CRCP on IH-35 in Waco is quieter than the new CRCP on SH 130. This
was an unexpected result, considering that the Waco pavement is distressed as
opposed to the very good condition of the SH 130. The reason could be that the old
pavement in Waco is not tined, and also has been polished by traffic and age, while
the tines on SH 130 are sharp and new. However, the SH 130 ranks as one of the
quietest tined pavements measured in this study.

e The quietest rigid pavement sections measured in this project correspond to two
untined CRCP sections: the diamond-ground section on IH-35 in Waco, and the old

CRCP next to it.
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Chapter 7. Statistical Analysis

Although the OBSl data and analyses have aready been presented graphically in
Chapters 3 and 4, it is also useful to employ statistics to characterize and quantify certain aspects
of the data that might not be immediately clear or definitive from the charts. Specifically, this
chapter will examine variance between test vehicles, between the leading edge, trailing edge, and
center of the tire patch in regards to the OBSI probe placements, and finaly the variance
between overall pavement noise measurements due to mix design, aging, traffic, and
environmental variables.

Figure 7.1 presents a sample sheet from the combined dataset, assembled to facilitate the
t-tests and analysis of variance (ANOVA). The data includes 240 observations from seven
TxDOT Districts, each observation containing up to three replicates, each for trailing edge OBS,
leading edge OBSI, and center OBSI, as well as their averaged values—approximately 1400
independent road noise measurements. This subset of the data comprises the dependent variable
set for the analysis. The independent variables (which are used to explain variance in the
dependent variables) include pavement age at time of testing, location, climatic zone, binder
type, pavement type, functional highway classification, and selected environmental variables
obtained from the National Climatic Data Center’ s comprehensive weather history database.

The complete dataset is presented in Appendix A (Table A.2).

7.1 Comparison of the TXDOT and CTR Test Vehicles

Except for minor variation in vehicle weight due to personnel, the TXDOT and CTR test
vehicles and their OBS| gear are identical, using the same vehicle tire type up until the final
noise rodeo, as explained in Chapter 3. Any variation due to aging of the precision microphones
used by the two systems over time is compensated for by strict calibration of the system before
and after every series of runs. Therefore it would be expected that the results from testing the
same sections at the same time using the two vehicles would be essentially identical, and indeed
the charts and analysis in Chapter 3 do support that conclusion. However, to be thorough, a brief
statistical analysis is used to confirm this as well as examine variability between vehicles and
between runs.

7.1.1T-Test for CTR vs. TXDOT Results

Simply put, a t-test can be used to determine with some degree of confidence whether
two sets of data have the same mean value. In this case, a paired t-test is used because each pair
of observations (CTR system versus TxDOT system) is dependant, taken on the same pavement
section at the same time (within a few minutes of each other). The data used for this analysisis
taken from the first rodeo result, comparing the TXDOT and CTR systems when both vehicles
were using the Tiger Paw tire, testing performed on the Parmer Lane and US 183 test sectionsin
Austin. Figure 7.2 shows the result of the analysis.
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OBSI and Selected Climate Data

HWWY City [[=] Type [onst_Y|Climate| Binder Test_YR Agency| T1 T2 T3 Tavg L1 L2 L3 Lavg | AVG | Center | TotRain AvgMaxT |AvgMinT| TFP | MaxT | MinT | Day32| AvgT
FM143 Lus EB1 PFC 2005 DF P 2007 .5 CTR 997 99.2 99.0 993 99.5 99.5 996 99.5 99 .4 00 21.5 809 561 0.1 103 21 26 58.2
FM143 s FR> PFC 2005 [l P 2007 5 CTR 100 2 [ 100 4 100 8 100 5 a9 7 100 0 a8 3 99 8 100 2 0o 215 809 56 1 01 103 21 36 B8 2
FM143 Aus WWB1 PFC 2005 DF P 20075 CTR 97 .8 ar s 98.0 97 9 a7.5 a7.4 97.3 97 4 97 6 0o 315 809 561 0.1 103 21 36 68.2
FM6&20 Aus EB1 PFC 2004 DF P 20068 CTR 98 4 a8 .2 97.9 982 a8.1 a7.8 97.3 97.7 93.0 0o 315 809 561 0.1 103 21 36 68.2
FM6&20 Aus EB1 PFC 2004 DF P 20068 CTR 983 a8.1 98.0 981 98.7 98.4 98 4 98.5 983 0o 315 809 561 0.1 103 21 36 68.2
FM6&20 Aus WWB1 PFC 2004 DF P 20068 CTR 988 a8 .9 99.2 99.0 a9.1 98.3 0.0 98.7 988 0o 315 809 561 0.1 103 21 36 68.2
FM6&20 Aus WWB1 PFC 2004 DF P 20068 CTR 995 ag 4 99.7 995 99.7 99.5 99.4 99.5 995 0o 315 809 561 0.1 103 21 36 68.2
FM734 Aus 1 ACP s} DF N 20077 CTR 101711016 | 1023 [ 101.9 | 1020 [ 1017 | 1006 | 1014 | 101.7 0o 315 809 56.1 0.1 103 21 36 68.2
FM734 Aus 2 ACP s} DF N 20077 CTR 1015|1026 | 1022 [ 102.1 1023 | 1024 [ 1023 [ 1023 | 102.2 0o 315 809 56.1 0.1 103 21 36 68.2
FM734 Aus 3 ACP s} DF N 20077 CTR 101.6( 1011 1010 [ 101.2 | 1002 | 1003 | 1003 | 100.3 | 100.8 0o 315 809 56.1 0.1 103 21 36 68.2
FM734 Aus 4 ACP s} DF N 20077 CTR 1018|1013 | 1014 [ 101.5 | 1021 [ 1011 | 1018 | 101.7 | 101.6 0o 315 809 56.1 0.1 103 21 36 68.2
FM734 Aus 1 el g s} L ™ 20083 IR 1025 1033 1032 103.0 oz o 0z H | 1020 24 | 1027 0o =] 809 o6.1 0.1 103 21 36 B8.2
FM734 Aus 2 ACP o DF n 2008.3 CTR 102.3 | 1036 1031 103.0 1028 1031 103 .2 103.0 103.0 00 315 &s08 56.1 0.1 103 21 36 58.2
FM734 Aus 2 ACF o br N 20083 CTR 101.8 [ 1017 1023 101.9 1016 1016 | 1017 1016 | 101.8 00 21.5 G089 561 0.1 103 21 36 58.2
FM734 Lus 5 ACP o DF M 2008.3 CTR 1026 1027 10241 102.9 1021 1028 | 1029 1026 | 102.7 00 215 809 56.1 0.1 103 21 26 58.2
IH386 s 10 PFC 2005 [l P 2006 & | TxDOT [ 1014 | 101 2 101 4 101 2 100 9 mn0a 1010 moa | 1016 0o 215 809 56 1 01 103 21 36 B8 2
IH35 Aus 11 PFC 2005 DF P 20068 | TxDOT [ 100.2| 1003 | 1003 | 100.2 | 1003 99.9 1003 | 100.2 | 100.4 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 12 PFC 2005 DF P 20068 | TxDOT [ 998 ag8 6 99.8 99.9 1001 | 1002 [ 999 100.1 99.9 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 13 PFC 2005 DF P 20068 | TxDOT [ 100.2| 1000 | 100.1 100.1 1000 | 1001 [ 100.2 [ 100.1 | 100.1 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 7 PFC 2005 DF P 20068 | TxDOT [ 101.1 ] 1011 101.1 100.9 | 1006 | 1007 [ 1005 | 1006 | 101.1 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 8 PFC 2005 DF P 20068 | TxDOT [ 101.1| 1013 | 1012 | 101.0| 1008 | 1010 [ 1006 [ 1008 | 101.2 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus a PFC 2005 DF P 20068 | TxDOT [ 101.3| 101.2 | 1013 | 101.1 1011 | 1008 [ 1009 [ 1010 | 101.4 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 10 PFC 2005 DF P 20068 | TxDOT [ 100.1 ag.9 99.8 99.9 99.4 99.3 99.2 99.3 99 6 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 11 PFC 2005 DF P 20068 | TxDOT | 991 g8 6 98.8 988 98.0 a8.1 98.0 98.0 98 4 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 12 PFC 2005 DF P 20068 | TxDOT [ 992 @81 98.9 99.0 98.0 98.5 98 4 98.3 987 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 13 PFC 2005 DF P 20068 | TxDOT [ 994 @81 99.3 993 98.5 98.5 98.6 98.5 989 0o 315 809 561 0.1 103 21 36 68.2
IH38 s 7 PFC 2005 DF P 20068 | TxDOT | 9086 jeleis] 100.1 009 0904 09.2 003 09.2 008 00 215 8090 56.1 0.1 103 21 26 58.2
IH35 Aus 8 PFC 2005 DF P 20068 | TxDOT [ 100.2 | 100.0 99.9 100.0 99.3 a9.1 981 99.2 99 6 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus a PFC 2005 DF P 20068 | TxDOT [ 100.0| 1000 | 100.0 | 100.0 98.7 98.7 982 98.6 993 0o 315 809 561 0.1 103 21 36 68.2
IH35 Aus 10 PFC 2005 DF P 20078 CTR 1014|1012 1014 [ 101.2 | 1009 | 1009 | 101.0 | 1009 | 101.6 0o 315 809 56.1 0.1 103 21 36 68.2
IH35 Aus 11 PFC 2005 DF P 20078 CTR 1002|1003 | 1003 [ 100.2 | 1003 99.9 1003 | 100.2 | 100.4 0o 315 809 56.1 0.1 103 21 36 68.2
IH35 Aus 1z PFC 2005 DF P 20078 CTR 998 986 998 999 1001 1002 98.9 1001 999 00 315 &s08 561 0.1 103 21 36 58.2
IH386 s 13 PFC 2005 [l P 7007 8 CTR 100 2 [ 1000 1001 100 1 100 0 100 1 100 2 nn 1 100 1 0o 215 809 56 1 01 103 21 36 B8 2
IH35 Aus 7 PFC 2005 DF P 20078 CTR 1011 1011 101.1 100.9 | 1006 | 1007 [ 1005 | 1006 | 101.1 0o 315 809 56.1 0.1 103 21 36 68.2
IH35 Aus 8 PFC 2005 DF P 20078 CTR 10111013 | 1012 [ 101.0 | 10038 | 101.0 | 1006 | 1008 | 101.3 0o 315 809 56.1 0.1 103 21 36 68.2
IH35 Aus a PFC 2005 DF P 20078 CTR 101.21 1012 | 1012 [ 101.1 1011 | 1008 [ 1009 [ 1010 | 101.4 0o 315 809 56.1 0.1 103 21 36 68.2
*0 indicates missing values Page 1

Figure 7.1: Sample sheet from the consolidated OBS and environmental data (full set in Appendix A)
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Paired Comparison t Test for CTR w= TxDOT VYehicles
The MEAWS Procedure
finalwvsis WYariable : diff

Mean Std Error t Value Pr > 1ti

-0.580783 0.1596476 -3.64 0.0030

Figure7.2: T-Test paired comparison results for TXDOT vs. CTR vehicles

It can be seen from the figure above that the mean difference between the CTR and
TxDOT vehicles using the Tiger Paw tire is about 0.6 dBA, with a standard error of 0.16, giving
a 95% confidence interval ranging from -0.28 dBA to -0.88 dBA, an insignificant difference.
Therefore, measurements taken using the two vehicles can safely be used interchangeably; in
fact, TXDOT noise measurements using the Tiger Paw tires have been incorporated into the
database.

Another method of comparing the two vehicles uses the ANOVA analysis. ANOVA
reveas the correlation between independent variables and dependant variables, showing the
statistical significance for the each variable in predicting the dependant variables, as well as what
percentage of the overall variability in the dependant variable is explained by the independent
variables. Figure 7.3 shows the result for CTR vs. TxDOT: 97% correlation between the two
vehicles.

ANDYA Analysis Comparing TxDOT and CTR VYehiclez with Tiger Paw Tires
The GLM Procedure
Sum of
Source DF Squares Mean Square F Value Pr > F
Hode 1 1 65.23316820 65.23316820 407.33 <.0001
Error 12 1.92176282 0.16014690
Corrected Total 13 67 .15493102
R-Square Coeff Var Root MSE CTR Mean
0.971383 0.387564 0.400184 103.2560
Souwrce DF Type | S5 Mean Square F Value Pr > F
TxDOT 1 65.23316820 65.23316820 407.33 <.0001
Source DF Type 111 55 Hean Square F Value Pr > F
T=DOT 1 65.23316820 65.23316820 407.33 <.0001
Standard
Parameter Estimate Error t Value Pr > iti
Intercept 10.27449902 4.60827765 2.23 0.0456
TxDOT 0.90096899 0.04464110 20.18 <.0001

Figure 7.3: ANOVA for CTRvs. TXDOT results using Tiger Paw Tire

As detailed in Chapter 3, Transtec participated in two noise rodeos, using a very different
system from CTR and TxDOT to test the same sections on the same day. In the first rodeo, CTR
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and TxDOT used the Uniroyal Tiger Paw tire (TP), whereas Transtec used the newer, Standard
Reference Test Tire (SRTT). In addition, Transtec used a dual probe system (connected to the
vehicle body in the first rodeo, and to the tire rim in the second), a different vehicle, and a
proprietary data analysis program. TXDOT switched to the SRTT tire in the second rodeo.
Combining all this information and performing an ANOVA gives the results shown in Figure
7.4.

ANOVA Compar izon Between SATT and TP Tires, CTR & TxDOT Vehicles
The GLM Procedure
Sum of

Source DF Squares Mean Square F Value Pr > F
Hodel 45 485.7122685 10.7936060 40.76 <.0001
Error 67 17.7426982 0.2648164
Corrected Total 112 503.4549666

R-Square Coeff WYar Root MSE fivg Mean

0.964758 0.493734 0.514603 104 .2269
Source DF Type | 55 Mean Square F Value Pr > F
Loc*Date*Sect 42 395.8244581 9.4243919 35.59 <.0001
figency 2 84 . 1645277 42.0822638 158.91 <.0001
Tire 1 5.7232827 L.7232827 21.61 <.0001
Source DF Tvpe 111 55 Mean Square F Value Pr > F
Loc*Date*Sect 42 395.7708850 9.4231163 35.58 <.0001
figency 2 24.2658364 12.1329182 45.82 <.0001
Tire 1 5.7232827 h.7232827 21.61 <.0001

Figure 7.4: ANOVA for both rodeos, showing significance of tire and agency

It can be seen in the figure that the most significant variable found was Loc* Date* Sect,
which is a composite variable that precisely identifies the section tested and date the section was
tested. As expected (and hoped), it is the most significant variable found in the analysis.
However, the test tire used is aso significant, as is the agency variable, meaning there are
differences in measurement not attributable strictly to the tire, i.e. the Transtec microphone
suspension and/or vehicle used. The Transtec results from the first rodeo were significantly
higher using their body mount suspension system, possibly indicating that oscillation of the
vehicle suspension varied the distance between the microphones and the pavement, a factor
which the noise measurement is highly sensitive to.

Because the SRTT has been selected as the test tire of choice in the AASHTO draft
specification, it would be very useful to have a model correlating SRTT to Tiger Paw tires.
Figure 7.5 uses ANOVA to produce such amodel, confined to data where every other variableis
controlled except the tire type. A 93% correlation was obtained, and a useful model generated.
Figure 7.6 shows the fit through the data used in the analysis.
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ANDVA Analysis Comparing TxDOT and CTR VYehicles with SRTT Tires

Sum of
Source DF Squares Mean Square
Hode 1 1 Go.98656822 50.98656822
Error 12 3.26904489 0.27242042
Corrected Total 13 54.25561321
R=Sguare Coeff Var Root MSE CTAR Mean
0.939747 0.502397 6.521939 103.8898
Source DF Tvpe | 55 MHean Square
T=DOT 1 50.98656822 50.98656822
Source DF Tvpe 111 55 Mean Square
T=DOT 1 50.98656822 50.98656822
Standard
Parameter Eztimate Error t Value
Intercept =-21.05995412 9.13435487 -2.31
T=DOT 1.19602817 0.08742454 13.68

The GLM Procedure

F Value
187 .16

F Value
187.16

F Value
187 .16

Pr > it}

0.0398

<.0001

Pr > F
€.0001

Pr > F
<.0001

Pr > F
<.0001

Figure 7.5: SRTT tirevs. Tiger Paw correlation, all other variables controlled
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Figure 7.6: Fit for Tiger Paw vs. SRTT model
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In Figure 7.6, it can be seen that there are two clumps of data, the louder being from tests
on US 183 (CRCP) and the quieter from FM 734 (dense-graded AC). On average, the SRTT was
0.6 dBA louder than the Tiger Paw tire; however, the mean difference between the tires on the
AC pavement was 1.07 dBA and 0.39 dBA for the CRCP, probably due to different spectral
characteristics between the two types of pavement, as explained in Chapter 3.

For ACP, the differences at various frequencies can be directly investigated using data
obtained during the March 2008 and July 2008 rodeos. Although Transtec took part in the July
2008 rodeo, that data has been excluded from the analysis to eliminate any extraneous variables
such as vehicle type, data analysis procedure, or use of dua probe. The differences presented
strictly compare the CTR vehicle with Tiger Paw tires to the identical TXDOT vehicle with
SRTT tires. Figure 7.7 shows the comparisons graphically.

Tire/Pavement Noise Sound Intensity
FM 734 Test Sections - 3/28/2008 & 7/15/2008
105
100 A
95 A
~ 90 1
<
o
2
T
3 85
= #1T-Tx 3/28/08 SRTT #2T-Tx 3/28/08 SRTT
g #3T-Tx 3/28/08 SRTT #5T-Tx 3/28/08 SRTT \
80 #1T-CTR 3/28/08 #2T-CTR 3/28/08
#3T-CTR 3/28/08 <o % - #5T-CTR 3/28/08
75 —¢—#1T-Tx 7/15/08 SRTT ~—*—#2T-Tx 7/15/08 SRTT
#3T-Tx 7/15/08 SRTT —*—#5T-Tx 7/15/08 SRTT
70 = X = #1T-CTR 7/15/08 = X = #2T-CTR 7/15/08
- X = #3T-CTR 7/15/08 = X = #5T-CTR 7/15/08
65 T T T T T T T T T
500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency Range Analyzed

Figure 7.7: Comparison of SRTT to TP tires, all other variables excluded, Parmer Lane ACP

As can be seen from the figure, the newer SRTT tire is dlightly louder at the lower
frequencies, then becomes quieter at frequencies above 3 kHz. The SRTT tire being louder at
the key midrange frequencies around 1 kHz explains the dlightly louder overall A-weighted
values observed in the previous analysis.
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A table can be prepared, listing these differences at the various frequencies reported in
the standard noise analysis Table 7.1 shows the average differences in dB between the SRTT and
TP tires, using direct paired comparisons on the same dates and sections.

Table 7.1: Spectral differencesbetween SRTT and TP tires (n = 264)

Frequency (Hz) Difference (dB) SRTT-TP

500 0.460059
630 2.152551
800 1.718371
1000 2.449625
1250 0.941946
1600 0.050363
2000 -0.32001
2500 0.532136
3100 -1.47315
4000 -2.44946
5000 -2.3596

If it is desired to calibrate between tires at intermediate frequencies, a smple linear
regression can be used. A regression analysis was performed using SAS to fit alinear model to
the 88 paired comparisons (11 frequencies, 2 test dates, 4 ACP sections) resulting in the fit
presented in Figure 7.8. The average error in prediction is 0.64 dB with the largest residual of -
1.3 dB observed at 500 Hz.

Although the frequency analysis presented is sound, it must be remembered that only 88
paired observations were available for the analysis and that the pavement project tested was
conventional asphalt (ACP). The frequency differences observed for rigid (CRCP) pavement on
the US183 portion of the rodeo were considerably different than for ACP, so it’s likely that
conventional ACP spectral differences are somewhat different from PFC pavements as well.
Thisis consistent with the understanding that the total noise generated viatire / pavement contact
arises from a number of mechanisms (impact, adhesion, air displacement, resonances, etc) that
are unigue to the specific tire design and the surface / void content of the pavement it contacts.

These conversions should therefore be used with caution until more comparison data
becomes available from the new 0-5836 study. In any case, work at the national level supports
our finding that the a-weighted levels for the SRTT tires and TP tires aren’'t significantly
different and can be used interchangeably.
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Comparison of SRTT tire to TP tire
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Figure 7.8: Frequency calibration model for SRTT vs TP tires

7.2 Comparison of Center, Leading Edge, and Trailing Edge for OBS
M easur ements

Traditionally, noise measurements at the tire/pavement contact area have been taken at
both the leading and trailing edges for OBSI tests. This practice assumes that noise at the two
contact points are significantly different, and that the overall noise measurement cannot be
adequately captured using a single microphone placement—say, at the center of the tire contact
patch. If leading and trailing edge measurements are required using a single probe OBSI device,
the probe position must be switched, and the runs must be repeated. Given that in some locations
the loop distance may be ten miles or more, and driven at least three times for each probe
position, this effectively doubles the time and cost associated with measuring noise on a test
section and can be very significant.

A probe positioned at the center of the tire contact patch is just inches away from both the
leading and trailing points. In such position, it is able to record noise levels which are a mixture
of the two traditional measurement points. Given that the OBS| data is presented as a single A-
weighted average of the leading and trailing edge values, the hypothesis of the researchers was
that perhaps the center position could be accurate enough to serve. This section investigates that
possibility. Figure 7.9 shows the raw, averaged data for leading vs. trailing edge.
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Comparison of Trailing vs Leading Measurements
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Figure 7.9: Comparison of average leading vs. trailing edges, averaged

7.2.2 Paired t-test of leading vs. trailing

The first statistical method employed is the paired t-test, which determines if the mean
difference between two measurements taken at the same time is significantly different from zero.
Thistest isideal for comparing leading and trailing edge measurements, as every observation in
the dataset has an average for trailing and leading edge OBSI noise, taken within a few minutes
of each other. Figure 7.10 shows the results of the t-test and related ANOVA.
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Compar ison of Leading Edge to Trailing Edge
The GLM Procedure
Sum of
Source DF Sguares Mean Square F Value Pr > F
Model 1 1593.049102 1593.049102 5692.83 <. 0001
Error 236 66.040903 0.279834
Corrected Total 237 1659. 090005
R=-Square Coeff Var Root HSE Tavg Mean
0.960195 0.528623 0.528994 1000702
Source DF Twpe | 55 Mean Square F VYalue Pr > F
Lavg 1 1593.049102 1593.049102 5692.83 <. 0001
Source DF Twpe 111 55 Mean Square F Value Pr > F
Lavg 1 1593.049102 1593.049102 5692.83 <. 0001
Standard
Parameter E=ztimate Error t Value Pr > iti
Intercept =3.105333514 1.36788317 -2.27 0.0241
Lavg 1.035381439 0.01372260 75.45 ¢.0001
Paired Comparizon t Test
The MEANS Procedure
Analy=sis Yariable diff
Mean Std Error t Value Pr > it]
0.4204180 0.0346957 12.12 <.0001

Figure 7.10: T-test and ANOVA relating leading to trailing edge measurement

It can be seen in the figure that the leading and trailing averages have a high probability
of having the same underlying mean, i.e,, are insignificantly different from each other. On the
average, the trailing edge was 0.42 dBA louder, with avery small standard error of 0.035 giving
a 95% confidence interval ranging from 0.49 to 0.35 dBA. For PFC pavement, at least, these two

measures are insignificantly different.

An ANOVA was aso performed, modeling the trailing edge measurement as a function
of the leading edge. An R? of 0.96 was obtained, again showing a very tight correlation. Figure

7.11 shows the fit to the data.
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Trailng vs Leading Edge
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Figure 7.11: Regression predicting trailing edge from leading edge

7.2.3 ANOVA comparing center and aver age of leading and trailing edges

Now that it has been established that the leading and trailing edge measurements (at least
for PFC pavements) are not significantly different, there is some support for the idea that a
single, center contact measurement may be sufficiently related to the average of leading and
trailing values to serve in their stead, which for the purposes of this analysis will be termed
AVG. ANOVA establishes how much of the variability in the dependent variable (in this case,
AVG) can be attributed to the independent variable, which is the center measurement that is
termed CTR. Figure 7.12 shows the ANOVA and associated model to correlate center
measurements to the average of leading and trailing edge measurements currently reported. The
regression gives an R? of 0.95, and thefit is shown in Figure 7.13.
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Compar izon of Center to Average

The GLM Procedure

Sum of
Source DF Squares Hean Square F Value
Model 1 42.15475156 42.15475156 183.03
Error 11 2.53342313 0.23031119
Corrected Total 12 44 . 68817469
R=-Square Coeff Var Root MSE Center Mean
0.943309 0.486376 0.473907 98.67012
Source DF Type | 85 Mean Square F Value
AVG 1 42.15475156 42.15475156 183.03
Source DF Type 111 85 Mean Square F Value
AVG 1 42.15475156 42.15475156 183.03
Standard
Parameter Estimate Error t Value Pr > it}
Intercept =35.56765795 9.92311624 =-3.58 0.0043
AVG 1.35914639 0.10046169 13.53 <.0001

Pr > F
<.0001

Pr > F
<. 0001

Pr > F
<. 0001

Figure 7.12: Regression model estimating AVG noise using only a single center probe placement
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Figure 7.13: Regression model predicting AVG measure using center probe
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The average error using the center measurement to predict the average of leading and
trailing was found to be about 0.7 dB, which may be close enough for some measurements on the
network level, or for targeting sections for more detailed study.

7.3 Evaluation of Factors Related to Pavement Noise L evels

Noise data has been collected under this study using an experimental factorial (Table
4.3). The factorial was designed using levels of age (new, medium, old), mix design (rubber or
polymer binder), and four combinations of environment (freeze/no freeze, wet/dry). It is hoped
that by monitoring noise on the selected sections over time, a better understanding of how the
noise levels change and why can be obtained. However, there are relatively few “old” PFC
sections at the time of this writing, and PFC is used widely in some areas of the state but not at
al in others. Additionally, one variable that is known to be very significant, PFC layer thickness,
was not collected during this study, as “as built” thickness varies greatly, requiring taking of
cores. However, the findings and data from this project can serve as history and guidance for the
new, long term PFC performance monitoring project.

For now, an analysis can be performed to determine which variables collected have
proven to be significant thus far.

7.3.1 ANOVA Investigating Age, Design, and Environmental Factors

The data collection factorial attempts to characterize all environmental effects by
dividing the state into four zones: wet freeze, dry freeze, wet no-freeze, and dry no-freeze. Of
course, the actual conditions are not as simple as that; San Antonio is considered dry no-freeze,
but actually freezes occasionaly, and of course rainfall is experienced in varying amounts
throughout the state. The four-area characterization is adequate for data collection, but thereis no
reason not to use more accurate rainfall and temperature variables matching the actual pavement
section locations, and even for those locations over time. The idea is to generate variables that
characterize each pavement’s experience since construction, i.e. degree days of heating, total
water flow, etc. Accordingly, the National Climatic Center Database was used to extract various
climatic variables for use in the analysis. Figure 7.14 shows a sample environmental summary
sheet for one section.

An average of the last three years was used for all environmental variables, then
multiplied by the age of each pavement section to estimate the environmental stress experienced
by the pavement over its lifetime. The variables found to be must significant in predicting
pavement noise levels were TotRain (total rainfall in inches), AvgMaxT (serving as a summer
heating experience variable).

The only available design variable was Binder (polymer vs. rubber), and traffic was
estimated using Age* HwyTyp, which attempts to very roughly estimate ESALS by combining
age with the functional class (IH, FM, Loop, SH, US) of the roadway. Figure 7.15 shows the
result of the ANOVA using these variables.
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Annual Climatological Summary: 4104259/135904, AUSTIN BERGSTROM AP, Texas

U.S. Department of Commerce ANNUAL

Mational Cceanic & Atmospheric Administration

CLIMATOLOGICAL SUMMARY

Station: 410423/13804, AUSTIN BERGSTROM AP, Texas

(2007)

Elev. 480 ft. above sea level

National Climatic Data Center
Federal Building

151 Patton Avenue

Asheville, North Carolina 28801

Lat. 30°11°'M, Lon. 97°41W

Date Temperature (° F) Precipitation (inches)
Elem-> [MMXT [MMNT [MnTM | DFNT [ HTDD [ cLOD | EMXT EMNP DTg0 [Dx32 [DT3z [DTo0|TPCP | DPNP [EMXF| TsMw [mMxsD | DPO1 [DPOS [DP10
Greatest
Depart. |Heating |Cooling Humber of Days Depart. Observed Snow, Sleet Mumber of Days
2007 | Mean | Mean from |Degree |Degree High Low |Max |Max |Min Min from Total | Max [Max
Month | Max. Min. | Mean |[Mormal| Days Days |Highest|Date |Lowest|Date |»=90" |<=327 |<=32" |<=0" | Total |Normal| Day |Date| Fall |Depth |Date |»=.10 |>=.50 [>=1.0
1| 552 363] 458 -5.3 593 F 78 5 24 29 0 2 14 of 7es| 545 az28] 13 0.1 oT| 17 10 2 1
z| e48| 281 514 -4.1 381 5 83| 27 20 16 a 0 10 o[ o1z -1s80| oo0s 1 0.0 5] 0 0 [V
3[ 738] 518 827 0.1 149 24 a3[ 10 23 5 5] 0 5 o soo| 384 182 12 0.0 0 7 4 4
4 73.8 51.4 62.6 -6.3 124 58 84 29 34 8 [} o o al 371 1.08 1.55 4 00T oT 8 T 3 1
5[ 8as| 644 740 16 5] 286 go| 13 56 18 1 0 0 ol 73] 181 167 28] ooT oT 5 a 4 3
6| sa7| 70.4] 7o -1.9 5} 443 a3 18 63 6 14 0 0 o 748 407 354 20 0.0 0 8 4 2
7| 878| 71s5] 7a8s 5.0 5] 458 a3 18 67| 18 13 0 o o 762 553 14| 20 0.0 0 13 & 2
g e3z| 727 830 -15 5} 567 o[ 13 68| 28 30 0 5} o z1s| -032[ 138 16 0.0 0 3 1 1
o 901 673 787 -08 0 417 g4 27 60| 25 23 0 0 o o73| -z1s| ozs| 14 0.0 0 3 [5] 0
10 84 8 553 TOA -07 55 219 93 17 38 26 13 a (1] a 1.80 -2.19 168 22 0.0 [v] 2 1 1
11| 725| 475 s00 -05 205 61 86| =21 2a| 26 5} 0 3 of 126 -178] o7z] 24 0.0 0 3 1 0
12| 675| 267| 521 08 419 26 85 2 21| 27 [5} 0 14 o oeo| -193| oz4| 15[ ooT oT| 28 3 5} 0
Annual| 77.9| 553 686 -2.4| 1928 2626 99| Aug 20| Feb 94 2 46 0| 4591 11.19] 4.28| Jan 0.1 o bec| &8 26 15
Notes

(blank) Mot reported.

+ Ceccurred on one or
more previous
dates during the
month. The date in
the Date field is the
last day of
occurrence. Used
through December
1983 only.

httn://cdo.ncdc.noaa.gov/ancsum/ACS (1 of 2)4/29/2009 12:42:43 PM

X Monthly means or

totals based on
incomplete time
series. 1to 9 days
are missing. Annual
means or totals
include one or more
months which had 1
to 9 days that were
missing.

Used to indicate data
element missing.

Figure 7.14: NCDC Environmental summary sheet for 2007, Austin Bergstrom Airport
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ANOVA for AVG noise lewvel
The GLM Procedure
Sum of
Source DF Squares Mean Sguare F Yalue Pr > F
Hode1 8 391.0858379 48 .8857297 35.82 <.0001
Error 173 236. 1296727 1.3649114
Corrected Total 181 B27.2155105
R=Square Coeff Var Root MSE AVG Mean
0.623527 1.180353 1.168294 98.97841
Source DF Tvpe | 55 Mean Sguare F Yalue Pr > F
TotRain 1 174.0004790 174.0004790 127 .48 <.0001
fige*fAvgiaxT 1 0.2965604 0.2965604 0.22 0.6417
B inder 1 160.8768390 160.8768390 117 .87 <.0001
fige*htyp 5 55.9119594 11.1823919 8.19 <. 0001
Source DF Tvpe 111 55 Mean Sguare F Yalue Pr > F
TotRain 1 63.1536700 63.1536700 46 .27 <.0001
fige*fAvgiaxT 1 41.2211615 41.2211615 30.20 <. 0001
B inder 1 116.9711260 116.9711260 85.70 <.0001
fige*htyp 5 55.9119594 11.1823919 8.19 <. 0001
Standard

Parameter Estimate Ervror t Value Pr » It}

Intercept 94 .78385960 B 0.40155906 236.04 <. 0001

TotRain 0.06952295 0.01022071 6.80 <.0001

fige*fAvgiaxT 0.17597140 0.03202095 5.50 <. 0001

B inder P 2.24963892 B 0.24301088 9.26 <.0001

B inder R 0.00000000 B . . .

fige*htyp FH -14.39518624 2.56300730 -5.62 <.0001

fige*htyp IH =13.93892491 2.52396310 =5.52 <. 0001

fige*htyp Lo -13.96345225 2.57642141 =5.42 <.0001

fige*htyp SH -14.25249878 2.55517684 =5.58 <. 0001

fige*htyp us -14.25669041 2.54671997 -5.60 <.0001

Figure 7.15: ANOVA showing significance of age, design, traffic, and environmental variables on
pavement noise

From the ANOVA, it can be seen that the strongest predictor of pavement noiseis the use
of asphalt rubber binder, which, on average, resultsin a 2.25 dBA noise reduction over polymer
binder; this is the clearest finding from the analysis. The second most significant variable was
rainfall amount, followed by degree days of heating in summer, with Age*htyp being dlightly
significant, perhaps serving as intended, a rough indicator of traffic and possibly ESALSs.
Clearly, more precise traffic data is needed for each test section.

Overall, the fit is only R? = 0.62, but that improves somewhat if the US 281 sectionsin
San Antonio are removed from the analysis, as those sections were measured extensively and are
the quietest pavements in the state. More analysis will be needed to determine why that is.
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7.4 Summary and Recommendations

e The CTR and TxDOT vehicles, when using the same tire type, produce essentially
identical measurements. Therefore, all data collected by CTR and TxDOT using the
Tiger Paw tire can be combined for analysis purposes, such as it was done in the
analyses performed in this project. This also indicates that the OBSI device,
protocol, and operator training insure low variability.

e The leading and trailing positions for the OBSl device produce remarkably
correlated data, the trailing edge being generally louder by a very small amount.
However the difference isinsignificant.

e The new OBSI standard test tire, the SRTT tire, though it produces a different
gpectrum of noise compared to the former tire, the Tiger Paw, does give a
comparable A-weighted composite measurement, generally dlightly louder than the
Tiger Paw tire, but affected by the pavement type due to the spectral differences.
The SRTT measurement can be more closely calibrated to the Tiger Paw
measurement (or vice versa) using the model of the sort presented in Figure 7.5,
though more data is heeded than was available to the researchers from the two noise
rodeos. This is a crucial finding as being able to model the two tires allows
historical data and new data to be combined.

e Using a single probe position near the center of the tire/pavement contact point
approximates and is highly correlated to the average of the trailing and leading edge
measurements now commonly used for reporting OBSI measurements. Whenever
speed and cost are factors (possible network level work), the OBSI probe can be
mounted at the center location and reasonably accurate measurements can be taken,
and/or improved using the model shown in Figure 7.11. However, this finding
requires more data to be taken to substantiate it, as only limited data was available
from this project.

e The use of specific, location precise environmental data for each test section over
its lifetime improved the model for predicting pavement noise over time. This data
is easy and free to obtain from NCDC, and could be made even more useful by
compiling this data from “cradle to grave’ for each test section from the nearest city
if such datais available. Cumulative rainfall shows a strong effect, and the degree-
days variable does also, especially in the summer when the asphalt would be softer
and more subject to compaction and therefore void reduction / clogging / sealing.
This effect should be followed up on.

o Age/traffic data shows significance, but more data needs to be collected to separate
age and traffic effect, specificaly ESAL data if available, or, if not, percentage
trucks and ADT.

e |t is essential that further noise testing include coring to determine the as-built
thicknesses of PFC sections, as this variable is known from severa other studies to
affect noise very significantly.
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Chapter 8. Conclusionsand Recommendations

This chapter synthesizes the most relevant aspects of this investigation. The first part is
focused on general conclusions, followed by various recommendations for future research and
data collection procedures for TXDOT.

8.1 Conclusions

8.1.1 Equipment and Testing Protocols, Repeatability of Results

Traffic noise has been a subject of escalating concern, which has prompted the
development of several procedures for measuring noise, as well as the advancement of quiet
pavement technology. Regarding noise-measuring techniques, the latest proceedings in the
industry aim toward the standardization of the on-board sound intensity method, utilization of
which was one of the major thrusts of this project. The advantages of this testing technique are
numerous, the most outstanding are its ease of use and its good correlation with other, more
elaborate methods such as the pass-by tests, besides its ability to measure tire/pavement noise at
the source, without the influence of other noise sources (engine, aerodynamic, exhaust,
reflections, etc.).

In order to ascertain the reproducibility and consistency of the OBSI measurements,
various “noise rodeos’ were conducted throughout the duration of this project, under the
valuable coordination provided by TxDOT. These were worthwhile efforts in which OBS
results were obtained on different pavement surfaces by the participating agencies— in this case,
TxDOT, Transtec, and CTR, which have similar testing equipment. Among the participants,
TxDOT's and CTR’s sets of equipment were virtually identical, while Transtec’s had higher
variability both in their equipment and data analysis procedure; their results clearly reflected this.
Results from TxDOT and CTR diverged dightly from each other when TxDOT installed a new
type of test tire for their vehicle, the SRTT. The results show that the new SRTT produced
dightly higher noise levels than the AWP tire with which the CTR vehicleis still equipped.

The CTR and TxDOT vehicles, when using the same tire type, produce essentially
identical measurements. Therefore, all data collected by CTR and TXxDOT using the Tiger Paw
tire can be combined for analysis purposes, as was donein this report. This also indicates that the
OBSI device, protocol, and operator training have resulted in low variability.

The new OBSI standard test tire, the SRTT produces a different spectrum of noise
compared to the former tire, the Tiger Paw, but gives a roughly comparable A-weighted
composite measurement, generally dightly louder than the Tiger Paw tire. The level shift is
dependent on pavement type due to the spectral differences. The SRTT measurement can be
closely calibrated to the Tiger Paw measurement (or vice versa) using the model of the sort
devised in this project. Thus, historical data obtained with both tires could be combined to create
a continuous noise history despite changes in the specified measurement tire type.

The leading and trailing positions for the OBSI device produce remarkably correlated
data, the trailing edge being generally louder by a very small amount—especially for PFC
pavement. The difference is minimal and can easily be modeled for a specific pavement type as
demonstrated in Chapter 7.

The microphone position experiment (center of tire/pavement patch instead of
leading/trailing edges) produced reasonable and encouraging results. As expected, the center
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position resulted in dlightly quieter levels (a constant linear shift) as compared to the
leading/trailing positions, and this was true for both PFC and CRCP. The differences were even
smaller, almost negligible when the experiment was conducted on PFC pavements.

These two experiments raise the issue of whether measurements at both the leading and
trailing edges are needed, and the answer clearly depends on what level of precision is needed
compared to what expenditure of time and effort for the testing is possible.

8.1.2 Open-Graded Pavements Performance

On the topic of quieter paving surfaces, those of the open-graded type (in Texas,
commonly known as PFC) have demonstrated advantageous acoustic characteristics which
explain their excellent performance in regards to noise, among other safety benefits. These
properties, when tied to experimental results such as those presented in this report, indicate that
open-graded pavements could be considered a viable means of reducing traffic noise at the
source, rather than trying to diminish its effects by placing traffic noise barriers. This matter is
tied to FHWA policies, for which the corresponding conclusions will be addressed in subsequent
paragraphs.

One of the goals of the project was to investigate the performance of PFC pavements
with time, as the issue of whether these types of surfaces can keep their quietness over timeis a
key aspect for their applicability as quieter pavements. The PFC pavements analyzed in this
project indeed got louder with age, and this was an unquestionable trend in every case studied,
perhaps due to clogging and compaction, both of which reduce the size of the voids that are
present in these pavement surfaces. The presence of those air voids is the fundamental principle
for their noise absorption capabilities.

An important finding of this study is that the increase in noise levels on PFC pavements
with time and traffic does not seem to be linear; early indications are that changes in the first
year after construction are more rapid, perhaps due to the initial compaction of the pavement
structure when traffic is turned onto the pavement. Y ear-to year-changes in older PFC pavements
are much more gradual, as was shown for middle-aged PFC sections in Waco and Y oakum
Districts.

It should be emphasized, however, that all the acoustical changes measured during the
course of this study found no significant variations over time; changes in most cases were
negligible. PFC surfaces that can be considered relatively old are still showing low noise levels,
levels that continue to render them quieter than other pavement types. The evidence gathered
strongly suggests that whatever void clogging is occurring and whatever compaction is taking
place on PFCs as a consequence of traffic loads, the amount and rate at which these changes take
place do not significantly diminish the PFCs' ability to dissipate and absorb traffic noise. In
general, it can be concluded that PFC surfaces represent the quietest pavement type currently in
use and appear to maintain that distinction over their reasonable service life.

Given that the OBSI equipment first came available for use in June of 2006 (meaning the
maximum time between measurements on the same pavement section was limited to 2 years),
and given that the oldest PFC pavement that could be measured under this study was in service
for just 7 years, additional research is required to establish a comprehensive cradle-to-grave
noise performance history for PFC. The findings from this project will focus any subsequent
research and the data collected under this study will serve as historical data for changes in noise
levels over time.
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Early results also seem to suggest that the small changes in noise levels over time vary
with age, traffic, and environmental variables such as degree days of heating and total annual
rainfall. More specific data must be collected over a longer period of time to support these
findings conclusively, as the current data is limited and the changes being modeled are slight.

8.1.3 Comparisons of Roadside M easurementsto TNM Predictions; FHWA Policies

On the subject of roadside measurements and the specific intent that this project had of
conducting comparisons with TNM to substantiate the statement that some pavement types can
be placed to purposely reduce noise, it can be said that the results presented herein for PFC
pavements support this objective. There is no current noise measuring standard that can
accomplish the type of roadside measurements required for the TNM comparisons, so the
researchers devised a procedure. An Expert Task Group organized by FHWA is currently
addressing this issue and working on developing a standard, which will be relevant to subsequent
research.

Under the current FHWA policies, only one of the TNM pavement type characterization
options is available, which is denominated as “Average” pavement. However, for research
purposes, an additional option has been made available within TNM for open-graded pavements,
which is called “OGAC.” Comparisons of the actual measurements were performed utilizing
both pavement type options. The experimental results obtained on PFC pavements in this project
indicate that the TNM program over-predicts noise levels, with both the “Average’” and the
“OGAC” options. The “Average” pavement option in TNM over predicts noise levels by almost
5 dBA, while the “OGAC” pavement option over predicts noise levels by about 3 dBA, on
average. These numbers imply that the “Average’ option is not the best alternative for
calculations corresponding to PFC pavements. The “OGAC” option represents a definite
improvement toward a more accurate prediction; however, the analysis performed indicates that
the values within the program on which the calculations are based (REMELS) could be further
adjusted with results such as those gathered in this study to fine-tune the program’s predictions
even more. In general, based on research conducted to date, the results of this study support a
change in the current FHWA policy, change which could remove the restriction on using
pavement type as a noise abatement. This analysis, also suggests that the modeling capabilities of
TNM could be improved for PFCs by enabling the use of the “OGAC” pavement type option, as
these open-graded pavements differ substantially in their results when compared to those
obtained using the “Average” option. This supports removing the restriction on the use of these
surfaces for the purpose of impact avoidance.

For the case of rigid pavements, the TNM “PCC” option resulted in predicted sound
levels that were very close compared to actual roadside measurements. The “average” option
underestimated the actual sound pressure levels. Given that the “PCC” option is not enabled
other than for research purposes, these (limited) results support making it available, in an
analogous case to PFCs and the “Average” TNM option.

8.1.4 Case Studies

Several tests and analyses on pavement types other than PFCs were also developed
within this research. These studies emphasized the significance of the frequency spectral analysis
when evaluating noise results.

The application of uniform transverse tining on concrete pavements as a texturing method
for safety purposes produces higher overall noise levels, and a peak around 1000 Hz in the
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frequency spectra. The analyses show that tining is responsible for a significant component of
the loudness of such pavements. The use of diamond-grinding results in quieter overall levels
than those exhibited by tined sections. Diamond-grinding makes the noise levels comparable to
those of PFCs, and eliminates the whining noise produced by the uniform transverse tining. This
manifests in the reduction of the 1000-Hz peak in the frequency spectra. Removal of superficial
distresses through the diamond-grinding process also contributes to the improved acoustic
performance.

The quietest rigid pavement sections measured in this project correspond to two untined
CRCP sections: one was a diamond-ground section, and the other one was an old pavement next
to it.

The other case study, which involved the successful application of a thin PFC overlay to
reduce roadside noise levels for old, very noisy CRCP sections in high traffic urban areas was
effectively demonstrated by the before and after case study on IH-30 in downtown Dallas. It
should be noted, however, that this example showcased a comparison of pavements of different
ages, in which the old CRCP is compared to a brand new PFC overlay. Nevertheless, two options
for reducing CRCP noise levels that show promise are diamond grinding and PFC overlay.

8.2 Recommendations

It is recommended to follow up this study with further, long-term testing, to thoroughly
assess the influence of aging on noise levels, especially for PFCs. Up to the conclusion of this
project, as mentioned in the previous statements, the aging effect has been deemed as
inconsequential in the overall acoustic performance of the pavements—shown both graphically
in Chapter 4 and through statistical analysis in Chapter 7. Accordingly, a new four-year TXDOT
study on PFCs is underway, Project 0-5836, “ Performance of Permeable Friction Courses (PFC)
Over Time,” which should provide a proper time frame to follow-up on some of the sections
studied in Project 0-5185.

The results obtained in this project support the recommendation of modifying the FHWA
policy to allow the use of pavement surfaces such as PFCs for noise avoidance and abatement.
This would require enabling non-Average pavement types in TNM. Because PFC pavements in
Texas may incorporate unigue design elements compared to open graded pavement elsewhere in
the nation, it is important to collect a substantial database of noise measurements for TxDOT
PFC pavement designs. This data may be used at some point to establish classes (bins) of
permeabl e pavements within the TNM analysis program.

If network-level OBSI measurements are to be performed in the future by TxDOT, and if
the testing program faces limitations in regards to time or other resources, the alternative
microphone position at the center of the tire patch is a viable option, as not much accuracy is lost
and the results have shown to be reliable.

Two environmental variables that appear to affect PFC noise performance are total
rainfall (perhaps affecting clogging) and heating (perhaps affecting compaction). The former
variable is collected by NCDC, but the latter variable, also collected by NCDC, might serve as a
surrogate variable for pavement temperature, which would be better represented by a direct
measurement of the surface temperature over time. Therefore, it is recommended that further
study include embedded Thermochron devices to record pavement temperature history.

An area of traffic noise that needs to be considered for future research involves sound
propagation effects. Sound propagates differently above different types of surfaces, depending
on the materials properties. For instance, acoustic waves propagate differently through porous
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materials, such as PFC, as they do through a more reflective one, as could be the case of a
CRCP. Thus, if there is a shoulder or a traffic lane of different material in relation to the
pavement being measured between the noise source and the reference microphone, the results
would not be the same compared to the case of the surface being homogeneous. The acoustical
properties of various road surfaces could be measured and compared to theoretical models.

One method seen in the literature involves placing a pink noise emitter on or near the
pavement surface to be investigated, to be measured at a specified distance across the pavement
surface. The roadside measurement then shows the differential absorption spectra characteristic
for the pavement being measured.

Work under this study suggests that two alternate methods of measuring propagation
absorption are available, using existing equipment. The first simply uses the frequency spectra
recorded by the roadside meters during controlled pass by testing. Any difference in spectral
characteristics between the tire/pavement contact noise measured using OBS| and the roadside
spectral measurements can be attributed to differential absorption as the acoustic wave
propagates over the pavement surface. This method has the great advantage of not requiring
traffic control, but does require a brief period of time where there are no other vehicles near the
test vehicle.

The second method (which has been tried on a very limited basis but shows promise) isto
use the field portable impedance tube system to measure the in-situ spectral absorptivity of the
pavement. This method provides a definitive result without requiring destructive coring, but does
require lane closure and traffic control for the duration of the measurement.

Tests of this nature could impart further insight into the absorptive characteristics of
porous pavements such as PFC. By placing the source and the reference microphone close to the
surface, the measured level difference spectra can provide a suitable in situ method to assess the
evolution of clogging in the voids of the pavements.
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Appendix A: PFC Test Sections Summary and All OBSI Results

This appendix presents a summary of the properties of all the PFC sections tested in this
project and their average OBSI results, which are shown in Table A.1. The sections are shown
grouped by district, and are classified according to the factorial variables. climatic region, binder
type, and age. A description of the factorial experiment is presented in Chapter 4.

Table A.1 shows the several test dates for each of the sections and the average OBSI
noise level calculated on each occasion. Such averages were calculated considering all the
subsections that comprised each section, and both directions of travel.

Table A.2 presents the detailed OBSI data and selected climatic information for all the
pavement sections investigated in this project, as explained in Chapter 7.
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Table A.1: PFC Test sections and OBSI results

- - Year Factorial Classification Average Test | Average Test | Average Test | Average Test | Average Test
District | Highway | Type | <" |Site Description S e = TestDatel | TestDate2 Test Date 3 Test Date 4 TestDaies | T i | Dete s (ba) | Daied(ba) | Daod(@BA) | Dutes by
Us 183 PFC 2003 North Fork San Gabriel R. to Seward Junction (SH 29)  [Dry-Freeze Polymer Modified |Medium 812312006 98.1
IH35 PFC 2006 |Colorado River to Ben White Dry-Freeze Polymer Modified |New 912212006 9.5
IH35South|  PFC 2005 Loop 4 to Yarrington Rd. Dry-Freeze Polymer Modified |New 912212006 91712007 91712007 98.7 100.7 1010
Austin | IH35North|  PFC 2005 Loop 4 to Yarrington Rd Dry-Freeze Polymer Modified |New 912212006 91712007 91712007 995 1000 1001
Fuaay | 1eM 3231 2005 From Trails End rd. to 0.2 mi West of Vista Ridge Dry-Freeze Polymer Modified |New 61712007 9.1
FM 620 PFC 2004 From Parmer L. to IH-35 Dry-Freeze Polymer Modified [New, Medium | o/7/2006 61712007 98.4 9.9
Loop360 | PFC US 183 to FM 2222 Dry-Freeze Polymer Modified |New 6/7/2007 100.2
Dallas 1H 30 PFC 2006 Sylvan Ave. to Loop 12 Wet-Freeze  |Polymer Modified |New 912612006 9.7
(CCL: Asphalt rubber mix wl imestone). From downtown
Corpus 137 PFC 2004 |Corpus Christi at US 181 to north of the Nueces River | Dry- No Freeze |Crumb Rubber  |New 1011112006 98.3
Bridge.
Christi (CC2- ibers and Tmestone). From Nueces Rver Bridge
1H37 PFC 2004 |5 Atascosa county e, Dry- No Freeze [Polymer Modified [New 1011112006 1009
Us 90 PFC 2003 from H 10 east of Peach Ridge rd. to FM 359, West |y o Freeze [crumb Rubber | Medium 11912007 9.1
Harris Area Office
SH6 PFC 2004 from Hartis Co. Line to US 90A, letin January 2004; Fort |\ . o Freeze  [Polymer Modified |Medium 1/9/2007 100.4
Bend Area Office
Houston IH 45 PFC 2005 from Loop 332:;5”&?7‘ letin February 2005; Wet- No Freeze |Polymer Modified |New 1/11/2007 1017
SH 242 PFC 2005 from San Jacinto River (o US 59, letin February 2005; |1 no Freeze |Polymer Modified [New 1/11/2007 100.7
Area Office
SH 146 PFC 2005 FM 518 to FM 1764 Wet- No Freeze |Polymer Modified |New 11972007 1002
IH35 PFC 2003 |Weidner Road to Loop 1604 or Thousand Oaks to Dry- No Freeze  |Crumb Rubber [ Medium 1012412006 973
Topperwein
san Antonio | usas1 |, 1Yo 2006 Bass Rd 10 0.40 Miles North of Hildebrand Dry- No Freeze |Crumb Rubber  [New 101912006 1112912006 121612006 912612007 9132008 94.9 %56 95.7 95.9 9%.6
us28t | e, 2006 0.40 Miles North of Hildebrand to Pearl Parkway Dry- No Freeze |Crumb Rubber  [New 101972006 120612006 912612007 98.9 9.9 98.1
3
IH 35 PFC 2003 Main lanes at Craven Ave, placed in 2003, 1% inches of 1, oo/ Polymer Modified |Medium, Old 9/29/2006 6/5/2008 993 100.6
Waco PFC. McLennan County
SHe PFC 2005 [from BU 77 to SH 164, McLennan County Dry-Freeze Polymer Modified |New, Medium | /2012006 91412008 98.1 %89
US 290 PFC 2004 from Washington County Line to Lee County Line, Wet- No Freeze |Polymer Modified |Medium 8/8/2007 9.7
Fayette Count,
Yoakum IH 10 PFC 2001 'C”;'Snm"saog 10 US 90 at Waelder, Fayette and Gonzales|,y e o freeze  [Polymer Modified |Old 819/2007 8/7/2008 9.8 99.9
1H 10 PFC 2006 go"‘ US 90 at Waelder to US 183, Gonzales and Wet- No Freeze [Polymer Modified [New 9/18/2007 (Rain) 9/25/2007 99.7 99.7
aldwell Counties

136




Table A.2: Detailed OBS| results and climatic information for 0-5185 Proj ect sections

OBSI and Selected Climate Data

HWY City D Type [onst_Y|Climate| Binder Test_YR Agency| T1 T2 T3 Tavg L1 Lz L3 Lavg | AVG | Center | TotRain AvgMaxT | AvgMinT| TFP | MaxT | MinT | Day32| AvgT
FM143 Aus EB1 PFC 2005 DF P 20075 CTR 997 992 8.0 993 995 99.5 99.6 995 99.4 00 315 809 56.1 0.1 103 21 36 682
FM143 Aus EB2 PFC 2005 DF P 20075 CTR |100.2| 1004 | 1008 | 1005 | 997 | 1000 | 99.3 99.8 | 1002 0o 31.5 809 6.1 0.1 103 21 36 68.2
FM143 Aus WB1 PFC 2005 DF P 20075 | CTR 978 | 978 98.0 79 975 974 | 873 a7 4 a7 e 0o 315 808 561 0.1 103 21 36 682
FM620 Aus EE1 PFC 2004 DF P 20068 | CTR 954 | 982 979 982 981 9786 | 973 ar7 980 00 315 809 56.1 0.1 103 21 36 682
FM620 Als EB1 FFC 2004 DF P 20068 CTR 983 98 1 88.0 98.1 887 g8.4 98.4 98.5 983 00 315 8089 56.1 0.1 103 21 36 682
FM620 Aus WB1 PFC 2004 DF P 20068 CTR 988 989 992 99.0 gg1 983 00 987 988 00 315 809 56.1 0.1 103 21 36 682
FMB20 Aus WB1 PFC 2004 DF P 20068 CTR 995 99 4 997 995 elchrg 995 g9.4 995 995 00 315 809 56.1 0.1 103 21 36 682
FM734 Aus 1 ACP o DF N 20077 | CTR (1017|1018 10223 | 101.8| 1020 | 1017 | 1006 | 1014 | 1017 00 31.5 808 56.1 0.1 103 21 36 682
FM734 Aus 2 ACP o DF ™ 20077 | CTR |101.5| 1026 | 1022 | 1021 | 1023 | 1024 | 1023 | 1023 | 1022 00 315 809 56.1 0.1 103 21 36 682
FM734 Als 3 ACP a DF N 20077 CTR 1016|1011 | 1010 | 1012 | 1002 | 1003 | 1003 | 1003 | 1008 00 315 809 56.1 0.1 103 21 36 682
FM734 Als 4 ACP ol OF M 20077 CTR 1018 1013 1614 | 1015 1021 | 1611 | 1618 | 101.7 | 1018 G0 315 808 581 .1 103 21 36 882
FM734 Aus 1 ACP o DF ™ 20083 | CTR |102.5| 1033 | 103.2 | 1020 | 1020 | 1025 | 1027 | 1024 | 1027 0o 31.5 809 6.1 0.1 103 21 36 68.2
FM734 Aus 2 ACP o] DF N 20083 | CTR |102.3| 1036 1031 | 1020 | 1028 | 1031 | 1032 | 103.0 | 1030 0o 31.5 56.1 0.1 103 21 36 682
FM734 Aus 3 ACP o DF ™ 20083 | CTR |101.8| 1017 | 1023 | 1019 | 1016 | 1016 | 1017 | 1016 | 1018 00 315 809 56.1 0.1 103 21 36 682
FM734 Als 5 ACP a DF N 20083 CTR 1026 | 1027 | 1034 | 1028 | 1021 | 1028 | 1029 | 1026 | 1027 00 315 809 56.1 0.1 103 21 36 682
I1H35 Aus 10 PFC 2005 DF P 20068 | TxDOT | 101.4| 101.2| 1014 | 1012 | 1009 | 1008 | 1010 | 1009 | 1016 00 315 809 56.1 0.1 103 21 36 682
IH3% Aus 11 PFC 2005 DF P 20068 | TxDOT | 100.2| 1003 | 1003 | 1002 | 1003 | 99.9 | 1003 | 100.2 | 1004 0o 31.5 809 6.1 0.1 103 21 36 68.2
IH3% Aus 12 PFC 2005 DF P 20068 | TxDOT | 998 | 996 998 989 | 1001 | 1002 | 99.9 | 1001 | 99.9 0o 31.5 808 56.1 0.1 103 21 36 682
IH35 AUS 13 PFC 2005 DF P 2006.8 | TxDOT | 100.2| 1000 | 1001 | 100.1 | 100.0 | 1001 | 1002 | 100.1 | 1001 00 315 809 56.1 0.1 103 21 36 682
IH35 Als 7 FFC 2005 DF P 2006.8 | TxDOT | 101.1| 101.1| 1011 | 1008 | 1006 | 1007 | 1005 | 1006 | 1011 00 315 8089 56.1 0.1 103 21 36 682
I1H35 Aus 8 PFC 2005 DF P 20068 | TxDOT | 101.1| 101.3| 1012 | 1010 | 100.8 | 1010 | 1006 | 100.8 | 101.3 00 315 809 56.1 0.1 103 21 36 682
IH3% Aus 9 PFC 2005 DF P 20068 | TxDOT | 101.3| 101.2 | 1012 | 10171 | 101.1 | 1008 | 1008 | 101.0 | 1014 0o 31.5 809 6.1 0.1 103 21 36 68.2
IH3% Aus 10 PFC 2005 DF P 20068 | T«xDOT | 1001 99.9 995 289 994 99.3 | 89.2 993 286 0o 315 808 561 0.1 103 21 36 682
IH35 Aus 11 PFC 2005 DF P 20068 | TxDOT | 891 986 988 988 98.0 98.1 98.0 980 984 00 315 809 56.1 0.1 103 21 36 682
IH35 Als 12 FFC 2005 DF P 2006.8 | TxDOT | 992 991 98.9 99.0 88.0 88.5 98.4 983 987 00 315 8089 56.1 0.1 103 21 36 682
IH35 Aus 13 PFC 2005 DF P 20068 | TxDOT | 994 991 993 993 g8.5 985 986 985 989 00 315 809 56.1 0.1 103 21 36 682
IH3% Aus 7 PFC 2005 DF P 20068 | TxDOT | 996 | 99.9 | 1001 989 99.4 99.3 | 993 993 98 6 0o 31.5 808 56.1 0.1 103 21 36 682
IH35 Als 8 PFC 2005 DF P 20068 | TxDOT | 100.2| 1000 | 999 1000 | 993 831 831 99.2 996 00 315 809 56.1 0.1 103 21 36 682
IH35 Aus el PFC 2005 DF P 20068 | TxDOT | 100.0| 1000 | 1000 | 1000 | 987 a8.7 98.2 98.6 993 00 315 809 56.1 0.1 103 21 36 682
IH3% Aus 10 PFC 2005 DF P 20078 | CTR 1014|1012 1014 | 1012 | 1009 | 1008 | 1070 | 1009 | 1016 0o 31.5 808 56.1 0.1 103 21 36 682
IH35 Als 11 PFC 2005 DF P 20078 CTR 100.2| 1003 | 1003 | 1002 | 1003 | 99.9 | 1003 | 1002 | 1004 00 315 809 56.1 0.1 103 21 36 682
IH35 Aus 12 PFC 2005 DF P 20078 CTR 998 99 6 998 999 1001 | 1002 | 9.9 | 100.1 999 00 315 809 56.1 0.1 103 21 36 682
IH3% Aus 13 PFC 2005 DF P 20078 | CTR |100.2| 1000 | 1001 | 1001 | 1000 | 1001 | 1002 | 1001 | 1001 0o 31.5 808 56.1 0.1 103 21 36 682
IH35 Als 7 PFC 2005 DF P 20078 CTR 1011|1011 | 1011 | 1008 | 1006 | 1007 | 1005 | 1006 | 1011 00 315 809 56.1 0.1 103 21 36 682
IH35 Aus 8 PFC 2005 DF P 20078 CTR 1011|1013 | 1012 | 1010 | 1008 | 1010 | 1006 | 1008 | 1013 00 315 809 56.1 0.1 103 21 36 682
IH35 Aus 9 PFC 2005 DF P 20078 | CTR |101.3|101.2( 1012 | 1011 | 1011 | 1008 | 1008 | 101.0 | 1014 00 31.5 808 56.1 0.1 103 21 36 682
*0 indicates missing values Page 1
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OBSI and Selected Climate Data

HWY City 1D Type LConst_Y|Climate| Binder |Test_YR Agency| T1 T2 T3 Tavg L1 L2 L3 Lavg AVG Center | TotRain AvgMaxT | AvgMinT| TFP | MaxT | MinT | Day32| AvgT
Loop3 AUS EB1 PFC a DF P 2007 5 CTR 1003 | 100.3 | 839 1002 | 988 997 8999 998 1000 00 315 808 56.1 a1 103 21 36 682
Loop3 Aus WEB1 PFC a DF P 2007 5 CTR 101.0| 100.8 | 1009 0o 1001 | 1000 | 996 ag8.9 1004 0.0 315 809 56.1 a1 102 21 36 68.2
SH130 Aus NB1 CRC a DF N 2008 5 CTR 1024 | 101.2 00 1018 | 101.2 | 1013 [sNe] 1013 | 1016 1003 315 808 56.1 a1 103 21 36 682
SH130 AUS NB2 CRC a DF N 20085 CTR 1024 | 101.3 00 1018 | 1010 | 1010 [sNe] 1010 | 1014 1001 315 808 56.1 a1 103 21 36 682
SH130 AUS SB1 CRC a DF N 20085 CTR 1006 | 100.2 00 1004 | 1005 | 1006 Qo 1005 | 100.5 989 315 808 56.1 a1 103 21 36 682
SH130 Aus sB2 CRC a DF N 20085 CTR 1023|1025 00 1024 | 1014 | 1018 [sNe] 1015 | 102.0 1003 315 808 56.1 a1 103 21 36 682
SH130 Aus SB3 CRC a DF ™ 20085 CTR 1009 | 100.5 00 100.7 | 1002 | 100 4 [sNe] 1004 | 100.6 892 315 808 56.1 a1 103 21 36 682
us183 AUS 1 PFC 2003 DF P 20067 | TxDOT | 987 991 898.8 98 5 981 979 879 880 987 00 315 808 56.1 a1 103 21 36 682
us183 Aus 2 PFC 2003 DF P 20067 | TxDOT | 879 97 B 876 97 2 967 966 870 o868 97 5 00 315 808 56.1 a1 103 21 36 682
us183 Aus 3 PFC 2003 DF P 20067 | TxDOT | 996 992 g9.4 991 991 987 986 o888 99 4 00 315 8089 56.1 a1 103 21 36 682
us183 AUS 4 PFC 2003 DF P 20067 | TxDOT | 980 97 6 87.9 97 8 97 6 981 97T 878 980 00 315 808 56.1 a1 103 21 36 682
us183 AUS 1 PFC 2003 DF P 20068 | TXDOT | 98.7 987 89.1 98.9 8.1 a7.9 97.9 g8.0 985 0.0 31.5 809 56.1 0.1 103 21 36 68.2
us183 Aus 2 PFC 2003 DF P 20068 | TxDOT | 97 5 97 89 g7.6 97 6 967 966 970 968 97 2 00 315 808 56.1 a1 103 21 36 682
us183 Aus 3 FFC 2003 DF P 20068 | TxDOT | 994 996 89.2 99 4 991 987 986 988 991 00 315 808 56.1 a1 103 21 36 682
us183 AUS 4 PFC 2003 DF P 20068 | TXDOT | 980 950 87.6 97 8 97 6 981 977 a7 8 97 8 0a 315 808 56.1 a1 103 21 36 682
us183 Aus 10 CRC a DF N 2007 8 CTR 1056 | 1057 | 1057 | 1057 | 1057 | 10680 | 1058 | 10589 | 1058 00 315 808 56.1 a1 103 21 36 682
us183 Aus 11 CRC a DF N 2007 8 CTR 1069|1089 | 1070 | 1069 | 1057 | 106 2 [sNe] 1059 | 1065 00 315 8089 6.1 a1 103 21 36 682
us183 AUS 12 CRC a DF N 2007 8 CTR 107.2| 107.0| 1072 | 107.1 | 1064 | 106 5 [sNe] 1064 | 1068 00 315 8089 56.1 a1 103 21 36 682
us183 AUS 13 CRC Q DF N 20078 CTR 1064 | 1064 | 1062 | 1063 | 1051 | 106.0 | 106.0 | 105.7 | 106.0 0.0 31.5 809 56.1 0.1 103 21 36 68.2
us183 Aus 14 CRC a DF N 2007 8 CTR 1057 | 1056 | 1056 | 1056 | 1050 | 1049 | 1048 | 1049 | 1053 00 315 808 56.1 a1 103 21 36 682
us183 AUS 5 CRC a DF N 2007 8 CTR 1023 | 101.9| 1021 oo 1010|1008 | 1012 | 1010 1016 00 315 808 56.1 a1 103 21 36 682
us183 AUS 5] CRC a DF N 2007 8 CTR 104.5| 103.9 | 1042 Qo 1019 | 1025 | 1023 | 1022 | 1033 0a 315 808 56.1 a1 103 21 36 682
us183 Aus 7 CRC a DF N 2007 8 CTR 102.2| 101.6| 1018 0.0 1010 | 1006 | 101.0 | 1010 | 1015 00 315 808 56.1 a1 103 21 36 682
us183 Aus 3 CRC a DF ™ 2007 8 CTR 101.7|101.2| 1013 | 1014 | 1006 | 1006 | 1004 | 1005 | 101.0 00 315 8089 56.1 a1 103 21 36 682
us183 AUS 9 CRC a DF N 2007 8 CTR 102.1|102.0| 1018 | 1020 | 1014 | 1012 | 1014 | 1013 | 101.7 00 315 8089 56.1 a1 103 21 36 682
us183 Aus 10 CRC a DF N 200383 CTR 1067 | 1059 | 1066 | 1064 | 1060 | 1061 | 106.0 | 1060 | 1062 00 315 808 56.1 a1 103 21 36 682
us183 Aus AN CRC a DF N 20083 CTR 107.1| 107.1| 1072 | 107.1 | 1056 | 1061 | 1089 | 1062 | 1067 00 315 808 56.1 a1 103 21 36 682
us183 Aus 12 CRC a DF N 20083 CTR 1074 | 107.4 | 107 4 oo 106 9 | 1072 | 1072 | 107.1 | 1073 00 315 808 56.1 a1 103 21 36 682
us183 Aus 13 CRC a DF ™ 2008 3 CTR 1066 | 108.9| 1066 | 1067 | 1057 | 1057 | 1063 | 1059 | 1063 00 315 8089 56.1 a1 103 21 36 682
us183 AUS 14 CRC a DF N 20083 CTR 106.0| 105.9| 10589 oo 1049 | 1055 | 1055 | 1053 | 1056 00 315 808 56.1 a1 103 21 36 682
us183 AUS 5 CRC a DF N 20083 CTR 1025| 103.0| 1029 | 1028 | 1021 | 1017 | 1018 | 1019 | 1024 00 315 8089 56.1 a1 103 21 36 682
us183 AUS 5] CRC a DF N 20083 CTR 1086 | 104.2 | 1047 | 1041 | 1027 | 1037 | 103.0 | 1031 | 1037 0a 315 808 56.1 a1 103 21 36 682
us183 Aus 7 CRC a DF N 200383 CTR 1024 | 1027 | 1027 | 1026 | 1007 | 1016 | 1017 | 1014 | 1020 00 315 808 56.1 a1 103 21 36 682
us183 Aus 3 CRC a DF N 20083 CTR 1017 | 101.7 | 1022 | 1019 | 1015 | 1016 | 1018 | 1017 | 101.8 00 315 808 56.1 a1 103 21 36 682
us183 Aus 9 CRC a DF N 20083 CTR 1025|1025 | 1023 | 1024 | 1020 | 10232 | 1022 | 1022 | 1023 00 315 808 56.1 a1 103 21 36 682
us183 Aus 10 CRC a DF N 2008 6 CTR 1058|1055 | 1055 | 1056 | 1055 | 1050 | 1054 | 1053 | 1055 00 315 8089 6.1 a1 103 21 36 682
*0 indicates missing values Page 2
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OBSI and Selected Climate Data

HWY City D Type [onst Y| Climate| Binder Test_YR Agency| T1 T2 T3 Tavg L1 Lz L3 | Lavg | AVG | Center | TotRain | AvgMaxT |AvgMinT| TFP | MaxT| MinT Day32
us183 Aus 11 CRC 0 DF M 20086 TR 1067 1062 105 | 1066  106% iy ACEB | 1057 | "06.2 oo a1.3 310 ECN 1 103 21
us183 | s 12 CRZ v} oF M 2O00E G| CTR 1059 073 1072 [ 1072 &5 | 170 1WEZF | 1058 | "07T 0 oo 213 3 561 a1 103 21
us1e3| Sus 13 CRZ v} CF M 20035 | CTR 1061 Q052 1067 [ 1053 1063 | 1961 101 I0532] 063 oo 215 326 561 71 103 21 Kl
us183 Az 14 CRC 0 DF M 20086 CTR 1057 1053 1057 | 1057 S0 | 1244 | 1083 [ 105 054 oo &1.35 33¢ 561 o1 103 21 6
us183 | s g CRZ v} OF M 200865 | CTR 1023 oz | 102a [ 1025 W1z 1[0 T | ore | e on 13 228 561 1 103 21 2
us1e3| Sus [ CRZ v} oF [ 2o0Es | CTR 1032 1030 1042 (1033 W2 | 1232 [ W0z0] 027 ] 03 oo 215 326 561 a1 103 21 26 2
us183 Aus 7 CRC s} oF M 20086 CTR 1020 1015 1021 118 WIE [ 1217 [ 101F | 1T | T01E o0 213 53¢ 951 21 103 21 Eld 2
us183 | Sz 3 CRZ v} DF M 20085 | CTR 109 oo o4 101 1209 1W0CS | 102y | "01Q oo 215 220 561 1 103 21 2
us1e3| Sus < CRZ o] oF [ 20086 CTR | 1020 102 1nia | 190 [P RN i T N R VD I B V1 oo 215 3¢ 561 71 103 21 2
IH37 Crp SIS FFZ 2004 [= R 20063 CTR [ 1001 1001 na Ty 335 | 9d.1 936 983 395 oo i35 327 534 a0 102 23 z
1H37 o FFC 2004 Ch 34 0083 | CTR oD 9gs foUN) 033 OTE | gF5 | 976 073 =87 oo 233 527 B34 Ju 10z 23 Z
1H37 Crp FFZ 2004 Cik. R 20063 | CTR AT B | Cod 985 ST | 083 | 972 8.3 o7z [ 327 B34 o0 102 23 2
IH37 crp FFZ 2004 i P 20063 | CTR | 1020 1017 na 1918 1015 | 122 [ 1013 ] 101é | "ol.7 oo 327 534 a0 102 eee) z
IH37 crp [eimol] PR 2004 (W F 20063 CTR 1024 (022 IDZ& [ 1023 W15 [ 1009 [ 1022 ) 107 | 020 Jn &35 527 534 oa 1oz a3 z
1H37 Crp SEDZ MIZE Q Coh. b 20063 | CTR cgml 952 123 985 G930 | urd a7 4 a7l o7 [ 23 327 B34 J0 102 23 z
1H30 Zal izl CRZ [u] W [ 20063 CTR | 1051 1036 na 1a 1044 ) 1038 cn 104 0] "2 oo % T3z 537 24 103 13 0
1H30 Zal EE" FFC 0065 WF F 20063 CTR TO0E 1004 [ mmoos [ 1007 w04 [ aa.d oo g4 00 oo L 732 837 14 [[V=) 13 20 3
1H30 Zzl EEZ FFZ |20 & WF P 20063 | CTR ge.1 994 €0 98.2 9346 | g3 cn w33 8983 [ £ -3 55T 24 105 13 Ay
IH30 Zal WE FFC | 20365 WF F 20053 | CTR ool 990 oo | ou4 G937 | 920 | 934 023 ¥y oo N Tzz 587 14 105 13 20 3
IH30 Zal WEI FFZ RUNR WE P 20063 CTR 1074 1014 1014 | 1014 0T | 1204 | 0CA [ 1025 | T01.0 oo L 32 537 4 105 13 0
1H4% Hou 1 FFZ 2005 WM P EO0T | TECoDT | 1026 1024 101& | 1023 0 [ 101& | 1012 WA oG [ 4.3 322 J0 101 o) 18
1H48 Howu < FFC 2005 WL F 20T | TEDOT 1022 025 | I0ZE [ 1023 W | 1D TF 03| 0S| 020 oo a4 512 VS oo 1o a3 12
1H48 Hou 2 FFZ 2005 WM = 007 | TECoDT [ 1012 1012 | 1006 | 1010 ad 003 WCCE [ 1020 | "00.6 0.0 4.3 332 BOE Jua 101 a3 15
1H4% Hou 4 FFZ 2005 WM [ 07 | TRCoDT | 100@ 1005 1010 | 1011 003 [ 1207 939 | 1027 | 006 [ 4.3 322 B0 J0 101 o) 18
1H4S Hou < FFC 2005 A F 2007 | TEDOT | 1024 1025 | 1024 [ 1024 W3 | D7 |03 0S| T020 oo a4.3 312 BOE oo 1l a3 12
1H48 Hou [ FFZ 2005 WM = 007 | TxDeoT [ 1038 1035 1032 | 1034 W24 [ 1028 | 1025 [ 1025 "03.0 0.0 4.3 332 BOE Jua 101 a3 15
1H4% Hou 7 FFZ 2005 N P 207 | TECoDT | 1022 1024 I0ZS | 1024 1013 [ 1212 | 1C1 | 1014 | "0l [ £4.3 322 J0 101 o) 16
1H48 Hou £ FFC 2005 Ul F 2007 | TEDOT | 022 1023 1mora | 102 WS | IS e s o2 oy oo a4.3 312 BOE Jn 11 a3 12
§H146 | Hou 1 FFZ 2005 WM [ 207 | TELooT | 1004 1003 €93 Tt 1000 1217 [ 997 | 10026 | "00.3 [ 4.3 322 J0 101 23 1
SH146 | Hou z FFZ 2005 WM P 207 | TxLu2T | €77 959 miz| oss B34& [ 1201 993 8.1 0.0 4.3 322 J0 101 o) 16
SH146 Hou 2 FFZ 2006 Rty = 00T | TECoST {1016 10T | InZa | 1018 | 107 W7 o2 oo 543 312 BOE Ju 101 a3 1E
§H146 | Hou 4 FFZ 2005 WM [ 207 | TELoST 1000 1000 €a7 98.9 W00 | 1206 | 1CCA | 1023 | "0g.1 [ 4.3 322 B0 J0 101 23 18
SH146 | Hou Z FFZ 2005 R P 2007 | TxCoDT | 100% 1005 1000 | 1003 1004 | 1219 1CCa | 1010 | "0).7 0.0 4.3 32z a0 101 eee) 18
SH146 Hou € FFZ 2006 WM = 3007 | TxCooT | 100g 1000 €aF Too2 934 a4 DaE agT 309 oo £4.3 312 an 101 23 1
§Hz42 | Hou 1 FFZ 2005 WM [ 07 | TRCoDT | 100@ 1003 101 | 1012 01E 101 ICtE | 1o o2 [ 4.3 322 J0 101 23 18
SH242 Hou Z FFC 2005 Rty F 2007 | TEDOT {1007 1006 | 1009 | 1007 0s | 1207 | 0K [ 1027 | To07 oo a4.3 312 BOE oo 1l a3 12
*Q Indicates missing values Page 3
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OBSI and Selected Climate Data

HWY City D Type [onst_Y|Climate| Binder [Test_YR Agency| T1 T2 T3 Tavg L1 L2 L3 Lavg | A¥G | Center | TotRain | AvgMaxT |AvgMinT| TFP | MaxT| MinT |Day32| AvgT
SH242 | Hou 3 PFC 2005 WA P 2007 | TxDOT | 1003 | 1005( 1001 | 100.3 [ 1010 | 1008 | 100.8 | 100.9 | 1006 00 54.9 803 605 00 101 29 18 70.2
SH242 | Hou 4 PFC 2008 W P 2007 | TxDOT| 988 | 987 99.0 989 991 991 [ 99.0 | 991 99.0 00 54.9 803 605 00 101 29 18 70.2
SH242 | Hou 5 PFC 2005 W P 2007 | TxDOT | 1015 1015( 1018 | 101.6 | 1013 | 1015 | 101.2 | 101.4 | 1015 00 54.9 803 605 00 101 29 18 70.2
SH242 | Hou 6 PFC 2005 W P 2007 | TxDOT | 1013 [ 1015( 1015 | 1014 | 1014 | 1012 | 100.8 | 101.1 | 1013 00 54.9 803 605 00 101 29 18 T0.2
SHe Hou 1 PFC 2004 WV P 2007 | TxDOT | 101.2| 101.5] 1016 | 1014 | 1007 | 1005 [ 99.9 | 1004 [ 1009 0.0 54.9 803 605 0.0 101 29 18 70.2
SHe Hou 2 PFC 2004 WA P 2007 | TxDOT | 1015 | 101.1[ 1015 | 1014 | 1007 | 1008 | 100.5 | 100.7 | 101.0 00 54.9 803 605 00 101 29 18 70.2
SHe Hou 3 PFC 2004 W P 2007 | TxDOT | 1005 1010( 1012 | 100.9 | 994 | 1003 | 100.0 | 999 | 1004 00 54.9 803 605 00 101 29 18 70.2
SHE Hou 4 PFC 2004 W P 2007 | TxDOT | 1001 | 1004 | 1005 | 1003 [ 983 | 987 | 996 | 989 997 00 54.9 803 605 00 101 29 18 70.2
SHe Hou 5 PFC 2004 W P 2007 | TxDOT | 1006 | 100.1| 1003 | 100.3 [ 99.1 995 | 99.0 | 99.2 998 00 54.9 803 605 00 101 29 18 T0.2
SHe Hou 6 PFC 2004 WA P 2007 | TxDOT | 1014 | 1013[ 1012 | 101.3| 996 | 1004 | 999 | 100.0 | 1007 0.0 54.9 803 605 00 101 29 18 70.2
usso Hou 1 PFC 2003 WA R 2007 | TxDOT| 982 | 983 984 983 976 | 977 | 976 | 976 980 00 54.9 803 605 00 101 29 18 70.2
useo Hou 2 PFC 2003 W R 2007 | TxDOT| 993 | 991 99.0 991 991 990 [ 985 | 988 99.0 00 54.9 803 605 00 101 29 18 70.2
usso Hou 3 PFC 2003 W R 2007 | TxDOT| 97.7 | 982 981 980 977 | 979 | 970 | 975 97 8 00 54.9 803 605 00 101 29 18 70.2
useo Hou 4 PFC 2003 W R 2007 | TxDOT| 974 | 977 981 977 973 | 972 | 973 | 973 975 00 54.9 803 605 00 101 29 18 T0.2
usso Hou 5 PFC 2003 WA R 2007 | TxDOT| 985 | 988 99.0 988 98.0 | 979 [ @81 98.0 98 4 0.0 54.9 803 605 0.0 101 29 18 70.2
useo Hou 6 PFC 2003 WA R 2007 | TxDOT | 1012 | 1014 [ 1011 | 101.2| 1004 | 1002 | 100.3 | 100.3 | 1008 00 54.9 803 60.5 00 101 29 18 70.2
IH35 San NE1 PFC 2003 DN R 20068 | CTR 96.1 | 960 96.2 961 97.0 | 969 0o 97.0 96 6 00 284 812 596 00 105 25 12 70.4
IH35 San NBZ PFC 2003 DM R 20068 | CTR 961 | 977 977 96 8 983 | 971 [ 981 97.8 97 4 00 284 812 596 00 105 25 12 0.4
IH35 San SB1 PFC 2003 DN R 20068 | CTR 972 | 974 972 97 2 983 | 985 [ 96.1 98.4 978 00 284 812 596 00 105 25 12 0.4
IH35 San sB2 PFC 2003 DN R 20068 | CTR 970 | 964 0.0 97 .0 976 | 974 0.0 97.5 972 0.0 284 812 596 0.0 105 25 12 70.4
us2g1 San 1 ACP 2008 DN R 2008.8 | TxDOT | 101.0 | 101.1| 101.0 | 101.0| 1001 | 1004 | 100.6 | 100.3 | 100.7 00 284 812 59.6 00 105 25 12 70.4
uszg1 San 10 PFC 2006 DN R 20068 | TxDOT | 998 | 997 0.0 997 993 | 992 [ 99.0 | 992 995 00 284 812 596 00 105 25 12 70.4
uszs1 San 11 PFC 2006 DM R 2006.8 | TxDOT | 99.9 | 1000 0.0 999 991 988 [ 991 99.0 995 00 284 812 596 00 105 25 12 0.4
uszg1 San 12 PFC 2006 DN R 2006.8 | TXDOT | 928 | 950 954 954 952 | 953 [ 949 | 951 953 00 28.4 812 596 0.0 105 2% 12 0.4
us2g1 San 13 PFC 2008 DN R 20068 | TxDOT | 94.1 | 941 941 94 1 937 | 938 | 938 | 9338 934 0.0 284 812 596 0.0 105 25 12 70.4
us2g1 San 14 PFC 2008 DN R 20088 | TxDOT | 944 | 945 951 947 947 | 944 | 948 | 948 94 6 00 284 812 598 00 105 25 12 70.4
uszs1 San 15 ACP 2006 DN R 20068 | TxDOT | 1023 | 103.1| 103.0 | 102.8 | 1021 | 1022 | 102.2 | 102.2 | 1025 00 284 812 59.6 00 105 25 12 0.4
uszs1 San 16 ACP 2006 Dr R 20068 | TxDOT | 1024 | 1028 1030 | 1028 | 1016 | 1011 | 101.5| 101.4 | 1021 00 284 812 59.6 00 105 25 12 0.4
us2g1 San 17 PFC 2006 DN R 20068 | TxDOT | 985 | 988 0.0 98 6 97.8 | 981 [ 981 98.0 983 0.0 284 812 596 00 105 25 12 70.4
us2g1 San 2 ACP 2008 DN R 2006.8 | TxDOT | 100.0 | 1001 | 1002 | 100.1 [ 996 | 997 | 995 | 996 999 00 284 812 596 00 105 25 12 T0.4
uszg1 San 3 PFC 2006 DN R 20068 | TxDOT | 947 | 954 953 951 947 | 947 [ 951 94.8 950 00 284 812 596 00 105 25 12 70.4
uszs1 San 4 PFC 2006 DM R 20068 | TxDOT | 956 | 959 959 958 954 | 955 | 955 | 954 956 00 284 812 596 00 105 25 12 0.4
uszg1 San 5 PFC 2006 DN R 2006.8 | TXDOT | 948 | 948 94.9 948 944 | 950 | 95.0 | 948 948 00 28.4 812 596 0.0 105 2% 12 0.4
us2g1 San 6 PFC 2008 DN R 2006.8 | TxDOT | 97.1 0.0 0.0 971 972 | 973 [ 7.0 | 972 971 0.0 284 812 596 0.0 105 25 12 70.4
us2g1 San 7 PFC 2008 DN R 20088 | TxDOT | 994 | 990 98.9 991 977 | 982 [ 981 98.0 98 6 00 284 812 598 00 105 25 12 70.4
uszg1 San 8 FPFC 2006 DN R 20068 | TxDOT | 995 | 997 99.8 997 984 | 986 | 989 | 986 992 00 284 812 596 00 105 25 12 704
"0 Indicates missing values Page 4

140




OBSI and Selected Climate Data

HWY City =] Type Lonst_Y|Climate| Binder [Test_YR Agency| T1 T2 T3 Tavg L1 L2 L3 Lavg | AVG | Center | TotRain AvgMaxT | AvgMinT| TFP | MaxT | MinT | Day32| AvgT
us2s1 San PFC 2006 DN R 20068 | TxDOT | 987 | 885 486 986 978 977 | 878 a7.8 982 00 284 812 596 00 105 25 12 704
uszs1 San NB1Z PFC 2006 DN R 20069 | CTR 952 | 852 0.0 952 9586 957 | 96.1 958 955 00 284 812 596 00 105 25 12 704
usasi San NB13 FFC 2006 DN R 20069 | CTR 940 | 8432 845 941 948 947 | 847 947 94 4 00 284 812 58.6 00 105 25 12 704
us2s1 San NB14 PFC 2006 DN R 20069 | CTR 952 | 950 953 951 952 953 | 857 954 953 00 284 812 596 00 105 25 12 704
us2g1 San 5B3 FFC 2006 DN R 20069 | CTR 960 | 964 955 959 959 | 960 | 9586 | 859 959 00 264 812 596 0.0 105 25 12 70.4
uszs1 San SB4 PFC 2006 DN R 20069 | CTR 963 | 966 964 96 4 965 960 | 964 962 963 00 284 812 596 00 105 25 12 704
usas1 San =B5 PFC 2006 DN R 20069 | CTR 956 | 953 86.0 95 4 968 968 | 857 984 959 00 284 312 596 00 105 25 12 704
us2s1 San 1 ACP 2006 DN R 20069 | TxDOT | 1012 | 101.4| 1012 | 101.2| 1007 | 100.7 | 1006 | 1007 | 101.0 00 284 812 596 00 105 25 12 704
us2g1 San 10 FFC 2006 DN R 20069 | TxDOT | 099 | 997 99.5 997 986 | 9085 0.0 992 995 00 264 812 596 0.0 105 25 12 70.4
uszs1 San 11 PFC 2006 DN R 20069 | TxDOT | 996 | 100.2| 996 998 981 996 | 898 935 936 00 284 812 596 00 105 25 12 704
usa2g1 San 12 PFC 2006 DN R 20069 | TxDOT | 96.1 958 86.0 96.0 958 963 | 859 959 959 00 284 812 596 00 108 25 12 704
us2s1 San 13 PFC 2006 DN R 20089 | TxDOT | 948 | 944 845 946 942 94.4 | 941 942 o4 4 00 284 812 596 00 105 25 12 704
usas1 San 14 PFC 2006 DN R 20069 | TxDOT | 958 | 957 857 957 950 953 | 951 851 a5 4 00 284 812 996 00 105 25 12 704
usasi San 15 ACP 2006 DN R 20069 | TxDOT | 1028 | 103.2| 1032 | 1031 | 1026 | 102.7 | 1027 | 1026 | 102.8 00 284 812 58.6 00 105 25 12 704
usa2g1 San 16 ACP 2006 DN R 20069 | TxDOT | 1020 | 103.1| 1027 | 1026 | 1024 | 1023 | 1024 | 1024 | 1025 00 284 812 596 00 108 25 12 704
us2s1 San 17 PFC 2006 DN R 20089 | TxDOT | 992 | 892 989 991 989 988 0.0 989 980 00 284 812 596 00 105 25 12 704
usa2s1 San 2 ACP 2006 DN R 20069 | TxDOT | 1007 | 100.5| 1007 | 1006 | 1003 | 1003 | 1002 | 1003 | 1004 00 284 812 59.6 00 105 25 12 704
usasi San 3 FFC 2006 DN R 20069 | TxDOT | 966 | 96.7 865 96 6 96.1 964 | 862 962 96 4 00 284 812 586 00 105 25 12 704
us2s1 San 4 PFC 2006 DN R 20069 | TxDOT | 962 | 963 963 96.2 958 96.1 959 959 981 00 284 812 596 00 105 25 12 704
us2a1 San 5 FFC 2006 DN R 2006.9 | TxDOT | 960 | 956 96.5 960 95.7 | 962 | 957 | 958 959 0.0 28.4 812 596 0.0 105 25 12 70.4
uszs1 San 6 PFC 2006 DN R 20069 | TxDOT | 978 | 980 978 979 9786 981 g79 978 979 00 284 812 596 00 105 25 12 704
usas1 San ¥ PFC 2006 DN R 20069 | TxDOT | 992 | 992 890 991 9886 989 0.0 987 980 00 284 312 596 00 105 25 12 704
us2s1 San 8 PFC 2006 DN R 20069 | TxDOT | 987 | 997 897 99 4 9886 99.4 0.0 98.0 982 00 284 812 596 00 105 25 12 704
us2a1 San 9 FFC 2006 DN R 2006.9 | TxDOT | 986 | 982 97.9 958.2 97.7 | 961 | 984 | 880 981 0.0 28.4 812 596 0.0 105 25 12 70.4
usz2s1 San NB11 PFC 2006 DN R 20078 | CTR 0.0 0.0 0.0 00 981 980 | 874 978 977 00 284 812 596 00 105 25 12 704
usas1 San NB13 PFC 2006 DN R 20078 | CTR 950 | 950 849 950 948 949 | 850 949 949 00 284 312 596 00 105 25 12 704
us2s1 San NB14 PFC 2006 DN R 20078 | CTR 963 | 962 962 96.2 958 960 | 853 956 959 00 284 812 596 00 105 25 12 704
usas1 San SB17T PFC 2006 DN R 20078 | CTR 954 | 983 980 982 984 982 0.0 983 983 00 284 812 996 00 105 25 12 704
uszs1 San S5B3 PFC 2006 DN R 20078 | CTR 964 | 967 965 96 4 959 962 | 96.1 961 963 00 284 812 596 00 105 25 12 704
usas1 San B4 PFC 2006 DN R 20078 | CTR 962 | 962 968 96 4 9680 962 | 863 98.0 98 2 00 284 312 596 00 105 25 12 704
us2s1 San SB5 PFC 2006 DN R 20078 | CTR 964 | 958 855 959 959 959 | 859 9B8.0 959 00 284 812 596 00 105 25 12 704
us2g1 San SB7 FFC 2006 DN R 2007.8| CTR 954 | 982 983 0o 979 | 979 | 976 | @79 981 00 264 812 596 0.0 105 25 12 70.4
uszs1 San S5B8 PFC 2006 DN R 20078 | CTR 981 0.0 0.0 981 984 00 0.0 984 983 00 284 812 596 00 105 25 12 704
usas1 San NB1Z PFC 2006 DN R 20088 | CTR 987 | 969 0.0 968 972 975 0.0 973 a7 00 284 312 596 00 105 25 12 704
us2s1 San NB13 PFC 2006 DN R 20088 | CTR 955 | 954 0.0 955 958 96.3 0.0 9B8.0 857 00 284 812 596 00 105 25 12 704
usas1 San 5B3 PFC 2006 DN R 20088 | CTR 966 | 967 0.0 96 6 972 971 0.0 a7 96 9 96.2 284 812 996 00 105 25 12 704

"0 indicates missing values Page 5
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OBSI and Selected Climate Data

HWY City [=] Type [Const_Y|Climate| Binder Test_YR Agency| T1 T2 T3 Tavg L1 L2 L3 Lavg | AYG | Center | TotRain AvgMaxT | AvgMinT| TFP | MaxT | MinT | Day32| AvgT
uszs1 San SB4 PFC 2006 D 34 20088 CTR 8957 | 966 86.3 8962 96.9 968 00 96.9 965 957 284 812 596 0.0 105 25 12 704
uszs1 San SBS PFC 2006 D R 20088 CTR 965 | 962 96.4 963 973 97 .0 00 972 968 952 284 812 5986 0.0 105 25 12 704
IH35 Wac NB1 PFC 2003 DF P 2006.8 CTR | 1005| 1006 | 1004 | 1005 | 998 988 | 1000 | 995 | 1000 [she) 31.7 796 564 1.2 107 19 31 68.1
IH3% Wac NB2 PFC 2003 DF P 20068 | CTR | 100.5| 100.1 0.0 100.3 | 1000 | 994 | 994 99.6 | 100.0 00 37 79.6 564 1.2 107 19 31 681
IH35 Wac SBE1 PFC 2003 DF P 2006.8 CTR | 100.0| 896 994 997 99.2 993 00 992 995 [she) 317 796 564 12 107 19 31 681
IH35 Vvac SB2 PFC 2003 DF =4 2006.8 CTR 986 | 994 0.0 990 977 979 | 980 979 985 [she) 317 796 564 12 107 19 31 681
IH35 Wac SB2 ACP a DF ™ 2006.8 CTR | 1009| 00O 0.0 1009 | 1007 | 1002 00 1004 | 100.7 [she) 31.7 796 564 1.2 107 19 31 B68.1
IH35 Wac NBO CRC a DF P 20085 CTR 0.0 287 294 990 00 981 98.9 985 988 Qo 317 796 564 12 107 19 31 681
IH35 Wac NB1 PFC 2008 DF P 20085 CTR 978 | 986 984 983 98.3 981 98.3 982 982 [she) 317 796 564 12 107 19 31 681
IH35 Vvac NBZ PFC 2003 DF =4 20085 CTR | 101.1| 1003 1010 | 1008 | 1006 | 1005 [ 99.8 | 100.3 | 100.6 [she) 317 796 564 12 107 19 31 681
IH35 Wac NBOC | CRC a DF P 20085 CTR 0.0 | 1007 | 1007 | 1007 00 1008 [ 1000 | 1004 | 100.6 a0 317 796 564 12 107 19 31 681
IH35 Wac SBE1 PFC 2003 OF P 20085 CTR | 1014|1013 1008 | 101.2| 1006 | 100.1 [ 1000 | 100.2 | 100.7 [she) 317 796 564 12 107 19 31 681
IH35 Wac SB2 PFC 2008 DF P 20085 CTR 985 | 982 984 984 97.8 969 | 97.8 975 980 [she) 317 796 564 12 107 19 31 681
IH35 Wac SB3 CRC a DF P 20085 CTR 993 | 983 98.8 9838 00 976 | 982 979 984 [she) 31.7 796 564 1.2 107 19 31 68.1
SHe Wac EB1 PFC 2005 DF P 20068 CTR 8982 | 978 873 978 96.9 973 | 974 a7z a7 5 a0 317 796 564 12 107 19 31 681
SHe Wac EB2 PFC 2005 OF P 2006.8 CTR 9889 | 988 386 9838 898.1 985 | 980 98.2 985 [she) 317 796 564 12 107 19 31 681
SHe VWac WB1 FFC 2005 DF F 2006.8 CTR 8983 | 882 8985 983 879 973 | 97.2 a7 4 979 [she) 317 796 564 12 107 19 31 681
SHe Wac WB2 PFC 2005 DF P 2006.8 CTR 994 | 993 994 994 984 985 | 986 985 980 [she) 31.7 796 564 1.2 107 19 31 68.1
SHe Wac EB1 PFC 2005 DN P 20088 | CTR 979 | 988 987 985 975 | 974 [ 956 978 981 a7.9 7 796 564 1.2 107 19 31 681
SH6 Wac EB2 PFC 2005 D P 20088 CTR 992 | 986 996 991 98.2 994 | 987 98.8 989 93.6 317 796 564 12 107 19 31 681
SHe Vvac WB1 PFC 2005 D =4 20088 CTR 988 | 982 984 984 984 988 | 983 985 985 986 317 796 564 12 107 19 31 681
SHe Wac WB2 PFC 2005 D P 20088 CTR 998 | 1000 | 99.7 9938 100.1 | 1002 | 100.1 | 100.1 | 100.0 1005 31.7 796 56.4 1.2 107 19 31 B68.1
IH10 Ykm EB1 PFC 2001 W P 20077 | CTR 981 98.9 984 985 988 | 99.0 [ 959 989 987 00 536 783 565 00 ele) 21 17 664
IH10 Ykm EB2 PFC 2001 W P 20077 CTR 970 | 987 398.0 9738 98.6 983 | 982 98 4 981 [she) 5386 783 585 0.0 93 21 17 6584
IH10 Ykm EE3 PFC 2001 W P 20077 CTR 991 995 998 995 987 992 | 994 991 993 [she) 5386 783 585 0.0 98 21 17 684
IH10 Yhkm WB1 PFC 2001 W P 20077 CTR 986 | 984 998 989 98.0 984 | 981 982 985 [she) 538 783 585 0.0 98 21 7 684
IH10 Ykm W2 PFC 2001 W P 20077 | CTR 983 | 981 981 962 975 | 974 [ 981 975 978 00 536 783 565 00 ele) 21 17 664
IH10 Ykm WB3 PFC 2001 W P 20077 CTR | 100.2| 1003 [ 1004 | 1003 | 1001 | 998 [ 99.8 999 | 1001 [she) 5386 783 585 0.0 93 21 17 684
IH10 Ykm EE1 PFC 2006 W =4 20078 CTR | 100.1 0.0 0.0 1001 | 998 | 1002 | 1000 | 100.0 | 100.1 [she) 538 783 585 0.0 98 21 17 684
IH10 Yhkm EB1 PFC 2006 W P 2007 .8 CTR 998 | 994 8997 998 995 997 | 99.7 997 998 100.0 538 783 585 0.0 98 21 7 684
IH10 Ykm EB2 PFC 2006 W P 2007 .8 CTR 993 0.0 0.0 993 1008 | 99.0 | 1010 | 1003 | 998 Qo 536 783 585 Q.0 99 21 17 684
IH10 Ykm EB2 PFC 2006 W P 2007 .8 CTR | 1015|1014 ( 1003 | 1014 | 1006 | 1004 [ 1001 | 1004 | 100.9 101.0 5386 783 585 0.0 93 21 17 684
IH10 Ykm EE3 PFC 2006 W =4 20078 CTR | 100.8| 00 0.0 1008 | 1008 | 989 [ 101.0| 100.2 | 100.5 [she) 538 783 585 0.0 98 21 17 684
IH10 Yhkm EB3 PFC 2006 W P 2007 .8 CTR 998 0.0 0.0 9938 989 982 | 99.7 989 99 4 [she) 538 783 585 0.0 98 21 7 684
IH10 Ykm EB3 PFC 2006 W P 2007 .8 CTR | 1014| 998 ( 1014 | 1009 | 997 996 | 995 996 | 1003 101.0 536 783 585 Q.0 99 21 17 684
IH10 Ykm B4 PFC 2006 W P 2007 .8 CTR 998 0.0 0.0 9938 99.1 994 | 986 993 995 [she) 5386 783 585 0.0 93 21 17 684
*0 indicates missing vaiues Page 6
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OBSI and Selected Climate Data

HWY | city 1] Type [Const_Y|Climate| Binder Test_YR Agency| T1 ™= T3 | Tavg | L1 L2 L3 | Lavg | AVG | Genter | TotRain | AvgMaxT |AvgMinT| TFP | MaxT | MinT |Day32 AvgT
IH10 Tk whs i F 20075 CTR =l o g ol ERRe Qa2 we D R SRE FEaNt) on =3 2 T Bt 4
IH10 k. WeBD PFC WA F conTe| CTR £ d nn [sh1] 9L 3 aa | 93/ 945 | gL 4 co nae e 034 an <y 2 T 684
IH10 Y har WD PFC WA P T el CTR GGG [ 662 | 99e 965 | 091 | 958 930 | G50 az nA e 783 537 an &4 2 7 L)
IH10 b = P=C WA P ' 0T e CTR €G3 63| 95e o6 1 @30 | 952 936 | 964 L 930 fA e 783 535 an &6 2 T ' Gz d
IH10 kit E31 P=C 2001 WA P ' 20037 | CTR MTop 1o T 1003 | "o0g | 897 (10035 ' 93 | w00 | 1004 co 53 € T8 0 g 2 o7 ' fE 4
IH10 Yk E=Z P=C n W P ) 00T CTR OO0 473 | 93 8D ’ 934 | G | i oo Si€ TRI 20 ¢a Z T ) (3
IH10 Yk Exz P=C n W P 00T [ CTR IRt 10t ] 1013 | 014 Tooé | TuDg | 101D o] S5 € T8I a0 jdd T [
IH10 kg Wb FrC 2071 bl F PO CTR R B R D BN B 2| w7 oo g co S3E Ton an w3 27 ‘T B4
IH10 YT b [ 2001 WA + 2 IR we S [ owwd a9z w4 Qi | w4 LS L o fh - K =Y @ ol 5 4
IH1D ¥ kar favan] B 2001 W B 2008 7 CIR o0 s [ w4 o U R AN AT VO R I [ AN = I N O I NS () RN ] R an ey 2 o 554
IH35 ¥ 10 P=C 2005 CF P 007 E [ TR | 1atg 4| 101.2 014 1003 | 1008 1000 009 | 101.2 (0] nag 8.3 030 a0 124 z T L]
IH35 kit 1 F=C 205 CF P 007 & | TR 1304 10 21 10C.3 DOZ (1003 998 1003 0032|1002 () A3 € 783 585 Jo o = T 6z
IH35 kit 12 F=C 2035 CF P ' o007 & | TR [l e =p- 996 9c3 | 1001 [ 1C02 ' 939 on g9 c co a3 € 783 R85 10 =Y ° T (2]
IH36 Yk 12 B=0 00s rF F FonT s OTR oo Aon x| 1000 | on oD Acao T 2 | on | 100 i 53 F TRl 555 0 el 7 T £ 4
IH35 Yhkir T RV rF r Ao07 8 OTR (AN R IVI] LRI B VA R ONE L ICa T TS | Cong | 100 i £4F Tea 325 an ca 7 T b 4
IH35 kT 3 2005 rF r 2007 8 CTR LA LN ITT3 02 s | IeT e s | conE | n rn 54 F Ten o 2 T bt 4
IH35 ki El B 200 Lt F 2005 CIE LR IE N [ e U~ o N N I T O 0 O 014 A~ B AR RN I IR NRR L) HAE LR an Ly o ‘o 564

usze20 Ry L1 [ 2004 W F UL IR EEEN IR EUTES [ (WS bRl a9 E adr s | ws R [ a3 E fo EER] Jn R 2 ‘! H24

uszso | ki E3Z P=C 200 WA P 007 e | CTR gL 7 [ 968 98 957 8@ [ 1002 937 | 963 98 € L) S3E 783 585 a0 &u z T fg

Us290 | ki E3z P=C MM W P 2007 e[ ITR Ge5 [ 665 | €37 983 | @31 | 934 954 | G983 | 2 co S5 € 783 585 20 &6 2 T GE A

uszen | ki = 20M W P 2007 & [ ITR CET [ 967 | g9k QET | @35 | 995 924 | 9E0 | 94 co 336 8.3 533 o0 44 g T (3]

us290 | Ykir W2 2074 Nt r HnT A CTR (PR IR EVVRH (O L VI o] LN UV BRIV G I e} [l GER Ea %5 an Z T L

us290 | Yhkir Raliax 2004 Kl r AT A CTR (100G e 2 on 2 LU N T N VI R | rn L E TEL 555 o 2 °T [

*0 indicates missing values Page 7
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Appendix B: TNM Results of Special Case Studies

This appendix includes the TNM analyses performed for the Austin SH 130 sections.
These CRCP sections were measured on June 3, 2008 and June 12, 2008. The explanation of the
tests conducted on these occasions is presented in Chapter 6. The TNM analyses were performed
using the two pavement type options that the program includes that are applicable to rigid
pavements: “average” and “PCC.” In this page, and in each of the subsequent pages, the results
of the program for one analysis are displayed, as presented by the program’s output screens. The
actual roadside measurement that corresponds to each case is shown on top of each TNM
analysis.

Date: 6/3/2008

Measurement Period: 1

Actual Roadside Measurement: 72.8 dBA at 7.5 m
TNM Result: 70.6 dBA

Pavement Type Option: Average

A FHWA THM 2.5 - [Sound Levels - kustinSH1 30-6-3-2008-Average] | E
. Fils Ed View Sebup gt Colouldbe Barviee Anslin  Pacolldd Barriers  Conbears Taldes  Window  Help -
el i csl o ) L T s e

CTH 1 Juby 2008
M1 THM 2.5
Caloulated wilh THM 2.5
AESULTS: SOUND LEVELS
PROJECTICONTRACT: 05185
ALUN: SH 130, Austin [CACH] |using Average]
NARRIER DESIGH: INPUT HEIGHTS foeerane pavemen fype shall be used unless

ATMOEPHERICS:

&i deqg F, 5% BH

= Stale highway aqency substantisies the us
ol & ditferent type wilh spproseal ol FHYWA,

| |Receiver
T |Name Hn.  &DUs Fwisting Mo Darrier With Blarries
1 LAeqlh  LAeqlh Increase over exlsting Type Calculated Holse Reduction
: Caleuslated Crd'm Caleulnbed  Crt'n Impset  LAeglh Calewlaied  Goal
- Sub'l Inc
: dB& dB& dB& dB dB dBf dB dB
| Recelven 1 1 [ ] 0.6 1 0.6 11 Snd Ll TG (] 5
: M F 1 (1K1} KL% (11 EE.% 11 Snd LA EE.% 0n.n L]
: Drarellimg Linins #DUs Noise Reduction
Min Avg Bda

[ ] i i B
—
| Al Seledted 2 oo L] LR}
|| AN Impacted 2 (L] L] 0.0

Al that meet KR Goal 1] 0.0 0.0 0.0
4] | I

CHEQils Show Lo |- R LA TN n
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6/3/2008

Measurement Period: 1

Actual Roadside Measurement: 72.8 dBA at 7.5 m
TNM Result: 72.3 dBA

Pavement Type Option: PCC

A FHWA THM 2.5 - [Sound Levels - AustinSH1 30-6-2-2008-PCCR)

B Fio E® Vew Selup Iegud Calodatn Barier Anslyis Parolil Barriers  Condoars. Tables  Window  Help —EK
D) wled sl o Sol ofml e[ SAMI®) ) 2l O § Solceli] ) 2

CTH 1 Juby 2008
M1 THM 2.5
Caloulabed with THM 2.5
FAEEULTS: SOUND LEVELS
PROJECTICONTRACT: 5185
FALN: BH 130, Austin [CACF] [using PCCFY
AARRIER DESIGH: INPUT HEIGHTS Fuerage pavement bype shall be vsed unless
m Sitaie highway aqensy sub the us
ATMOSPHERICS: 6B deg F, 50% AH ol o ditferent type with approseal ol FHWA,
Feceiver
__|Name Mo, ®0Us Ewisting Mo Darrier With Banrien
| LAeqlh  LAeqlh Increase over exlsting Type Calculated  Molse Reduction
o Caleulated Crit'm Caleulnted  Crit'm Impact  LAeqlh Caleulated  Goal
B Sub'l Ine
| dBA dBA dB4 4B B dBA B T
: Receher] 1 1 ] 1A Gk 123 11 Snd Ll T3 0.0 5
| Reeebuerd H 1 L0 LER] L] 8.1 11 %nd L EH.1 L] H
| Drwelling Lhnits: # DUs Moise Reduction
- (Min A Max
| di di dB
| A Seleetod 2 oo [A] (K]
| A ampacted 2| 0.0 0.0 0.0
All that meet NR Goal o 0. 0.0 0.0

Objetts Shown:  [X 11205 ¥ 6l f [
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6/12/2008
Measurement Period: 1
Actual Roadside Measurements: 73.7dBA a 7.5m
68.4dBA at 15m
TNM Result: 71.9dBA at 7.5 m

68.1dBA at 15m

Pavement Type Option: Average

A FHWA THM 2.5 - [Sound Levels - AustinSH1 30-6-12-2008-1-Average]

.Fh Ed Vew Sebup lignd Caliulabe Barriee Anslin  Pacolld Barciors  Comboars Talles Window  Help

el ey o S ol a e ]9 § 85 ] 2

CTH
L1

T Juby 2008

THM 2.5

Caloulated with THM 2.5
AESULTS: SOUND LEVELS
PROJECTICOMTRACT:
FLIN:

" |NARRICR DESIGN:

05185

SH 130, Austin [CACH [1-using Average)
INPUT HEIGHTS Foeerage pavemend bype shall be used unless
= Siate highway agency substantistes the us

ATMIGPHERICS: ol a ditferent type with sppreseal ol FHYWA,

& deg F. 50% HH

| |Receiver
| |Name Hn.  &DUs Fwisting Mo Darrier With Blarries
1 LAeqlh  LAeqlh Increase over exlsting Type Calculated Holse Reduction
: Caleuslated Crd'm Caleulnbed  Crt'n Impset  LAeglh Calewlaied  Goal
- Sub'l Inc
: dBA dBA dBA dB dB dBA B B
| Recelven 1 1 [ ] mna 1 mna 11 Snd Ll 7.8 (] 5
: Heeebrerd Fd 1 (LN ) EH.O (13 EH. 11 Snd LA EH.1 oo L]
: Drarellimg Linins #DUs Noise Reduction
Min Avg Bda

[ ] i i B
—
| Al Seledted 2 oo L] LR}
|| ANl Impacted 2 oo L] 0.0

Al that meet KR Goal 1] 0.0 0.0 0.0
O I

CHEQils Show Lo - Y. BIED f
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6/12/2008
Measurement Period: 1
Actual Roadside Measurements: 73.7dBA at 7.5 m
68.4dBA at 15m
TNM Result: 73.1dBA at 7.5 m
69.1dBA at 15m
Pavement Type Option: PCC

[ FHWA THM 2.5 - [Sound Levels = hustinSH1 30,612 2008-1-PCC]

. Fils Ed View Sebup gt Colouldbe Barviee Anslin  Pacolldd Barriers  Conbears Taldes  Window  Help - r_
58] el o) S ol S D) § Safesli] ) 2]

CTH T Juby 2008

L THM .5

Caloulated wilh THM 2.5
FAESULTS: SOUND LEVELS

PROJECTICONTRACT: 05185

ALUN: SH 130, Austin [CACP) [1-using PCC)
" |NARRICR DESIGN: INPUT HEIGHTS Foeerage pavemend bype shall be used unless
: = Siate highway agency substantistes the us
| |ATMOGPHERICS: &8 deg F. 50% HH ol a different bype with approcaal ol FHWA,
| |Receiver
| |Name Hn.  &DUs Fwisting Mo Darrier With Blarries
1 LAeqlh  LAeqlh Increase over exlsting Type Calculated Holse Reduction
: Caleulsted Crit'm Caleulnted  Crit'n Impset  LAeglh Calewlated  Goal
- Sub'l Inc
: dBA dBA dBA dB dB dBA B B
| Recelven 1 1 [ ] i 1 FER | 11 Snd Ll 711 (] 5
: Heeebrerd Fd 1 (LN ) kA (13 (L] 11 Snd LA BT oo L]
: Drarellimg Linins #DUs Noise Reduction

Min Avg Bda

[ ] i i B
—
| Al Seledted 2 oo L] LR}
|| ANl Impacted 2 oo L] 0.0

Al that meet KR Goal 1] 0.0 0.0 0.0
O I

CHEaC15 Shdawe w1 ¥ SIE0 f
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6/12/2008

Measurement Period: 2

Actual Roadside Measurements: 75.2dBA at7.5m
69.9dBA at 15m

TNM Result: 72.3 dBA at 7.5m
68.2dBA at 15m

Pavement Type Option: Average

A FHWA THM 2.5 - [Sound Levels - AustinSH1 30-6-12-2008-2-Average] x|
. Fils Ed View Sebup gt Colouldbe Barviee Anslin  Pacolldd Barriers  Conbears Taldes  Window  Help - 2 X
e el o Sl Sl HAM®] ] (2l § 85 ] 2

CTH T Juby 2008

M1 THM 2.5

Caloulated wilh THM 2.5

AESULTS: SOUND LEVELS

PROJECTICONTRACT: 05185

ALUN: SH 130, Austin [CACH |2-using Average)
 |nARRICR DESIGH: INPUT HEIGHTS Average pavement type shall be used unless
: = Siate highway agency substantistes the us
| |ATMOGPHERICS: &8 deg F. 50% HH ol a different bype with approcaal ol FHWA,
| |Receiver
T |Name Hn.  &DUs Fwisting Mo Darrier With Blarries
1 LAeqlh  LAeqlh Increase over exlsting Type Calculated Holse Reduction
: Caleulsted Crit'm Caleulnted  Crit'n Impset  LAeglh Calewlated  Goal
| | Sub'l Inc
: dBA dBA dBA dB dB dBA B B
| Recelven 1 1 [ ] 1A 1 1A 11 Snd Ll 2.3 (] 5
: HEeeer? K 1 n.m k8.2 (17 .2 11 Snd LA EH.Z 0n.m L]
: Drarellimg Linins #DUs Noise Reduction

Min Avg Bda

[ ] i i B
—
| Al Seledted 2 oo L] LR}
|| ANl Impacted 2 oo L] 0.0

Al that meet KR Goal 1] 0.0 0.0 0.0
4 | I

CHEaC15 Shdawe & 19103 Lo T f
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6/12/2008
Measurement Period: 2
Actual Roadside Measurements: 75.2dBA at 7.5 m
69.9dBA at 15m
TNM Result: 73.6 dBA at 7.5 m
69.4dBA at 15m
Pavement Type Option: PCC

[ FHWA THM 2.5 - [Sound Levels = hustinSH1 30,612 2008 2-PCC]

. Fils Ed View Sebup gt Colouldbe Barviee Anslin  Pacolldd Barriers  Conbears Taldes  Window  Help - r_
58] el o) S ol S D) § Safesli] ) 2]

CTH T Juby 2008

L THM .5

Caloulated wilh THM 2.5
FAESULTS: SOUND LEVELS

PROJECTICONTRACT: 05185

ALUN: SH 130, Austin [CACP) |2-using PCC)
" |NARRICR DESIGN: INPUT HEIGHTS Foeerage pavemend bype shall be used unless
: = Siate highway agency substantistes the us
| |ATMOGPHERICS: &8 deg F. 50% HH ol a different bype with approcaal ol FHWA,
| |Receiver
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