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EXECUTIVE SUMMARY

Residents of Arizona have been concerned about traffic noise from their freeway systems. This concern
has been addressed by ADOT in several ways including research into quieter pavements, extensive
application of asphalt rubber friction course (ARFC) as an overlay of existing and new concrete roadways
as part of the Arizona Quiet Pavement Pilot Program (QPPP), the design and implementation of
aesthetically appealing highway noise walls, and research into the effects of environmental conditions
on sound propagation. Although the use of ARFC overlays has drawn significant favorable response from
the public in the greater Phoenix area, construction of noise walls continues to be a major element of
highway noise abatement for ADOT, so optimizing barrier designs for cost and noise reduction
performance remains an important issue.

Research into barrier designs for enhanced insertion loss performance falls into three groupings:
absorptive top edge designs of various shapes, barrier additions designed to improve the diffraction at
the top edge of the barrier, and devices to create interference between sounds of different path length
in the vicinity of the top of the barrier. Although many of these have demonstrated some promise in
potentially improving highway noise barrier performance, it is difficult to actually evaluate each concept
on an equal basis due to varying evaluation methods. As a result, there was a need to collect and
consolidate published information, perform testing of the more promising technologies to produce a set
of consistent and directly comparable results, and determine recommended designs for full field testing.

Another aspect of barrier design is the effect that atmospheric conditions have on ability of the barrier
to reduce noise. In the metropolitan Phoenix area, residents have complained that noise reduction
provided by barriers was not “effective” in the winter months. In earlier ADOT Research, It was found
temperature inversions in that time of the year can produce measurable increases in traffic noise levels
by as much as 10 dB. Wind is also known to affect barrier performance by creating diffraction that
reduces the insertion loss creating higher noise levels for receptors normally in the barrier shadow zone.
In evaluating enhanced and conventional barrier designs, prediction the performance of the barrier
under a range of atmospheric conditions is of concern.

The first aspect of the research was to identify and assess design features that could enhance barrier
performance. After reviewing the literature and then meeting with different barrier manufacturers to
identify more novel concepts, more promising barrier configurations were evaluated using acoustic scale
model testing. Model testing was an efficient method of evaluating barrier enhancing concepts with less
expense than field testing. The model results led to the recommendation of further field evaluation of a
T-top barrier design in which a horizontal surface is added to the top of the barrier. Other barrier
treatments that rely on sound interference at the top edge of the barrier were not effective. Application
of T-top designs was concluded to be most promising when the height of a barrier is constrained.

The second aspect of the research was to investigate the effects of meteorological conditions on barrier
performance through field and analytical studies. The field measurements were conducted over three
day period with eight sessions at different times of the day behind a 14 feet high barrier in a park
adjacent to the Agua Fria Freeway. Within individual sessions, the variation in barrier performance was
up to 6.8 dB while variation was up 7.4 dB between sessions. The variation correlated well with air
temperature, however, the winds perpendicular to the barrier were quite low over the three days of
testing. To model the effect of meteorological conditions on highway sound propagation, a hybrid
modeling approach was defined. Close to the barrier, Boundary Element modeling would be used to
define the acoustic field and parabolic equation methods and Computational Fluid Dynamcis would be
used to examine the more distant effects meteorological conditions on sound propagation.
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CHAPTER 1: INTRODUCTION

Over the past few decades, residents of Arizona have been concerned about traffic noise from their
freeway systems. This concern has been addressed by ADOT in several ways, including research into
quieter pavements (Donavan and Rymer 2010); extensive application of asphalt rubber friction course
(ARFC) as an overlay of existing and new concrete roadways, which is part of the Arizona Quiet
Pavement Pilot Program (QP3) (Scofield and Donavan 2005); the design and implementation of
aesthetically appealing highway noise walls; and research into the effects of environmental conditions
on sound propagation (Saurenman et al. 2005). Although the use of ARFC overlays has drawn significant
favorable response from the public in the greater Phoenix area, construction of noise walls continues to
be a major element of highway abatement for ADOT. For this reason, optimizing barrier designs for cost
and noise reduction performance remains an important issue. Another aspect of barrier performance is
the variation of noise reduction performance with varying meteorological conditions. Residents in the
greater Phoenix have complained about increased traffic noise under conditions particularly in the
winter months. Previous ADOT research has documented the influence of temperature inversions on
increasing traffic noise, which can occur both in open conditions and behind sound walls (Saurenman et
al. 2005). Similar to temperature inversions, wind gradients in downwind conditions (wind from source
to receiver) is also known to increase traffic noise both with and without sound walls (Lodico and Reyff
2009). The primary objectives of this research were: 1) identify materials and designs that may have
advantages over traditional, reflective noise walls; 2) measure and assess effects of meteorological
conditions on barrier performance for an existing sound wall; 3) evaluate alternative sound wall designs
based on the acoustic scale model testing; and 4) recommend methods for analytically assessing the
effect of wind on barrier performance.

This research was conducted in two phases. In Phase |, potential innovative design information was
collected and reviewed by means of a literature review and meeting with individual fabricators of sound
walls. Also in the first phase, field measurements were conducted on an existing sound wall to compare
with theoretical analysis and the Federal Highway Administration (FHWA) Traffic Noise Model (TNM)
and to examine the effect of meteorology on barrier performance. At the end of Phase |,
recommendations were developed for designs that should be considered experimentally and analytically
in Phase Il. The research in Phase Il included quantifying the noise performance of different sound wall
top edge geometries and developing a recommendation for an analytical approach to modeling the
changes in barrier performance under different wind conditions.






CHAPTER 2: TECHNOLOGY REVIEW

LITERATURE SEARCH RESULTS

Enhancing the noise reducing performance of noise walls has been a topic of interest for 25 years or
more. The most common approach is to add sound absorption to the traffic side of the noise wall either
by barrier material selection or by the addition of material to an existing wall. Under specific conditions,
such as parallel walls lining both sides of a highway and elevated receiver locations, added absorption
has been calculated to provide as much as a 5 dB reduction for some receiver locations (Donavan and
Lodico 2013). Many sound wall manufacturers now offer barriers with absorptive materials applied to
the face of a barrier for use in an outdoor highway environment, and in some states, absorptive barriers
are used routinely. A somewhat related method is to tilt the noise walls by as little as 3° to as much as
15° in order to reflect the sound upward (Pigasse and Kragh 2011). Another approach examined
extensively in the literature is to add something to the top of noise wall. Many of these approaches
identified and summarized as a result of a literature review reported to ADOT in FHWA-AZ-06-572
(Watson 2006), which was completed in 2006. In this report, many innovative barrier designs were
identified, and their potential was assessed for implementation in Arizona. The report compared 12
general barrier types based on their acoustical performance, availability/economic considerations, and
constructability. Based on this assessment, two barrier designs were recommended for consideration:
T-top Barrier with absorptive material on top of the T, and a vertical barrier with absorptive material on
the face. The T-top geometry has been advocated repeatedly, particularly with absorption added to the
top of the “T”. This configuration was one of two recommended in the literature analysis performed for
ADOT in 2006 (Watson 2006), and again in another extensive literature analysis, performed by the
Danish Road Institute in 2011 (Pigasse and Kragh 2011).

Additions and modifications to the top of noise walls along the lines of innovating designs fall into three
groupings. These included absorptive top edge designs of various shapes (Kawai and Toyoda 2012,
Kawai 2012, Hasebe 2007, Okubo and Yamamoto 2006, Domingues et al. 2010), barrier additions
designed to improve the diffraction at the top edge of the barrier (Yoon, et al. 2012, Auerbach et al.
2009, Okubo et al. 2009, Boone 2009, Okubo et al. 2007, Gharabegian 2006), and devices to create
interference between sounds of different path length in the vicinity of the top of the barrier (Kang et al.
2011, Kim et al. 2011). These approaches can be done separately or in combination, as illustrated in
Figure 1. Most of the studies documenting the performance of these design approaches were
conducted using analytical or acoustic scale modelling methods. The analytical studies were typically
done using two dimensional (2D) Boundary Element Methods (BEM). The acoustic model studies were
done in scales typically ranging from about 10 to 1 to full scale. All of the modeling, either analytical or
scale, used only a single point source. For a single point source, the sound over the barrier even by
different paths is coherent, allowing for interference effects to occur. In reality, traffic is made up of
many individual, incoherent point sources that are best represented as an incoherent line source (Lyon
1973). As a result, the sound arriving at the edge of the barrier comes from many directions and is not
correlated in space or time, minimizing the possibility of the destructive interference. This does not
diminish the computer and scale model results in providing direction on treatments to pursue; however,
predicted insertion losses from these models will likely never be realized in the field. The largest
improvements in barrier performance are typically predicted by 2D BEM (up to 30 dB). Scale model
studies with single point sources more typically indicate reductions of 7 to 10 dB, while full size model
results can be as great as 7 dB for a point source. Actual field try-outs of wall top modifications for
actual traffic noise more typically are in the range of 1 to 2 dB for improvement, compared to a
conventional noise wall.



Many of the basic T-Top design have been investigated using the BEM, as described above, where the
absorptive material is replaced by “wells” (a comb-like cross section) of varying depth that improve T-
Top performance, essentially by interference effects (Monazzam and Lam 2005, Hasebe 2012, Hasebe

Add Absorption

Diffraction 1 ,, Diffraction2 Diffraction 1 ‘ADwffraction 2

Source Receiver Source Receiver

Example of performance improvement by multiple Example of performance improvement with added

diffractions absorption
Interference
Diffraction 1 IIIII ‘]I[II ’
(a)a & dtype ) (b) 1 type (c)a & dtype
(l ,'&‘9\ 1
Source Receiver . w

Example of performance improvement by Examples of complex top additions featuring
interference of sound interference, diffraction, and/or absorption

(Ref. 15)

Figure 1. Different Types of Barrier Top Treatments

2012), Diez et al. 2012. Scale modelling has been conducted to verify BEM models in some cases, with
results generally tracking those of the BEM models. A T-Top design barrier was recently installed in
Golden, Colorado, which is likely one of the first built in the U.S. Unfortunately, full-scale field
measurements without and with the top were not possible; however, a reduced size experimental
evaluation of the concept indicated improvements of 3 to 4 dB at distances of 1.7 to 3.5 times the wall
height away (Lodico and Goldberg 2010). These tests also demonstrated that additional reductions of
about 1% dB could be made with the addition of absorbing material to the top of the T. In another
study, field testing on a shaped barrier, similar to a ‘T’, using a traffic noise source found improvements
of only .5 to 1 dB (Diez et al. 2012).

Like the T-top, many of the other most promising barrier designs include absorptive material, either on
the face or top of the barrier (Donavan and Lodico 2013, Hasebe 2007, Cohn and Harris 1996). Many
sound wall manufacturers now offer barriers with absorptive materials applied to the face of a barrier
for use in an outdoor highway environment (Donavan and Lodico 2013). However, sound-absorbing
materials placed on top of a barrier may have additional maintenance concerns, as precipitation and
debris could fall directly onto the absorptive material, changing the material properties and causing
difficulties with maintaining the noise reduction properties of the material. The Colorado study (Lodico
and Goldberg 2010) found that fiberglass insulation installed on the top of a T-top design improved the
noise reduction of the barrier but that a porous rubber material did not. Unfortunately, fiberglass
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insulation is not a practical material for outdoor applications, and the porous rubber resulted in a sharp
peak around 800 Hz, a primary frequency component of traffic noise. These results point to the idea
that a material may be able to be tuned to eliminate peaks within the frequency range of interest to
result in improved barrier performance at a reduced sound wall height. Absorptive materials currently
constructed for use on the face of the barrier, such as Armtec’s Durisol and CSI’s SoundSorb, would
likely be able to be used as absorptive top materials. Some off-the-shelf absorptive materials that are
currently marketed for other uses, such as the Sound Seal Quilted Fiberglass Absorbers, the Empire
Acoustical M-90 Backless Absorption Panels, or the Lamvin Soundsucker Metal Acoustical Panels, may
also prove to be practical for outdoor use on top of barriers.

Some of the interference designs demonstrated some promise without the need for added absorptive
material (Yin 2008). There has also been some research into the use of random and periodic “jagged”
edge profiles in the upper portion of the barrier that are intended to also create interference along the
top edge of the barrier (Ho et al. 1997, Sarigul-Klijn and Karnopp 2000). These designs also appear
promising and may avoid the additional maintenance concerns that may be connected to the use of
absorptive material.

SOUND WALL VENDOR MEETINGS

As part of the Technology Review, manufacturers and suppliers of noise walls were contacted regarding
the acoustic performance for their products. Particular emphasis was placed on designs that would
enhance barrier insertion loss beyond conventional noise walls and those with added absorptive
treatments only. In all, eight vendors were contacted. Of these, four were interested in reviewing their
products and ideas with the Research Team. The four others either did not respond at all; felt they did
not have pertinent information; or were not interested in participating. Several suppliers indicated that
they could build anything that was desired but had no suggestions themselves. The four remaining
suppliers were interested in presenting their concepts and expertise to ADOT and the Research Team.

Presentations from the four sound wall suppliers were given to the project team on March 4, 2014.
Summaries of each presentation are available in the Appendix B. Each presenter described how their
product or idea might best meet the needs of this research project. Two of the presenters (Eric
Humphries from Armtec and Boone Bucher from CSl) described existing absorptive products that are
commercially available for use on sound walls and that could be extended as top treatment materials.
Peter D’Antonio from RPG described an absorptive product and a quadratic residual diffusor product
called DiffusorBlox, which is a reflection phase grating system that incorporates divided wells of
different depth to uniformly scatter sound. Again, both of these products could be used for the base or
top treatment of a sound wall.

Gary Figello from Faddis described the Foss Double Barrier System; an idea that has been around since
the 1970’s and is included in the FHWA TNM. Theoretically, two absorptive barriers, spaced 6 to 8 feet
apart, would provide significant additional reduction from a single barrier. As an example, the reduction
from two 12-ft absorptive barriers, spaced 6 feet apart, would be equivalent to the reduction from a
single 20-ft high barrier. There were some concerns about the practicality of this system, and there is no
known field data of a Foss Barrier System.

TECHNOLOGIES FOR FURTHER CONSIDERATION

Although many of these design enhancements have demonstrated some promise in improving highway
noise barrier performance, it is difficult to evaluate each of these concepts on an equal basis. The
studies, having been conducted by different practitioners across the world, use varying analysis and/or
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measurement techniques. Some studies attempt to adjust for the added height of a device added to the
top of a barrier and some do not. Most of the reduced scale and full-scale model studies use a single
source noise that can magnify interference effects, as compared to distributed traffic noise sources.
Most of the analytical studies do not present actual field or acoustic model results to validate their
findings. For these reasons, it is difficult to develop a rank ordering of promising technologies based on
objective data. The technologies that rely on inference effects are questionable; however, examining at
least one or two of these with acoustic scale modeling would be useful to at least evaluate the merits of
this kind of approach.

Based on the conclusions of the 2006 ADOT Report Watson 2006), the follow-up literature review of this
research, and discussions with sound wall manufacturers, as presented in the previous sections, the
following designs were recommended for consideration for scale-model testing:

e T-top Barrier with various absorptive materials on top and also with a QRD treatment

e T-top Barrier with a “rake” on top

e Straight barrier with absorptive material on the vertical face with a simulation of something
similar to Quietstone and with QRD treatment similar to DiffusorBlox

e Foss double barrier system

e Straight barrier with a Helmholtz resonator device on top

e Straight barrier with “rake” on vertical surfaces

e Straight barrier variable flow resistance device on top



CHAPTER 3: NOISE BARRIER FIELD MEASUREMENTS

Under Phase |, noise, air quality, and meteorological measurements were conducted to document the
field performance of a noise barrier. Measurements were conducted from May 11 to May 14, 2014 at
Oasis Park, AZ, as shown in Figure 2. The purpose of these measurements was to generate data to
compare to acoustic scale model data and analytical models developed in Phase 2. The acoustical
measurement methodologies and preliminary analysis are described in more detail in Appendix C. The
meteorological and air quality measurement methodologies and preliminary analysis are given in the
“Experimental setup and preliminary data summary for meteorological and air quality measurements”
report presented in Appendix D.

Figure 2. Aerial View of Measurement Site

Acoustical and traffic measurements were conducted during eight sessions, selected to represent a
variety of weather conditions occurring over the three-day measurement period. Acoustical
measurements were made at seven locations, using the same methodologies as those used for the QP3
measurements (Donavan et al. 2014). Two reference microphone locations were used to monitor traffic
noise levels: 1) one located on the roadway side of the barrier at the approximate height of the top edge
of the barrier, 95 feet from the center of the near freeway lane; and 2) one located on top of the barrier
at a height of 5 feet above the barrier. In addition, five distance microphone locations were used: 1) at a
distance of 50 feet from the barrier, at a height of 5 feet above the ground; 2) at a distance of 100 feet
from the barrier, at a height of 5 feet above the ground; 3) at a distance of 100 feet from the barrier, at
a height of 10 feet above the ground; 4) at a distance of 200 feet from the barrier, at a height of 5 feet
above the ground; and 5) at a distance of 300 feet from the barrier, at a height of 5 feet above the
ground. Five of the seven channels were measured in % octave bands. At the remaining two channels,
noise levels were measured using sound level meters (SLM), which give only overall A-weighted levels.
The SLM output signals were digitally recorded for future use. The layout of the acoustical
measurement positions is shown diagrammatically in Figure 3 and overlaid on a photograph in Figure 4.



OBSI measurements, similar to Type 1 measurements used in the QP3, were also conducted on Agua
Fria Freeway adjacent to the site.
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Figure 3. Acoustical Measurement Site Diagram
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Figure 4. Photo of Oasis Park Site with Measurement Locations

Continuous meteorological data acquisition began at 12:45 pm on May 11, 2014 and ended at 8:00 pm
on May 14, 2014. Meteorological sensors, each including a sonic anemometer, a thermocouple, and a
relative humidity sensor, were attached at four locations on two towers, located at distances of 10 and
130 feet from the barrier, at heights of 6.5 and 33 feet above the ground, as shown in Figure 5. A

10



H,,

-

--2m

== 10m

~0.75H,,

3.5m(11.5 ft)e——

61.6 m (202 ft)

> 10H,,

A 4

Figure 5. Meteorological and Air Quality Measurement Site Diagram

barometer and three air quality sensors were also located on the site. Meteorological and air quality
measurements included wind speed and direction, temperature and relative humidity, barometric

pressure, and air particulate matter concentrations. Table 1 provides the times and dates of

meteorological and air quality and acoustical measurement.

Table 1. Measurement Sessions

Session Date Start Time End Time

Number
1 May 12 11:00 am 12:16 pm
2 May 12 2:14 pm 3:44 pm
3 May 12 7:04 pm 7:54 pm
4 May 13 5:49 am 7:13 am
5 May 13 11:38 am 1:08 pm
6 May 13 3:52 pm 5:06 pm
7 May 14 8:37 am 10:01 am
8 May 14 1:02 pm 2:41 pm

A summary of the results of the acoustical measurement data is shown in Table 2, based on five-minute
raw data averages. As expected, the measurements generally indicate lower noise levels with increased

Table 2. Averages and Ranges of Measured Acoustical Data for All Sessions, dBA

Roadside” ggf”z:a 50x5ft | 100x5ft | 100x10ft | 200x5ft | 300x5ft
Average Traffic 77.5 74.6 591 | 585 59.3 57.3 56.4
Noise Level
Range in Traffic 9.8 9.6 129 | 154 15.0 15.9 16.8
Noise Level

? Reference microphones

distance from the traffic noise source. One exception is the 100 x 10ft position, which receives less
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shielding by the barrier due to the microphone height, compared to 5 feet for the other positions on
the quieter side of the barrier. The range in traffic noise levels over the course of the measurements
is quite large: about 10 dB for the two reference locations and 13 to 17 dB at the more distant
locations. Although the range in unobstructed traffic noise is significant, Table 2 indicates that the
ranges increased with distance for the microphones positioned at heights of 5 feet above the ground.
Figure 6 plots an example of the one-minute sound levels at all measurement locations for Session 1.
Although there are level fluctuations at the barrier and roadside locations, the levels are fairly
consistent over the measurement period. At the locations behind the sound wall, the minute-to-
minute fluctuations are greater, and there is a changing pattern in the results, unlike those for not
shielded by the sound wall. To eliminate the variation in traffic noise sources, the results of Figure 6
were normalized by subtracting each of the measured levels from the levels measured at the top of
the sound wall. The normalized results are shown in Figure 7. These data indicate that the normalized
data on the freeway side of the sound wall are quite consistent. On the receiver side of the barrier,
the fluctuations are greater, and there is a shifting pattern of the results with time of day. These
fluctuations imply that the sound propagation varies with time, causing variation in the received
noise.
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Figure 6. One-Minute Average Noise Levels Measured in Session 1
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Figure 7. One-Minute Average Noise Levels Differences Relative to Top of Sound Wall Levels in
Session 1

In Figure 8, the levels averaged over each session are shown for all of the measurement locations.
These indicate that there are clear differences in the noise levels between sessions. Although the
general ordering of noise level by location remains similar, there are some cases that are not
consistent with the others. For example, during Session 7, the 100 ft x 10 ft high position has levels
that are slightly lower than those at the 200-ft position, whereas under the other sessions, the 200-ft
position results are typically about 1 to 2 dB higher. In Figure 9, the results are presented as level
differences, in which the levels measured behind the sound wall are subtracted from the levels at the
top of the wall. It should be noted that this is not barrier insertion, which is defined by the difference
in level with and without the sound wall present. The values in Figure 9 inherently take into account
differences in traffic noise source levels that occur from session-to-session. The noise level
differences indicate considerable variation from session-to-session that are presumed to be due to
differences in sound propagation caused by environmental conditions. The ranges in noise level
differences for the various measurement distances range from 5.9 dB at the 50x5-ft location to 8.3 dB
at the 300x5-ft location. Excluding the 10-ft position, the ranges increase with distance from the
sound wall. Also included in Figure 9 are the noise level differences predicted using TNM. Generally,
these display similar differences to the relationship between location and sound levels during each of
the measurement sessions. For the first four sessions, the magnitudes of the differences are similar
to TNM; however, for the last four sessions, the TNM values are consistently lower, typically by as
much as 5 dB.
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Figure 8. Session Average Measured Traffic Noise Levels

The values of Figure 9 do not represent actual barrier insertion loss performance, which is defined as
the difference in level with and without the barrier present. The values of Figure 9 do not account for
the difference in distance from the top of the barrier to the measurement locations, which contribute
additional attenuation compared to insertion loss alone. Actual insertion loss would decrease with
distance as the measurements get further out of the acoustic shadow zone of the barrier. From the
TNM model results, the insertion losses are 11.2 dB at the 50x50-ft location, 9.0 dB at 100x5ft, 7.3 dB
at 200x50ft, and 6.6 dB at 300x5ft.

To examine the noise and meteorological data together, Figure 10 plots the raw traffic noise levels in
one-minute intervals for each of the eight measurement sessions along the same time scale as the
wind speed component perpendicular to the wall and the air temperature measured at the 6.5-ft high
field tower position. From the data presentation of Figure 10, there are some apparent correlations in
the meteorological data and the noise data. The sound levels were consistently higher in Session 4,
and the temperature in that session was lowest of any measurement session. The component of
wind speed perpendicular to the sound wall was essentially 0 m/s. Throughout the sessions, the wind
did not blow consistently from the west or from the east, which would have created a downwind
(increased noise level) or upwind (decreased noise level), respectively. During the bulk of the
measurements, the wind blew from either the north or from the south, parallel to the barrier. The
session with the highest and lowest noise levels, Sessions 4 and 8 respectively, were produced at
times when the temperature was lowest and highest, respectively. This trend is consistent with prior
research (Donavan and Lodico 2011). To assess this correlation further, a linear regression of the
normalized acoustical traffic data versus air temperature was performed for all of the sessions,
yielding rates of 0.44 to 0.66 dB per decrease of degree C, depending on measurement distance from
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Figure 9. Values for the Noise Level Differences between the Top of the Sound Wall Measurement
Location and the Microphone Locations behind the Wall

the sound wall. The coefficients of determination (R%) ranged from were 0.68 to 0.80. For the roadside
and the top of the barrier measurement locations, the temperature dependence was considerably less,
0.07 dB per degree C on the roadside and 0.12 dB per degree C at the top of the barrier. This clearly
indicates that temperature had very little effect on the generation of noise. For Session 4, there was a
slight inversion indicated by the temperatures at 6.5ft and 33ft, with the lower height being about 0.5
degrees C cooler. This inversion may also have contributed to the higher levels for Session 4.

Similar analysis was performed on the wind component perpendicular to the sound wall. These produce
no relationship between wind speed and noise level. This result is not surprising, considering the low
and inconsistent wind speeds and fluctuating directions shown in Figure 10. Downwind conditions
(wind from the traffic to the receiver) are generally associated with higher levels, both for open
conditions (Lodico and Reyff 2009) and locations behind a sound wall (Beranek and Iver 1992); however,
this behavior could not be demonstrated wind the wind conditions that occurred during these
measurements.
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Figure 10. Measured Wind Component, Air Temperature, and Sound Pressure Levels, All
Sessions

A large amount of scatter is apparent in the acoustical data for all the measurement sessions, as shown
in Figures 6 and 10. Some of this scatter is to be expected due to varying traffic conditions. In Figure 7,
this scatter was somewhat reduced by normalizing the data by subtracting the noise levels measured
behind the barrier from the noise levels measured at the top of the barrier. Traffic noise variations that
are attributable to variations in traffic volume, speed, or vehicle mix can be reduced using traffic noise
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modeling. This was done using TNM applied in 15-minute intervals, generally following the procedures
specified in AASHTO TP-99 (AASHTO 2013). The results of both methods are presented in more detail in
Appendix A. However, even with these normalizations, some scatter continues to be present, especially
in the more distant measurement locations. In Figure 11, the noise levels for each measurement
location are plotted versus the levels measured at the top of barrier. The linear regression through the
roadside levels
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Figure 11. Sound Pressure Levels from the Roadside and behind the Sound Wall Plotted Versus
Levels above the Sound Wall for Measurement Session 3

provides almost a one-to-one relationship, with a R*value of 0.98. The standard deviation about this
line is 0.2 dB, and the range is 0.8 dB. At the closest position to the barrier on the receiver-side of the
barrier, (50x5 ft) the relationship between the measured levels and the top of the barrier remains
reasonably good at 0.87-to-1, with R* equal to 0.75. At the further distances, the relationships
deteriorate, and the scatter about the regression line increases with the distance of the measurement
location from the sound wall, reaching a maximum at 300 feet and having a standard deviation of 1.3 dB
and a range of 7.6 dB. For locations in between (100x5, 100x10, and 200x5 ft), the standard deviations
were 0.8 to 1.0 dB and the ranges from 4.0 to 4.8 dB. It is likely that this increased variability with
distance is due to turbulence generated by wind and temperature variations along the sound
propagation paths (Beranek and Iver 1992). From Figure 10, similar variabilities in the noise levels at the
microphone locations on the receiver side were also found.

Acoustical data was successfully acquired and achieved its purpose of providing field data for
comparison to the acoustic scale model measurements and ultimately to the results of analytical models
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to be developed, as recommended in Phase Il of the project. The data did support a conclusion that
traffic noise levels increase with decreasing temperature; although, the temperature range was
somewhat limited. Due to a lack of appropriate conditions, the effects of wind on barrier performance
could not be assessed. The intent of this portion of the project was not to explicitly evaluate the effect
of meteorological conditions on sound propagation over barriers. As a result, the correlation of various
aspects of the meteorological data to measured sound levels was not examined in detail. This extensive
data set could be used for this purpose and more explicitly, evaluating those factors, such as turbulence,
that contribute to the sound level variation behind the sound wall. During the course of the
measurement periods, the volume of heavy trucks was only 1 to 3% of the total traffic. As a result, the
barrier performance indicated by these measurements should not be generalized to sites at which the
heavy truck volumes approach 10% or more, as the effective source height of trucks is somewhat higher
than it is light vehicles (Donavan and Janello 2017), and higher source heights reduce barrier
performance.
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CHAPTER 4: ACOUSTIC SCALE MODEL MEASUREMENTS OF BARRIERS

In order to quantitatively evaluate the acoustic performance of different sound wall designs, the most
practical method is the use of acoustic scale models. Although the performance would ultimately need
to be verified with actual field measurements, such as that performed in the first phase of this research,
these field measurements are not very suitable to evaluating multiple design options. Aside from the
issues of fabricating and installing modifications to the upper edge of the wall, outdoor testing is subject
to uncontrollable variables, such as those noted in the earlier discussion of the field measurements.
This makes comparison of one design to another problematic, especially if the expected improvement in
performance is not large. Due to the dimensions of full size barriers and distances between source and
receiver being large, indoor testing in a non-acoustically reflective environment is not practical.
Analytical methods, such as boundary or finite element modeling in the necessary three dimensions and
to the upper frequency range of interest, would be expensive and time consuming to run and would still
leave questions in regard to accuracy.

Acoustic scale modeling is based on the invariance of the sound speed in air for similar field and
laboratory conditions. The speed of sound equals the acoustic wavelength times the frequency. To
maintain this ratio, when the length scale is reduced and the wavelength is shorter, the frequency must
increase accordingly. This allows a scaled model of the barrier to mimic the performance of a real traffic
barrier, when the frequency band of the laboratory sound source is increased by the same factor
relative to typical frequency bands of traffic noise. The scaling is straightforward if any surfaces reacting
with the measured sound are rigid, otherwise the impedance of the surfaces must also be scaled.
However, for the sound wall cases to be considered, the surfaces are rigid and of high impedance. Air
absorption is also a concern as it increases with increasing frequency. However, given the moderate
scaling used, 10 to 1, and short distances of propagation, this effect is negligible.

MEASUREMENT METHODS

Given the scaling factor of 10 to 1, the frequency range of model measurements was 1 to 30 kHz,
translating a full scale traffic noise range of 100 to 3,000 Hz. To generate a high sound level at these
frequencies, a spark sound source was designed, built, and verified to perform adequately. The spark
consisted of three electrodes, two that produced the main pulse and a third to trigger the pulse. The
three-electrode design produced a stable and repeatable signal, as shown in Figure 12, in both the time
domain (a) and the frequency domain (b). The frequency of the spark pulse is centered at about 17,000
Hz and produced an equal scaled frequency of 1,700 Hz. The spark source was measured to produce the
same level within +30 degrees of the forward-facing direction of the source and within 4.4 dB at off
angles. The use of the short duration spark source has the advantage of not needing a special anechoic
space for conducting the measurements. Reflections from surfaces that are to be excluded from the
measurements can be eliminated in the time domain by only retaining the early arriving pulse or pulses
of interest.

The signals generated by the spark source were monitored using a Briel and Kjaer (B&K) %-inch Type
4939 microphone capable of measuring sound pressure from 4 to 100,000 Hz in conjunction with a B&K
Type 2670 microphone preamplifier. Signals were captured with a 100 MHz digital storage oscilloscope
and transferred to a computer for storage and processing using LabVIEW software and MATLAB
programing. The time signals were processed into the frequency domain using a fast Fourier transform
(FFT) and % octave band (OB) filters. The FFTs produced spectra from 600 to 50,000 Hz, and % OB levels
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Figure 12. Spark Source Time Trace (a) and Spectrum (b)

were from bands centered at 630 Hz to 50,000 Hz. The FFT spectra were processed into sound pressure
spectral densities by dividing by frequency band width so that levels are independent of the band width.

The basic measurement configuration is shown in Figure 13. The spark source (S) and the microphone
(M) were positioned about a semi-circle of radius R, centered on the top of the barrier (O). For the

measurements, the angles for M (6,,) were 0, 15, 30, and 45 degrees, and angles for S (6s) were 15 and
30 degrees. The radius R was at either 30 or 45cm, corresponding to full scale distances of 3 and 4.5m.

R 0 R
Os

Figure 13. Geometry of Measurements with Indicated Parameter Notations

Using this coordinate system, measurements were made with and without barriers in place to
determine the difference (or insertion loss, IL) in sound level. To isolate the diffracted sound only, the
reflected signals from the ground plane and any other surfaces were eliminated from the time signal
prior to processing. The fixture was three dimensional, with barriers extending £60cm in the lateral
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direction. The top edge of the barrier was made from aluminum plates that could be repositioned
interchanged. The lower portion of barrier was wooden.

A total of six different top configurations were tested with the apparatus. Four configurations that had
constant sections along the length of the barrier and their profiles are shown in Figure 14. These
included a straight (S) top, corresponding to conventional sound wall designs, a T-top shape (T), an L
shape, with the leg of the L in the direction away from the source (LD), and an L shape, with the leg in
the

S; RG; RN A LD LU

Microphone Side Source Side

Figure 14. Top Configurations for Constant Section Designs

direction toward the source (LU). Two configurations had top configurations that varied in the lateral
direction. These jagged edge designs are proposed to improve barrier performance through
interference effects for sound passing over the barrier edge. One of these designs uses a regular,
repeating saw-tooth jagged edge (RG), and one uses a random jagged edge (RN), as shown in Figure 15.
The final barrier configuration was with the barrier completely removed (F). FortheF,S, T, LD, and LU

a.) Regular Jagged Edge

JUALAALAAAAAAARAAAARAARARRAAALA
STV VTV TV

Lateral distance, cm

~>

Height,cm

b.) Random Jagged Edge

Height,cm

Lateral distance, cm

Figure 15. Top Configurations for Variable Section, Jagged Edge Designs

cases, the measurements were repeated three times and averaged for the different values of the radius,
R, and microphone and source angles, 6y, and 65, respectively. For the RG and RN cases, since the
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profile varied with lateral position, measurements were repeated at 0.5-cm increments in the lateral
direction from 0 to +4cm. The data for these 17 measurement locations were then averaged together.

MEASUREMENT RESULTS

Sound pressure spectral densities for the straight S-top and the T-top configurations are shown in Figure
16 for comparison to the no barrier spectral density of Figure 12b. The sound pressure is about 6 times
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Figure 16. Frequency Spectra for the Straight (S) Top and Tee (T) Top Barrier Configurations

(~16 dB) lower for the S-top, compared to the F, no barrier case of Figure 12b. Compared to S-top, the
T-top is about 1.3 times lower (~2.4 dB). The T-top also displays marked frequency content not seen in
the S-top, which is presumably due to acoustic inference effects from the multiple diffracted paths over
the T-top. A similar result was observed for the LU L-top. For the LD L-top configuration of Figure 17,
these peaks are not so prominent, and the spectral density values are similar to the straight top
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Figure 17. Frequency Spectra for the Straight (S) Top and L-Top LD Barrier Configurations

configuration in amplitude and frequency content. For the jagged tops, the uniform and random
configurations are somewhat similar to the S-top, except that the uniform design produces slightly
higher spectral densities, as shown in Figure 18. The random design has a spectral peak at about the
same frequency and amplitude as the S-top. It is apparent that neither design produces better
performance than the straight top. Past evaluations of jagged tops have typically looked at single paths
over the barrier, which can produce stronger interference effects for specific orientations. However,
when averaged over the length of the edge, these discrete effects appear to vanish.

The results of the measurements can also be compared to theoretical models, as well as to each other.
For the straight S-top, the expression for insertion loss was developed by Maekawa as published in 1968
(Maekawa 1968). This formulation is based on the Fresnel number originally developed for
electromagnetic waves passing through an aperture. Maekawa demonstrated that this number could
be applied to the acoustic diffraction problem for thin screens. In terms of the nomenclature of Figure
13, the Fresnel number is a function of the angles 6y, and 85, R, frequency, and the speed of sound. The
IL of the barrier is then a relatively simple function of the Fresnel number. This theory was further
extended for finite thickness, wedge-shape barriers, the so-called geometrical theory of diffraction
(Pierce 1991). In Figure 19, experimental % OB insertion loss of this research is compared to the
theoretical IL calculated for four configurations, in which the source (S) was held at 15 degrees and the
microphone positions were varied to 8,,=0, 15, 30, and 45 degrees with the radius R held at 30cm.
There is generally good agreement (+2 dB) between the theoretical values and the measurements, and
same trends are seen in both results. The geometrical theory of diffraction can be extended to
diffraction over multiple wedges (Pierce 1991) to accommodate theoretical calculations that can be
used with the T-top and L-top designs. In Figure 20, these are compared on a ¥ OB basis to the
Maekawa screen theory, the geometrical theory of diffraction results for an S-top design and a T-top
design. Except for the above 20kHz, the measured IL results for the T-top and the LU L-top compare well
to the theoretical T-top results. The straight-top S results compare closely to the geometrical theory of
diffraction values throughout the entire frequency range. The LD L-top is equal to or higher than the S-
top design and falls below the theoretical values for the T-top.
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Top LD Barrier Configurations

In order to facilitate comparison, a single number rating scale was developed based on a typical traffic %4
OB spectrum, defined in European standard EN 1793-3 (CEN Standard 1997). The overall A-weighted
level of this traffic noise source was calculated. The insertion loss for each % OB was subtracted from
the traffic noise spectrum, and these band levels were summed into an overall A-weighted level, as
attenuated by the barrier. The attenuated overall level was then subtracted from the overall un-
attenuated traffic noise level to obtain the insertion loss for the typical traffic noise spectrum. Using the
configurations tested in the model study, traffic insertion losses are shown in Figure 21 for a full-scale R
value of 9.8ft (3.0m) and a fixed source angle, of 85,=15° for all the barrier top configurations evaluated.
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Throughout all of the 8, microphone angles, T-top is shown to produce the highest traffic noise IL.
When the microphone location is even with the top of the barrier (0°), the IL’s are the smallest, with the
difference between all tops being about 3 dB. The L-tops vary in rank ordering as a function of
microphone angle and are both consistently below the IL of the T-top. The two jagged edge tops, RN and
RG, follow the straight edge S-Top within about 1 dB, with the random edge (RN) producing slightly
higher IL than the straight top and about 1 dB higher than uniform jagged edge top, RG. Compared to
the S-Top, the T-Top produced increased IL of 2 to almost 7 dB, depending on microphone angle. Figure
22 shows the same rank ordering of tops for a source angle of 30° and a distance of 9.8ft (3m). Random
jagged edge (RN) follows the S-Top within 1 dB or less to a microphone angle of 45° where the RN Top
produces IL about 3 dB greater than the S-Top. Similar trends are shown in Figures 23 and 24 for the R
value of 14.8ft (4.5m). For all cases, the T-Top produces higher IL than any of the other five barrier top
configurations.

Of the four different cases, which are shown in Figures 21 through 24, Figure 23 provides the closest
representation of what the performance would be in situations found in the Phoenix area. From the
Quiet Pavement Pilot Program Type 2 measurements, typical distances from the closer residential
measurement locations to the freeway near lane of vehicle travel were about 80ft. This was split almost
equally, with 40ft between the barrier and roadway and 40ft to the measurement location. Assuming a
5-ft high receptor and a ground-level vehicle source height of tire-pavement noise, the angle to the top
of a 14-ft high barrier is about 20° (6,) on the source side and 13° (6,,) on the receptor side. Ata
microphone angle of 15°, the results in Figure 23 indicate that a T-Top would produce about 3 dB of
additional IL compared to a straight wall of the same height. The T-Top has a width of 3.3ft (1m) in full
size dimension. Adding this height on an existing 14-ft sound wall would increase the insertion loss by
about 4 dB using the TNM source height model (Donavan and Janello 2017).

CONCLUSIONS

A one-tenth acoustic scale model was developed and tested and found to produce results similar to
those calculated from existing theory. Six sound wall top configurations were experimentally evaluated,
one conventional straight top, and five with varying, non-traditional top designs. The best performance
was demonstrated by a T-Top design, which had a top width of 3.3ft (1m) in full size dimension. For
typical ADOT highway configurations, an increase in insertion loss of about 3dB could be expected by
adding the T to the top of a sound wall. However, by increasing the sound wall height by 3.3ft and
leaving the top straight, the addition would produce an equivalent improvement in IL than a T-Top, if
not slightly more. It appears that using a T-Top design would be limited to only cases where the sound
wall height could not be increased due to other constraints. Prior to actually considering a T-Top design
in a highway project, its performance should be validated with field testing. The laboratory work
reported here considered only a point source of sound rather than an extended highway source along
the length of the sound wall and a multi-lane geometry. Further, the modeling did not take into account
ground reflections from the source and receiver sides of the sound wall.
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Figure 20. Traffic Noise Insertion Loss Based on Acoustic Scale Modeling Results for a Source Angle
of 15° and a Full-Size R distance of 9.8ft (3m)
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Figure 21. Traffic Noise Insertion Loss Based on Acoustic Scale Modeling Results for a Source Angle
of 30° and a Full-Size R distance of 9.8ft (3m)
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Figure 22. Traffic Noise Insertion Loss Based on Acoustic Scale Modeling Results for a Source Angle
of 15° and a Full-Size R distance of 14.8ft (4.5m)
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CHAPTER 5: ANALYTICAL MODELING OF BARRIER AND WIND EFFECTS

MODELING BARRIER PERFORMANCE

As discussed in Chapter 4, theoretical models have been historically developed for straight wall barriers
and for double diffraction cases based on the work of Piece (Pierce 1974) for geometry shown in Figure
25. This geometry for a wide, two-edge barrier can be used in an approximation of a T-top barrier or

barrier with either a source facing L-top (configuration LU) or a receiver facing L-top (configuration LD).

Listener

Source

Figure 24. Representation of a T-Top barrier using wide barrier theory from Pierce

However, these approximations do not address the different overhang conditions of flat top designs, as
shown in Figure 26, which were found to produce differences in the acoustic scale model results. For
more complicated designs (see Figure 1), there are no theoretical models. For evaluation of more

\¥ \‘.é//

Listener s Listener

Source Source

Figure 25. Representation of a L-Top barriers LU (left) and LD (right) using wide barrier theory from
Pierce

complex top geometries and surface treatments that include absorption and/or scattering,
computational models need to be considered. From an evaluation of different computational methods
completed in this research, it was concluded that the BEM is the most promising. A variety of open
source BEM models were found, and OpenBEM was selected as being applicable to the barrier
calculation and easy to implement. With this tool, specific barrier geometries and surface treatments
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can be modeled, and point and line noise sources can be specified. An example of the sound pressure
levels computed around a simple straight wall barrier is shown in Figure 27 for 500 Hz. In this example,
the source is at -5m near ground level, and the barrier is 3m in height. For this single frequency,
interference from barrier
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Figure 26. Calculated sound field around a 3m sound wall for a source at distance -5m using
OpenBEM

reflections on the source side creates the discrete lines of higher sound level. To examine a % OB level,
sound pressures from several different frequencies within the band would be calculated and averaged

together, eliminating the discrete behavior occurring for the single 500 Hz frequency. In Figure 28, the
insertion loss of the barrier for the same geometry is shown. As with Figure 27, lines of interference
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Figure 27. Calculated insertion loss around a 3m sound wall for a source at distance -5m using
OpenBEM

occur because of the discrete frequency computation. However, on average, it appears that insertion
loss 5m behind the barrier is about 12 dB, which is consistent with the scale model results of Figure 23.

MODELING WIND EFFECTS

The BEM approach using OpenBEM combined with ray theory can be used to compute the sound levels
in the immediate vicinity of the barrier in the absence of any wind effects. For longer range calculations
at distances beyond 500 to 800m, a parabolic equation approach can be used, which can also
incorporate wind and temperature gradients (Ovenden et al. 2009). For open sound propagation, a
downwind wind profile relative to the freeway will increase the traffic noise levels by refracting sound
down and increasing sound levels near the ground. This behavior is complicated for a barrier case

30



because the barrier alters the wind profile near the ground. For predicting sound levels behind the
barrier in this case, the alteration of the profile by the barrier needs to be taken into account. For this
purpose, computational fluid dynamics (CFD) models were considered. An open source software,
GERRIS, was identified and appears to be suitable for such modeling. This code was used to predict
contours of mean vorticity in the vicinity of a sound wall with a T-top configuration, as shown in Figure
29 for wind approaching from the left. In this figure, the blue areas indicate regions of potential
downward sound refraction and

Figure 28. Computation of mean vorticity around a T-top for wind from left to right using GERRIS
CFD code

increased noise levels compared to no wind. The parabolic model would then be modified using the
output of the CFD model to predict sound levels behind the barrier.

In the ADOT SPR-605 project (Fernando et al. 2010, Shaffer et al. 2013), the framework used to predict
sound levels out to 2,000ft is shown in Figure 30. Ray theory resulting from Green’s function
approximation was used near the source to define input to the parabolic equation model domain used
for the longer-range calculations. For computing sound levels behind barriers and taking into account
wind and temperature gradients, the more complex framework is shown in Figure 31. In this case, the
sound levels close to the roadway and barrier (200ft) will be calculated using BEM, with ray theory used
to determine the upper sound propagation for heights from 50 to 1,000ft. At 200ft, the parabolic
equation domain using inputs from the CFD modeling will begin. The use of the BEM software will allow
examination of different barrier configurations and their effect on close in and more distant sound
levels.

The process for computationally evaluating different noise barrier designs would follow the steps listed:

1. Arepresentative sound source for freeway traffic is developed and used throughout for all
barriers.

2. Chosen barrier designs (geometry and surface properties) is input into OpenBEM. This is used to
determine the acoustic starting field for that barrier design.

3. The barrier geometry is input into GERRIS, and the mean wind (and temperature) profiles
downwind of the barrier are computed using GERRIS. A set of benchmark meteorological
profiles are used as input conditions upstream.

4. Each meteorological case is input into a refined parabolic equation (PE) model that incorporates
in an efficient manner changes to the near-ground wind and temperature profiles with
increasing range. A spatial map of the sound pressure level is produced for each meteorological
test case.

5. Steps 2-4 can be repeated for different barrier designs and near-ground sound levels can be
compared to see whether any particular design performs best overall.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Based on the information generated in this research, the following conclusions were developed:

e The performance of actual barrier enhancements is difficult to assess due to the various methods
used for the research reported in the literature. Further, the performances of barrier tops that rely
on interference effects tend to be exaggerated when single frequency sound and/or single source-
receiver paths are used. This was shown by the acoustic model results in which jagged edge tops
performed poorly compared to other, non-interference based top designs.

e Considerable temporal variability was observed behind the barrier, with the levels ranging from 4.7
to 6.8 dB on average over the measurement periods with traffic noise variation eliminated. The
variation was greater at distances of 100ft and beyond. The cause of the variation was likely due to
short-term atmospheric fluctuations over the sound propagation paths to the measurement
position.

e The variation found in the measurement averages from session-to-session was 5.0 to 7.4 dB with
traffic noise variation eliminated. This amount of variation would be quite discernible in the
surrounding neighborhood and could be sufficient to generate complaints. The noise level variation
correlated well to air temperature variation, with noise levels increasing with decreasing
temperature, and possible temperature inversion effects on sound propagation. Wind speed
indicated little effect on barrier performance; however, this was likely due to a lack of wind
components perpendicular to the barrier.

e Acoustical scale modeling is an efficient, economical method to evaluate barrier concepts for a
variety of different geometries. It is also not subject to the uncertainty due to environmental
conditions, as are field measurements. Acoustical scale modeling should be considered for
screening different concepts prior to actual field measurements of barrier enhancements.

e Of the concepts evaluated, the T-top concept produced the greatest insertion loss for barriers of the
same height. However, the use of a T-top compared to a straight barrier with the width the T added
to the height would not produce an acoustical advantage. T-top designs are best considered to be
used in situations where straight wall barrier height cannot be increased.

o The effects of wind and temperature could be analytically modeled using BEM to define the acoustic
field near a barrier, and then using parabolic equation methods and CFD to examine the more
distant sound fields with ray acoustics used to bridge the transition between the different methods.

RECOMMENDATIONS

There are several aspects of this research that lead to further recommendations. The first is the
validation and implementation of the T-top enhancement. Of the configurations evaluated, this design
was the most promising in producing additional noise reductions, relative to the straight wall barrier of
the same height. In order to add this option to the list of noise reduction methods that could be
employed by ADOT, field verification of the performance should be completed. This could be done using
an existing sound wall to which a temporary top modification could be added, such as a double layer
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1-inch thick plywood. This could be tested in both a horizontal (T) configuration and in a vertical
configuration as added height to the barrier. This would validate the performance compared to no top
treatment and also document any acoustical advantage of the T-top versus simply added barrier height.
If the T-top configuration is validated, designs of permanent T-top barriers could be developed as
appropriate and placed in ADOT’s “tool box” for use when shorter wall heights are required.

A second recommendation is to explore the influence of barrier design on minimizing the effect of
meteorological conditions. Even with only minimal wind component in the direction perpendicular to
the barrier, the noise levels behind the barrier varied by as much as 6.3 dB at 100ft and 7.4 dB at 300ft
from session-to-session. At 300ft, this is more than the insertion loss (6.6 dB) predicted by TNM. Under a
more complete set of wind conditions, these ranges will likely increase. The first step in exploring the
effect of barrier design on minimizing these effects would be to more fully document of the variation of
barrier performance in the field under a full set of different meteorological conditions. This would be
completed to document the range of variation and serve as validation data for developing the analytical
modeling approach developed in this research. With validated analytical techniques, a variety of barrier
top designs would be evaluated to determine if there are designs that are less sensitive to
meteorological conditions. As noted in this research, the wake produced by flow over the barrier may
have some significance on its performance and could possibly be modified by barrier design.
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APPENDIX A: LITERATURE SEARCH AND REVIEW

Enhancing the noise reducing performance of noise walls has been a topic of interest for 25 years or
more. The most common approach is to add sound absorption to the traffic side of the noise wall either
by barrier material selection or by addition of material to an existing wall. Under specific conditions,
such as parallel walls lining both sides of a highway and elevated receiver locations, added absorption
has been calculated to provide as much as a 5 dB reduction for some receiver locations'. Many sound
wall manufacturers now offer barriers with absorptive materials applied to the face of a barrier for use
in an outdoor highway environment and in some states, absorptive barriers are used routinely. A
somewhat related method is to tilt the noise walls by as little as 3° to as much as 15° in order to reflect
the sound upward?. Another approach examined extensively in the literature is to add something to the
top of noise wall. Many of these approaches identified and summarized as a result of a literature review
reported to ADOT in FHWA-AZ-06-5723, which was completed in 2006. In this report, many innovative
barrier designs were identified and their potential was assessed for implementation in Arizona. The
report compared 12 general barrier types based on their acoustical performance, availability/ economic
considerations, and constructability. Based on this assessment, two barrier designs were recommended
for consideration; T-top Barrier with absorptive material on top of the T, and a vertical barrier with
absorptive material on the face. The T-top geometry has been advocated repeatedly, particularly with
absorption added to the top of the “T”. This configuration was one of two recommended in the
literature analysis performed for ADOT in 2006°, and again in another extensive literature analysis,
performed by the Danish Road Institute in 20117

Additions and modifications to the top of noise walls along the lines of innovating designs fall into three
groupings. These included absorptive top edge designs of various shapes*>®”%, barrier additions
designed to improve the diffraction at the top edge of the barrier®'***** and devices to create
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interference between sounds of different path length in the vicinity of the top of the barrier**®. These
approaches can be done separately or in combination as illustrated in Figure 1. Most of the studies
documenting the performance of these design approaches were conducted using analytical or acoustic
scale modelling methods. The analytical studies were typically done using two dimensional (2D)
Boundary Element Methods (BEM). The acoustic model studies were done in scales from typically about
10 to 1 to full scale. All of the modeling, either analytical or scale, used only a single point source. For a
single point source, the sound over the barrier even by different paths is coherent allowing for
interference effects to occur. In reality, traffic is made up of many individual, incoherent point sources
that are best represented as an incoherent line source'’. As a result, the sound arriving at the edge of
the barrier comes from many directions and is not correlated in space or time minimizing the possibility
of the destructive interference. This does not diminish the computer and scale model results in
providing direction on treatments to pursue; however predicted insertion losses from these models will
likely never be realized in the field. The largest improvements in barrier performance are typically
predicted by 2D BEM (up to 30 dB). Scale model studies with single point sources more typically
indicate reductions of 7 to 10 dB while full size model results can be as great as 7 dB for a point source.
Actual field try-outs of wall top modifications for actual traffic noise more typically are in the range of 1
to 2 dB for improvement compared to a conventional noise wall.

Many of the basic T-Top design have been investigated using the Boundary Element Method (BEM), as
described above, where the absorptive material is replaced by “wells” (a comb-like cross section) of
varying depth that improve T-Top performance essentially
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Figure 1: Different types of barrier top treatments
by interference effects’®'*?°. Scale modelling has been conducted to verify BEM models in some cases”,
with results generally tracking those of the BEM models. A T-Top design barrier was recently installed in
Golden, Colorado, which is likely one of the first built in the U.S. Unfortunately, full-scale field
measurements without and with the top were not possible; however, a reduced size experimental
evaluation of the concept indicated improvements of 3 to 4 dB at distances of 3 to 4 wall heights away™".
These tests also demonstrated that additional reductions of about 1% dB could be made with the
addition of absorbing material to the top of the T. In another study, field-testing on a shaped barrier,
similar to a ‘T’ using a traffic noise source found improvements of only .5 to 1 dB*.

Like the T-top, many of the other most promising barrier designs include absorptive material, either on
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19 M. Hasebe, “T-Shaped Barrier with a Controlled Series of Wells on the top Plane”, International Institute of
Noise Control Engineering, Proceedings of Inter-Noise 2011, Osaka, Japan, September 2011.

20 Masaki Hasebe, “Barrier with a wedge-shaped device composed of wells on the top plane”, Proceedings of
Inter-Noise 2012, New York, New York, August 2012 (in12_1555).

21D. Lodico, and H. Goldberg, “Acoustical Performance of T-Top Barrier Design on CO 93”, Presentation at the
Transportation Research Board Noise and Vibration Committee ADC 40 Meeting, Denver, CO, July 2010,
http://www.adc40.org/presentations/summer2010/Lodico%20TRB10.pdf.

22 [txasne Diez, Pilar Fernandez, and Itziar Aspuru, “Analysis of efficiency and usefulness of top devices in
noise barriers”, Proceedings of Inter-Noise 2012, New York, New York, August 2012 (in12_1438).

41


http://www.adc40.org/presentations/summer2010/Lodico%20TRB10.pdf

the face or top of the barrier"®?*. Many sound wall manufacturers now offer barriers with absorptive

materials applied to the face of a barrier for use in an outdoor highway

environment?. However, sound-absorbing materials placed on top of a barrier may have additional
maintenance concerns, as precipitation and debris could fall directly onto the absorptive material,
changing the material properties and causing difficulties with maintaining the noise reduction properties
of the material. The Colorado study?, found that fiberglass insulation installed on the top of a T-top
design improved the noise reduction of the barrier, but that a porous rubber material did not.
Unfortunately, fiberglass insulation is not a practical material for outdoor applications and the porous
rubber resulted in a sharp peak around 800 Hz, a primary frequency component of traffic noise. These
results point to the idea that a material may be able to be tuned be to eliminate peaks within the
frequency range of interest to result in improved barrier performance at a reduced sound wall height.
Absorptive materials currently constructed for use on the face of the barrier, such as Armtec’s Durisol
and CSI’s SoundSorb, would likely be able to be used as absorptive top materials. Some off-the-shelf
absorptive materials that are currently marketed for other uses, such as the Sound Seal Quilted
Fiberglass Absorbers, the Empire Acoustical M-90 Backless Absorption Panels, or the Lamvin
Soundsucker Metal Acoustical Panels, may also prove to be practical for outdoor use on top of barriers.

Some of the interference designs demonstrated some promise without the need for added absorptive
material®. There has also been some research into the use of random and periodic “jagged” edge
profiles in the upper portion of the barrier that are intended to also create interference on along the top
of edge of the barrier’®?’. These designs also appear promising and may avoid the additional
maintenance concerns that may be connected to the use of absorptive material.
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APPENDIX B: SOUND WALL SUPPLIER MEETINGS

March 4™, 2014, 9:00 am-4:30 pm

Panel: Dana Lodico, Paul Donavan, Christ Dimitroplos, Stephen Shaffer

Agenda:

9:00-10:00am: Eric Humphries, Armtec
10:00-10:30am: Panel Discussion
10:30am-11:30pm: Gary Figello, Faddis (web)
11:30-1:00pm: Panel Discussion and Lunch
1:00-2:00pm: Boone Bucher, CSI
2:00-2:30pm: Panel Discussion

2:30-3:30pm: Peter D'Antonio, RPG (web)
3:30-4:00pm: Panel Discussion

Armtec - Eric Humphries,

Armtec is a global infrastructure and construction materials company, headquartered in Canada, with
most of their production facilities there. Their products are largely based on concrete applications for
drainage products, bridges, soil retention, parking garages and other applications, including traffic noise
barriers. Armtec has been active since 1977, with some installations still present from that time. The
company is 1SO 9002 certified and an NPCA approved precaster. Over 15-20 million ft* of product have
been installed and they anticipate a 40+ year or greater lifetime. Supporting material includes several
letters dated 2009, indicating no issues with the product. The company has approximately 1000
employees, $500 million/year of sales. They provide engineering and design (geotechnical and CAD
software), enabling customization of projects. Cost minimization is best achieved with reduced project
constraints, allowing more design variability by manufacturer.

Durisol was once the name of the company, but now it is a product name. It is an absorptive and non-
toxic precast material made from 90% recycled wood pulp (from milling processes diverted from waste
stream), mineralized and mixed with concrete. Basically any texture or design can be added to the
exposed surface. The panel texture depth ranges from approximately 1.5-inch depth on the molded
side and about 0.75 inch on the lid side (top of panel as cast). The panels are approximately 7.5 inches
thick. Durisol comes with a 10-year warranty. There are two main types of product: Durisol Acoustic
Facing - attach to existing walls, retrofit to provide absorptive quality (used widely in California and
Texas); Durisol Precast Noise Barrier - precast panels typically 12-ft wide (20 inch high panels), 15-ft
wide (3-ft high panels), or 20-ft wide (7-ft high panels).

Durisol can be used as a retaining wall/noise barrier (RW/NB) system by increasing the bottom panel

thickness (RW panel), post size and footing diameter/depth. It can also be use along elevated roadways
and has been used in applications over 20’ in height on structure. It can be designed to withstand the
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higher wind loads called out in the 2012 Bridge Design Manual for a 75-year service life. It has been
used on past projects with wind loads of 50-57 psf in Boston. Durisol is used in many States, including
CT, IN, IL, MA, NY, OH, TN and WI. The NB12 and NB15 system is absorptive on both sides with a Noise
Reduction Coefficient (NRC) greater than 0.7 for a flat panel and up to 0.8 - 0.9 with a textured “stone”
look. Weight of a Durisol panel is 45psf for NB15 systems and up to 90 psf for NB20. Eric did not have
any information on studies looking at how dust might clog pores and change absorptive properties. The
product is also available as block used primarily in the housing construction market.

Durisol has been used for the base of existing T-top shaped barriers. Constructed T-tops typically have
3.5” of absorption on one side of the barrier base, using a 12-15” overhang. It is thought that it could
also be used as an absorptive material to be placed on the top of the ‘T’ or for a ‘tilted top’. For
constructed T-tops, the cost was reduced by 7% from the cost of a traditional wall with 2.25 ft additional
height at the same theoretical insertion loss. The product already has peak absorption in a broad
frequency range, applicable to highway noise. It may be possible to spectrally tune the wall’s absorptive
coefficients in relation to the roadway pavement’s spectral characteristics.

They also manufacture a transparent product, which weighs 4-8 Ib ft”, is self-cleaning, and has been in
used in AK, CA, CT, MN, NJ, NY, OH & WI with freeze-thaw and salted road conditions. Transparent
posts are thought to be too costly for barriers (they use them for hockey rinks). The product is NCHRP
350 crash tested to Test Level 4 and this system has been wind load tested to 93 psf (however, impact
loads were still controlling). Another option might be to add a clear section of wall at the top of the
barrier to reduce the effective visual height and to limit obscuring vistas.

Armtec also has a product called Whisper Wall. This design is a sound absorbing panel combining
rubber from recycled tires and structural concrete. This material also facilitates creative surfaces that

can be designed to be aesthetically pleasing.

Pre and post construction measurements may have been conducted in Texas, where field sites can be
found with existing absorptive and non-absorptive walls in close proximity for comparison.

Faddis - Gary Figello

Note: Due to weather related travel problems, Gary participated in the meeting for Faddis via the web.

Faddis Concrete Products is headquartered in Pennsylvania, with 4 of its 5 plants in the state, and
supplies precast concrete products for applications in transportation projects, industrial settings,
security, and architectural clients, as well as noise walls. Their barrier product lines include absorptive
and non-absorptive walls (AcoustaCrete), clear acrylic walls (AcoustaClear), and aluminum walls for
light-weight bridge applications (AcoustAL).

For a more innovative design, Gary discussed the Foss Double Barrier system®®. This concept was
developed and demonstrated with acoustic scale testing in 1976 and the method of calculating the
performance is included in the Federal Highway Administration (FHWA) Traffic Noise Model (TNM) in

B Foss, R, “Noise Barrier Screen Measurements, Double Barriers”, Washington State Highway Department
Research Program Report 24.3, Applied Physics Laboratory, University of Washington Report APL-UW 7618,
August 1976.
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Appendix D. As implemented in TNM, this design does not include absorptive faces for the double noise
walls. Compared to a single barrier with greater equivalent height, the double barrier design could
provide up to 11 dB of additional noise insertion loss. The equivalent height is at the intersection of
straight lines, from the source past the top of the first wall, with line from receiver past the top of the
second wall or “leaning-pole theory”. This concept could be implemented with Faddis’ products such as
AcoustaCrete to create a Foss Double Barrier system with absorption on both faces of the inner barrier
surface to provide even more attenuation.

Gary provided his spreadsheet, which calculates the Foss algorithm and compares the results to that of a
single barrier. Several examples were discussed. Based on review of the spreadsheet, two 12-ft high
barriers, spaced 6 feet apart, would result in the equivalent insertion loss as a single 20-ft high barrier
(about 23 dB for this example).

Sd
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Figure
1. Schematic of type of examples worked for double wall configuration with source and receiver
distances, D, and D,, respectively, wall separation distance D,,1.,,, wall heights H,;, H,,», and source and
receiver heights, H; and H,, respectively. The source strength is S, with a source due to diffraction atop
the first wall of strength S,.

The Foss Barrier System has many design possibilities. There are limitations in terms of the space
needed for the separation distance. However, walls only need to be spaced few wavelengths for
frequency of interest and Arizona often locates barriers 50 to 100 feet from the edge of pavement, so
there should be plenty of space in these situations. There was also some concern of how to sell this idea
to the public, as a double wall might be seen as a poor design and waste of money/resources. One
option to resolve the public perception issue might be to create the first wall with an acrylic panel
mounted in front of the second wall. Other options might be to tilt the primary wall, place absorptive
materials (such as a gravel pit) between the two walls, or to package it as a single system. Gary did not
know of any field data of Foss Barrier Systems.

Gary also provided a sample of Plaskolite from Plaskolite, Inc. headquartered in Columbus, Ohio. The
specific product was OPTIX NB w/ bird shield (APL-JDW 7618). It is available in panels 0.5 inch thick
~$10 ft%, 0.75 in for $15 ft2, and 1 in for $20 ft, plus mounting cost.

CSI - Boone Bucher,
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Concrete Solutions (CSl) is based in Austin, Texas. The company licenses a porous cement-based
manufacturing technology, SoundSorb. Unlike other barrier companies, CSI does not produce barriers,
but provides the SoundSorb technology to local concrete precast barrier manufacturers that enables
their sound walls to perform as sound absorptive noise barriers. CSlI licenses and trains local
manufacturers to combine the mixed recycled ingredients with state approved structural concrete
precast sound barrier designs, including crash barrier mounted walls and retaining wall mounted
barriers, providing a sound absorptive post-less noise barrier system. The SoundSorb material is most
efficient within the 450-2500 Hz range and achieves the highest possible noise reduction ratings (NRC
.95- 1.0 at 3” thick application). Adding SoundSorb textures and decreasing pore size can add an
additional .05+ to the NRC.

The CSl acoustical material (NRC 1.0) can be placed over existing wall faces, on the top of T-top barriers
and basically applied to any surface to increase traffic noise absorption. Like concrete, this cement-
based material has a long lifespan and requires ‘no” maintenance. The material is free draining and can
be used in a desert climate, as well as freeze/thaw conditions, and can be colorized. Hydrophobic water
repellents/stains can be applied to the wall surface to colorize and cause rain to bead up and wash down
the wall face. Anti-graffiti coatings can also be applied the facade. Textures (graphic art) can be stamped
into the sound wall face of the CSI acoustical material, providing a lot of aesthetic design flexibility /
freedom. There is no available data looking at long-term affects of dust clogging of pores; however,
over the last 21 year history of SoundSorb installations, CSI has not heard of any pore clogging related
issues.

SoundSorb has been tested in-situ by many transportation engineers and transportation authorities
world-wide and found to be successful on many high profile highway / rail transportation projects. A
research paper was provided with field data that compared four types of wall materials. All of the walls
were manufactured as 14 ft high sound barriers and tested in an in-situ study. SoundSorb (NRC .95)
product achieved the highest decibel reduction over all, showing a 10.8 dB for the insertion loss (IL).
The standard sound reflective TXDOT concrete barrier (NRC 0.02) followed with @ 9.6 dB (IL). Durisol
(using lab test results indicated NRC .80 -.85) was next, providing 8.7 dB (IL) and, lastly, Whisperwall
(using lab test results NRC .70) provided the lowest decibel reduction of 6.6 dB (IL).

It was suggested that using a high NRC .95+ sound absorptive material could increase the effectiveness
of a sound barrier, allowing for wall height reduction to achieve the same insertion loss and reducing the
overall cost of the wall. In addition, reflections within the transportation corridor would be reduced,
which could reduce traffic noise levels at receptors at locations on the highway side opposite the barrier
location.

RPG - Peter D’Antonio (web)

RPG Diffusor Systems, Inc. is provider of acoustical products for several different industries with a strong
emphasis in architectural acoustics. RPG offers two existing products that could be applicable to noise
barrier design. The first is Diffusor Blox, a Quadratic Residue Diffusor (QRD) in the form a Concrete
Masonry Unit (CMU) that functions as a cinder block with sound absorbing features. The second
product is Quietstone, an absorptive panel fabricated from 96% recycled glass or stone. Both products
can be used for interior or exterior applications. DiffusorBlox would be used to fabricate the noise
barrier and Quietstone would be applied to the face of a noise barrier. DiffusorBlox is a reflection phase
grating system, which incorporates divided wells of different depth, based on number theory to
uniformly scatter sound. Included slots provide low frequency absorption and the surface finish
determines the degree of high frequency absorption. The initial pattern is treated as a fundamental
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domain for a fractal surface with 2-3 iterations. Patent 6,772,859 gives further details and claims:
(http://www.google.com/patents/US6772859). DiffusorBlox or custom designed QRDs have been shown
to provide significant IL when applied to the tops of both vertical and slanted barriers. Two-dimensional
BEM calculations for determining the IL of a barrier indicate 5-12 dB IL for a barrier height of 3 m with
the source located between barriers, one with a QRD top and the other with a QRD surface toward the
source. With both barriers slanted, the IL improves to 16.3 dB Listed several publications (see
presentation) that summarize findings. RPG may be able to send us a sample for scale modeling
purposes.

Additional Suppliers Contacted

In addition to the four suppliers that presented at this meeting, several others were contacted and
either did not return contact after several attempts, or declined to meet due to lack of interest or
because they felt they did not have any material to present that would be of value to the project. These
include; Concrete Express, Inc (CEl), Sound Fighter, MP Dory Company, and Kawasaki Quiet Edge.

Handout Materials from Meetings
Durisol performance provided by Eric Humphries from Armtec:
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The panel edge/perimeter was covered with 77 tall border walls constructed from 5/8” sheetrock
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Material provided by Gary Figello of Faddis:

Faddis

Concrete Products

AcoustaCrete®

3

Noise from electric reactors, and industrial equi are abated

by the installation of AcoustaCrete noise barriers.

Faddis

Concrete Products

AcoustaCrete®

available in a wide variety of patterns and colors, e.g.,
brick, field stone, tree bark, graphics, fluted, ashlar stone

610942-2629 fax
www.faddis.com

info@faddiscom

Faddis

Concrete Products

AcoustaCrete®

Over 4,000,000 square feet of sound absorptive AcoustaCrete walls have been constructed
to eliminate reverberation between walls and reflection from noise barriers.

610 942-2629 fax
W,

info@faddis.com

49




Foss Double wall calculation spreadsheet from Gary Figello of Faddis:

Foss Double Barrier Analysis

feet
30 S herizontal distance from scurce to first {left) wall along reference line
100 W horizontal distance between walls along reference line
100 M horizontal distance from second (right) wall to receiver along reference line
230 T herizontal distance from source to receiver along reference line
4 H1 vertical height of source 'e) -— -— — O
7 H2 vertical height of first (left) wall above reference line 5 W M
12 H3 vertical height of second (right) wall above reference line ”
1" H4 vertical height of receiver
. - »
calculate Fresnel number for left wall Reference Line T
0083 D=a+b-c
30150 a ] G900
200.040 b 16 40000
230106 ¢ 49 52900 1128
c 1128 1128 1128 1128 1000 1128 1128 1128 1128
i 315 63 125 250 500 1000 2000 4000 8000
‘Wave Length Feet 38.810 17.905 9.024 4512 2.000 1.128 0.564 0282 0.141
N 0.005 0.009 0.018 0.037 0.083 0.147 0.295 0.580 1179
sgrt 2piN 0.2 0.2 0.3 0.5 07 1.0 14 14 27
tanh 0.2 0.2 0.3 0.4 0.6 0.7 0.9 1.0 1.0
sgriftanh 1.0 10 1.0 1.1 12 13 16 20 27
20log o 0 1] 1 1 2 4 G ]
Fresnel Theor Ae 51 52 53 5.6 6.4 72 8.8 1.1 138
safe Barrier IL (dB) 241 22 23 26 34 4.2 58 81 10.8
N==1.2 16+10logN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.2<N=0 5.8+10.4(N)*0.41 6.845 7327 7822 8.487 9.551 10.544 12.103 14.174 16.927
O==N=<-0.22 6-12sqri(abs(N}} 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
calculate Fresnel number for right wall
0144 D=d+e-c
130.246 d 64 16900
100.005 e 1 10000
230106 ¢ 49 52900 1128
c 1128 1128 1128 1128 1000 1128 1128 1128 1128
f 35 63 125 250 500 1000 2000 4000 8000
‘Wave length feet 35.810 17.905 9.024 4512 2.000 1.128 0.564 0282 0.141
N 0.008 0.016 0.032 0.064 0144 0.256 0512 1024 2049
sqrt 2piN 0.2 0.3 04 0.6 1.0 1.3 1.8 25 36
tanh 02 03 04 06 07 0.9 08 1.0 10
sgriftanh 1.0 1.0 11 1.1 13 1.5 1.9 26 36
20log 0 1] 1 1 2 3 [ 8 11
Fresnel Theor Ae 51 53 56 6.1 7.2 84 10.6 132 16.1
safe Barrier IL (dB) 21 2.3 26 31 4.2 5.4 76 10.2 131
N==1.2 16+10logN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.1
F values dB 1.2<N=0 5.8+10.4(N)*0.41 7241 7.7115 8.336 9170 10.504 11.749 13.705 16.303 19.755
O==N<-0.22 6-12sqri{abs(N}} 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Set up the example so that the N of the right wall is greater than the N of the left wall
Now, calculate Fresnel number assuming a point source at top of the more attenuative wall and calculate the new Nj for remaining wall
0029 D=a+f-g

30150 a ] 900
100125 1 25 10000
130.246 g 64 16900 1128
c 1128 1128 1128 1128 1000 1128 1128 1128 1128
f 315 63 125 250 500 1000 2000 4000 8000
‘Wave length feet 35.810 17.905 9.024 4512 2.000 1.128 0.564 0282 0.141
N 0.002 0.003 0.006 0.013 0.029 0.051 0.102 0.203 0.406
sqrt 2piN 0.1 0.1 02 0.3 0.4 0.6 0.8 11 16
tanh 01 0.1 02 0.3 0.4 0.5 0.7 0e 0g
sgriftanh 1.0 1.0 1.0 1.0 11 11 1.2 14 17
20log 0 0 1] o] 0 1 2 3 5
Fresnel Theor Ae 50 51 51 52 55 59 6.6 74 98
safe Barrier IL (dB) 20 21 21 22 2.5 29 36 49 6.8
N==12 16+10logN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
J values 1.2=N=0 5.6+10.4(N)*0.41 6.542 6.766 7106 7.536 8223 0.864 9.871 11.209 12.967
0==N<-0.22 6-12sqri(abs(N)) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Assume right wall N is greater than left wall N
35 63 125 250 500 1000 2000 4000 8000
F 7241 7.7115 8.336 9170 10.504 11.749 13.705 16.303 18115
J 6.542 6.786 7106 7.536 8223 8.864 9871 11.209 12.987
w 100 100 100 100 100 100 100 100 100
T 230 230 230 230 230 230 230 230 230
WIT 0.435 0.435 0.435 0435 0.435 0.435 0.435 0.435 0.435
3125 3125 3.125 3125 3125 3125 3125 3125 3125
-1.300 -1.300 -1.300 -1.300 -1.300 -1.300 -1.300 -1.300 -1.300
0.962 0.966 0.971 0977 0.984 0.988 0.993 0.996 0.998
Total Attenuation dB 12.028 12737 13.669 14.922 16.931 18.809 21.763 25693 30.279
Improvement over single barrier 4786 5022 5333 5752 6427 7060 8059 9390 11164

EXAMPLE RESULT IS 16.96 (ROUNDING)

Note: For the actual working spreadsheet, contact the authors of this report. Other available materials include
WSDOT research reports on absorptive single wall barrier and the Foss double wall.
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Material from Peter D’Antonio of RPG on Diffusor Block:
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Quietstone

QUIETST B

Innovative acoustics
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Excerpts from presentation by Peter D’Antonio of RPG on Quadratic Residual Diffusors for noise

barriers:

Performance of Noise Barriers with
Quadratic Residue Diffusers

By
Dr. Peter D'Antonio
RPG Diffusor Systems, Inc.

mn the shadow zone by the direct path.

Sound can only reach the listener by other indirect v
through diffraction over the barrier top or around th
of a finite length barrier

BEM simulations typically address diffraction over top of noise
barriers with QRD tops and with T-, Arrow-, Cylindrical and Y-
shaped profiles, tilted or parallel

"he results for rigid and absorptive barriers are usually also
presented for comparison

The most common values for A-weighted insertion loss range
between about 5 — 12 dB.

Sound Control — Diffusion
REFLECTIVE

Incident Sound Reflected Sound

DIFFUSIVE AF1022
—EEssEEN_

m Diffused Sound Diffused Sound
i

Diffused Sound Diffused Sound

Hl "

+> 0,084 + 0.12m + 2 + 008t
BN N (4.7")

0.1 m+—(4")

BEM Simulation

* The Helmholtz wave equation is solved 7
integral equation at a single frequency using the bounda
element method.

I will not review the mathematical details of the BEM
method, as details can be found in the supplied published
paper

For the simulation of the effect of absorbent surfaces, a
fibrous materials is assumed and the empirical formulae of
Delany and Bazley [7] are used for the calculation of the
characteristic impedance Zch and propagation constant of
the fibrous material.

The paper presents the results of an investigation on the acoustic performance of vertical profile
parallel barriers with quadratic residue diffuser tops and faces. A 20 boundary element method
(BEM) is used to predict the barrier insertion loss. The results of rigid and with absorptive
coverage are also calculated for comparisons.

Using QRD on the top surface and faces of all vertical profile parallel barrier models presented
here is found to improve the efficiency of barriers compared with fully absorptive equivalent
parallel barrier at the examined receiver positions.

Itis found that red; the design frequency of QRD shifts the performance improvement
towards lower frequency, and therefore the most efficient model for vertical profile parallel traffic
noise barrier is a setup treated with QRDs tuned to around 400 Hz

The overall performance improvement by the above diffusive barrier is predicted to be 5.8 d8
(A) compared to its rigid equivalent barrier.

Int. ). Environ. Res., 3{1):69-84, Winter 2009

Note: Full presentation is available from the authors of this report
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Summary

BEM simulations indicate QRD topped barriers
provide additional insertion loss over reflective

) » " and absorptive T-shaped barriers

e T o - It seems worthwhile to experimentally measure
scaled versions to verify these findings

And to explore possibly better solutions using the
improvements in number theory technology over
the past 30 years

3D printing can be used to easily fabricate scale
models for testing

The RPG Goniometer apparatus can be used for
the evaluations

frequency design of 400 Hzon 5
d barr

performance of ier by 1.8 dB{A]

h per d by
QRO with frequency design of 400 Hz

Summary

* Following experimental verification, full scale
diffusive topped models can be tested

* 1:1 testing can begin with DiffusorBlox since
they are readily available

Applications
“Quiet” Stone System:

Quietstone: Bonded
recycled stone aggregate

Applications
can be bonded directly to preformed concrete or

timber battens

Quietstone Light: Bonded now replaces Reapor for outdoor settings

recycled glass beads s

wall cladding - ight weight and cutting can be done on site

will not sag or stain with moisture exposure

ed with any detes
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APPENDIX C: RESULTS FROM BARRIER FIELD MEASUREMENTS

Description of Measurements

Noise, air quality, and meteorological measurements were conducted in Oasis Park, AZ, on May 11-14,
2014 for the purpose of validating Notre Dame’s developmental model using acoustical and
meteorological field data behind a noise wall. An aerial of the site is shown in Figure 1. The
accumulated data indicates interesting potential trends between the various noise and meteorological
variables. The effects of varying meteorological conditions on traffic noise as heard at locations behind
a noise wall is described in a preliminary manor in this memo. Further analysis of this data is
recommended and could lead to some valuable insights within the traffic noise community; however,
this additional analysis was outside of the scope and budget of this project and was, therefore, not
conducted.

201

Figure 1: Aerial View of Measurement Site

Site Information

At the Oasis Park measurement site, traffic noise was clearly audible behind the barrier at all noise
measurement locations. Some extraneous noise did occur over the time of the measurements, primarily
local traffic and noise from the basketball court or other areas in the park when in use. Care was taken
to record notable extraneous noise on the data sheets and to remove the associated data periods when
contamination was thought to occur.

The terrain on both the traffic and field side of the site was relatively flat, with relatively homogeneous
ground type on the field side (field grass). The barrier that shields Oasis Park from Highway 101 is 14 ft
high on the field side and 15 ft 9 in high on the road side, with an 8 inch increase in height occurring just
north of the measurement line. The area behind the barrier is open to a distance of about 330 ft. The
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barrier extends horizontally in both directions far enough distance to eliminate noise flanking around
the edges of the barrier. There are a few trees in the microphone path, and, although they are not
dense, it is possible that some sound scattering could have occurred. Additionally, as seen in Figure 1,
the highway has a slight horizontal curve at this location. Traffic noise modeling in SoundPLAN 7.3
indicated variations of 0.3 dB or less due to this curve as compared to a completely perpendicular
roadway section under calm wind conditions. It is unknown how this horizontal curved configuration
may have affected the results during higher perpendicular wind conditions.

Measurement Locations

Acoustic measurements were made at seven locations, using the same methodologies as those used for
the QP3 measurements®. A photograph of the site, showing the acoustics and meteorological
measurement locations, is shown in Figure 2.

e e Tl Ve Co

O Microphone

L - LRl s N X - 1S T AL A NN s p ™ vy s
= e i N D b A

' Fiéuré 2: Photo of Oasis Park Site with Measurement Locations

Two reference microphone locations were used, 1) one located on the roadway side of the barrier at the
approximate height of the barrier and 25 ft from the center of the near lane, 2) one located on top of
the barrier at a height of 5 feet above the barrier. In addition, five distance microphone locations were
used; 1) distance of 50 feet from the barrier at a height of 5 feet above the ground, 2) distance of 100
feet from the barrier at a height of 5 feet above the ground, 3) distance of 100 feet from the barrier at a
height of 10 feet above the ground, 4) distance of 200 feet from the barrier at a height of 5 feet above
the ground, and 5) distance of 300 feet from the barrier at a height of 5 feet above the ground. A site
diagram is indicated in Figure 3. Five of the seven channels were measured in 1/3 octave bands in real
time using Larson Davis 2900 and 3000+ RTAs. At the remaining two channels, both of the 100 foot
distances, noise levels were measured using sound level meters, which give only overall A-weighted
levels, and digitally recorded for future use, should octave band data be of interest. OBSI measurements
were also conducted at the site under two difference meteorological conditions, similar to Site 1
measurements from the QP3.

Traffic, meteorological and air quality measurements were conducted concurrent to the acoustic
measurements. Traffic counts and speed measurements were made from the Union Hills Drive
Overpass. Meteorological sensors, each including a sonic anemometer, a thermocouple, and a relative
humidity sensor, were attached at four locations on two towers, located at distances of 10 and 130 feet
from the barrier at heights of 6.5 and 33 feet above the ground, as shown in Figure 4. A barometer and
three air quality sensors was also located on the site. Meteorological and air quality measurements
included wind speed and direction, temperature and relative humidity, barometric pressure, and air

% Arizona Quiet Pavement Program, Progress Report 5 for 2011: Site 1, Research Sites 3A, 3D, and 3E, Prepared for
ADOT, Prepared by lllingworth & Rodkin, Inc, May 22, 2014.
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particulate matter concentrations. Detailed information on the locations and data resulting from the

meteorological and air quality sensors is given in the “Experimental setup and preliminary data summary
for meteorological and air quality measurements” report™®.

#® Microphone

-
At veall % it
height —a—

D] N

[ |
ﬁ S5R 53R 55R 55R
l 51t
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200 fr

300 fi

Figure 3: Acoustic Measurement Site Diagram
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Figure 4: Meteorological and Air Quality Measurement Site Diagram

All measurements were conducted in 1-minute intervals. Continuous meteorological data acquisition
began at 12:45 pm on May 11" 2014 and ended at 8:00 pm on May 14" 2014. Acoustical
measurements were conducted during 8 sessions, selected to represent various weather conditions
occurring over the 3-day measurement period. Measurement sessions are indicated below:

e Session1l: May 11, 11:00am to 12:16pm

e Session 2: May 11, 2:14pm to 3:44pn

30 “Experimental setup and preliminary data summary for meteorological and air quality measurements”, Field
experiment 1, Shaffer, June 9, 2014.
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e Session 3: May 11, 7:04pm to 7:54pm
Session 4: May 12, 5:49am to 7:14am
Session 5: May 12, 11:38am to 1:08pm
Session 6: May 12, 3:52pm to 5:06pm
Session 7: May 13, 8:37am to 10:01am
e Session 8: May 13, 1:02pm to 2:41pm

Results

The raw acoustical data for each of the eight measurement sessions is shown in Figures 5 to 12. As
expected, the measurements followed the same general trend with distance from the traffic noise
source, with the roadside and top-of-barrier measurements resulting in the highest noise levels, and the
most distant location (300 ft from the barrier and 5 ft high) resulting in the lowest noise levels. One
exception is the 100 ft distance and 10 ft high position, which resulted in noise levels that were slightly
higher than both the 50 and 100 ft distance and 5 ft high positions due to the reduced barrier shielding
occurring at the higher position.

Figure 13 shows the raw measured traffic noise levels in 1-minute intervals, plotted for each
measurement session on a single graph. It is apparent from Figure 13 that even with the data scatter,
some clear trends between data sets occur. Session 4, for example, exhibits measured noise levels that
are up to 10 dB higher than the levels for the other sessions at the distant locations.
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Figure 6: Measured Sound Pressure Levels for Session 2
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Figure 10: Measured Sound Pressure Levels for Session 6
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Figure 12: Measured Sound Pressure Levels for Session 8
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Figure 13: Measured Sound Pressure Levels, All Sessions

Figure 14 shows the overall average noise level by session for each of the seven measurement positions.
Review of this figure indicates that there are clear differences in noise level between sessions. Although
the general ordering of noise level by location remains similar, there are some cases that are not
consistent with the others. For example, during Session 7, the 100 ft/10 ft high position has levels that
are slightly lower than those at the 200 ft position, whereas under the other session, the 200 ft position
results are typically about 1 to 2 dB higher.

As shown in Figures 5 to 13 large amount of scatter is apparent in the acoustical data. This is typical of
these types of measurements. Some factors that might affect noise levels include varying traffic and
meteorological conditions. Traffic noise variations that are attributable to variations in traffic volume,
speed, or vehicle mix have been thoroughly studied and several methods of normalizing for traffic
variations are common practices in the acoustics community. One method of normalizing for traffic
variations is to calculate the difference in noise levels (or insertion loss, IL) between a reference location,
located close to the noise source, and the more distant locations during concurrent measurement

periods. It has been shown that meteorological effects on noise levels are generally minimal at locations
within about 50 feet of a highway noise
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Figure 14: Session Average Measured Traffic Noise Levels

source, so the IL between reference and distance measurements conducted concurrently for the same
noise source should theoretically normalize for traffic conditions. Figure 15 plots an

example for Session 3 of the traffic noise levels for each of the measurements versus the levels
measured at the top-of-barrier locations.

As seen in Figure 15, the roadside location shows a large reduction in scatter and correlates with the
barrier locations rather well (R*> = .98). More scatter is still apparent at the distant locations. The
insertion loss, IL, for each measurement session between the top-of-barrier measurement location and
all other locations are shown in Figures 16 to 23.

Figures 16 to 23 show similar results to Figure 15. Scatter is reduced considerable at the roadside
location, but the distant locations continue to exhibit a great deal of variation in level. The session
average noise reduction from the top-of-barrier location for each of the five distant measurement
positions is shown in Figure 24.

*! Lodico, Dana M., and Reyff, James A., "Long-term noise performance of open graded asphalt concrete (OGAC) -
Results of 10-year long study", Noise Control Engineering J., Volume 57, Issue 2, pp. 84-93 (March 2009).
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Overall A-Weighted Sound Level at Locations, dBA
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Figure 16: Noise Reduction from Top-of-Barrier Location, Session 1
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Figure 17: Noise Reduction from Top-of-Barrier Location, Session 2
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Figure 18: Noise Reduction from Top-of-Barrier Location, Session 3
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Figure 19: Noise Reduction from Top-of-Barrier Location, Session 4
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Figure 20: Noise Reduction from Top-of-Barrier Location, Session 5
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Figure 21: Noise Reduction from Top-of-Barrier Location, Session 6
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Figure 22: Noise Reduction from Top-of-Barrier Location, Session 7
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Figure 23: Noise Reduction from Top-of-Barrier Location, Session 8
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A second commonly used method of normalizing for traffic variations is through traffic noise modeling.
The Federal Highway Administration’s Traffic Noise Model (TNM) was used for this purpose, generally
following the procedures specified in AASHTO TP-99, Standard Method of Test for Determining the
Influence of Road Surfaces on Traffic Noise Using the Continuous-Flow Time Integrated Method (CTIM)*.
Traffic and geometrical data were input into the model, resulting in modeled traffic noise levels at each
of the seven measurement positions. Wind variation is not an option within the TNM model. Model
sensitivity to humidity and temperature occurring on a session by session basis resulted in differences in
modeled levels of up to about 1 dB. To normalize for traffic conditions only, a standard temperature of
85 degrees F and 10% humidity was used for all sessions within the model. Due to time and budget
constraints, data was modeled in 15-minute increments. To normalize the measured (raw) data, the
average overall modeled noise level for each measurement position was calculated and subtracted from
the modeled noise level for each interval by measurement position. This difference +/- the average
modeled level was then subtracted from the measured level to result in the normalized level. Figures 25
to 26 show 15-minute raw and normalized averages, respectfully.
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Figure 25: Measured Traffic Noise Levels, 15-Minute Averages

32 AASHTO TP-99-13, Standard Method of Test for Determining the Influence of Road Surfaces on Traffic Noise
Using the Continuous-Flow Time Integrated Method (CTIM).
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Comparison between these Figures and the prior ones indicate that scatter is primarily reduced due to
the averaging of the data. However, there is some clear improvement between Figures 25 and 26. For
example, the raw data for Session 3 (an evening measurement with lower than average traffic volumes)
indicates traffic noise levels that are about 2 to 4 dB lower than those from Session 2; traffic normalized
levels indicate only about a 0 to 1 dB difference between the two session. However, some scatter
continues to be present, especially in the more distant measurement locations.

It is apparent from Figures 13 and 26 that even with the data scatter, some clear trends between data
sets occur. Session 4, for example, exhibits measured noise levels that are up to 10 dB higher than the
levels for the other sessions at the distant locations (Figure 13) and normalized levels that are up to
about 8 or 9 dB higher (Figure 26). To assess the effects of meteorological conditions on the traffic noise
levels, Figures 27 and 28 plot the raw traffic noise levels along the same time scale as the wind speed
component perpendicular to the wall and the air temperature measured at the 6.5 ft high field tower
position. Note that a (+) wind component indicates that the wind was coming from the road towards
the measurement locations and a (-) wind direction indicates that the wind was coming from the
measurement locations towards the road.
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Figure 28: Measured Wind Component and Sound Pressure Levels, All Sessions

From Figures 27 and 28, some general trends can be observed; lower wind conditions and lower air
temperatures are associated with higher noise levels. For air temperature, this trend is consistent with
prior research®. For the wind component, this is counterintuitive and in conflict with prior research?®,
since it would be expected that noise levels would increase when wind is blowing from the noise source
toward the noise measurements. To further assess the correlation

% Donavan, Paul R., and Lodico, Dana M., “Project 1-44(1), Measuring Tire/Pavement Noise at the Source:
Precision and Bias Statement”, NCHRP Report 630, July 14, 2011.
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between air temperature and wind component and the acoustical data, the acoustical data was
normalized for traffic condition. In Figures 29 and 30, the traffic normalized levels shown in Figure 26
are plotted against the 15-minute average temperature and wind components measured at the 6.5 foot
high field tower location, respectfully.
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Figure 29: Traffic Normalized Noise Level vs. Air Temperature

From Figure 29, a trend of higher air temperature associated with lower noise levels can be observed
more clearly. Some scatted continues to be present, with the trendlines resulting in varying R* values
and rates for each measurement location. Rates of 0.44 to 0.66 dB/degC are indicated for the five
distant measurements with R® values ranging from 0.68 to 0.80. As expected, smaller trends are
indicated at the reference locations.

Little dependence of the noise levels on the perpendicular wind component is apparent from Figure 30.
In this case, R* values exceed 0.5 at only the 50 foot position. As this is only a brief glance into the
correlation between wind and noise levels, it would be extremely presumptuous to draw any
conclusions here, particularly since field observation (auralizations) and prior research has found
correlations between noise level and wind condition. Additionally, the wind component perpendicular
to the wall was relatively small in these measurements. Further analysis using different components of
the wind vector and the data from the other three meteorological data positions could shed more light
on this topic.
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Summary

Acoustical data was successfully acquired for the purposes of validating Notre Dame’s developmental
model. A summary of the results of the acoustical measurement data is shown in Table 1, based on 5-
minute averages.

Table 1: Summary of Acoustical Data Results

(dBA) Roadside ;‘;fr:r 50x5ft | 100x5ft | 100x10ft | 200x5ft | 300x5ft
Ave. Traffic 77.5 74.6 591 | 585 59.3 573 56.4
Noise Level

Rangein

Traffic Noise 9.8 9.6 12.9 154 15.0 15.9 16.8
Level

As expected, traffic noise levels decrease with increased distance from the roadway. The exception to
this is the 100x10ft position, which resulted in noise levels that were slightly higher than both the 50 and
100 ft distance and 5 ft high positions due to the reduced barrier shielding occurring at the higher
position. The range in traffic noise levels over the course of the measurements is quite large; about 10
dB for the two reference locations and 13 to 17 dB at the more distant locations. In addition, a large
amount of scatter was apparent in the acoustical data. This is to be expected and is typically attributed
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to varying traffic and meteorological conditions.

Traffic normalization reduced this scatter somewhat. Preliminary analysis with respect to the
relationships between the traffic noise levels and temperature and wind conditions did not satisfactorily
explain the remaining data scatter. As described above, the data indicates interesting potential trends
between the various noise and meteorological variables. Further analysis of this data is recommended
and could lead to some valuable insights within the traffic noise community.
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APPENDIX D: EXPERIMENTAL SETUP AND PRELIMINARY DATA SUMMARY FOR METEOROLOGICAL

AND AIR QUALITY MEASUREMENTS

Contents

Experimental setup and preliminary data summary for meteorological and air quality measurements

Description of Shared Files:
Atmospheric and Particulate/Air Quality Measurements, Implemented Work Plan
A few research guestions:
Summary of Meteorological Equipment:
Particulate/Air Quality Measurements
Configuration 1
Configuration 2
Preliminary figures showing observed data and 1-minute time-average
Time series of 1-minute averaged meteorological variables
PM10 observations, configuration 1
PM10 observations, configuration 2
Photographs of experimental setup

Description of Shared Files:

Folder Distribute/ contains:

Photos/ - photographs of site setup, some included herein
Processed_Data_Met_1min_and_PM/ - data files and a subdirectory of figures in both .png and
Matlab .fig format (which contains raw and averaged data)

Main data files:

AllMergedData_1min All meteorological observations have been time-averaged to 1 minute,
with standard deviation included. The mean values of horizontal wind speed and horizontal
wind direction for all four sonic anemometers are also included. The .dat file is an ascii table
printed from the .mat matlab file.

all_DustTRAK_data.mat a Matlab file with the contents of ascii files

DT<x>_config<y>.txt raw DustTRAK data in ascii format, for instrument <x> and configuration
<y>. For configl, all were at “field” tower, and for config2, DT1="roadside”, DT2="wall”,
DT3="field”
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Atmospheric and Particulate/Air Quality Measurements, Implemented Work Plan
May 9, Friday

Obtain DustTRAK equipment from ASU

Day 1: May 11, Sunday

Obtain rental truck and retrieve equipment from storage. Arrive at site (~2 pm).
Identify precise final setup configuration on site.
Assemble field and wall towers in parallel at the field tower location, relocate wall tower to final
location.
Install sensors on field tower and perform final check on data collection system.
o Test all equipment for a 5-10 minute asynchronous collection period and check data on
laptop.
O Ensure synchronization of timestamp on datalogger as being UTC with minute and
second coordinated to local time
o set all instruments into collection mode.
Data collection began ~15 minutes apart while both towers were on the ground after the system
check and the datafile was verified on laptop.
Raise field tower and commence measurements. Completed at ~0630 on 5/12.
Repeat install and raise steps for wall tower. Completed at ~0730 on 5/12.
Run experimental configuration 1 for DustTRAK sensors: at 2 m height on field tower. Started ~
1245 on 5/12.
Take photos of complete setup

Day 2-4: May 12-14, Monday - Wednesday, primary observational period

® Clean and rezero DustTRAK sensors and install for configuration 2, one each at 2 m AGL at field
and wall tower, and on a 2 m pole on road side at .75 H,, from the wall.
e Re-zero DustTRAK at least once per day, batteries 8-12 hours, interrupts data collection.
e Monitor equipment, provide security presence during night.
e Attempt retrieving data from DustTRAK to check quality of data.
e Swap batteries and CF card on towers - no interruption in power or data collection
O data stored in 2 periods for each tower to be merged in post-processing
Day 4: May 14
® Re-check instrument IDs and location before breaking down.
e Stop sonics at field tower last.
e Wall tower stopped around 2000, field tower around 2200
e The wall tower DustTRAK was relocated to a 2 m pole while wall tower was broken down.

However, it may be possible that activities related to disassembling the wall tower may have
increased PM values for this last collection period.
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-~ 10m

> 10H,,
Figure 1. Schematic of ADOT SPR-699 basic experimental setup for two 10-meter towers with 2 sonic
anemometers each, at 2 and 10 meters above ground level. The tower separation and placement
depend upon wall height (Hy), measured from the wall position, which is also a fixed distance from
the roadway.

A few research questions:

Q1: How important is the flow perturbation by the presence of the wall on the sound field?

Q2: How important is the temperature of the roadway and wall on the perturbed flow and sound field?
Extended field experiments make use of FLIR camera, otherwise, temperature profiles and turbulent
heat flux source area inferred by sonics and simulation.

Q3: What influence does the presence of trees with heights H... > Hy have on the flow, and sound field?
(if we get sites with and without trees, or include them with modified drag coefficient within the CFD
model) in relation to other aspects of site heterogeneities: wash on opposite (NW) side of freeway, two
recessed water recharge ponds and basketball courts (heterogeneous heat flux within source area at 10
meter height) adjacent to site; versus larger scale heterogeneities: land use and land cover changes,
intersection of neighborhood, irrigated park, open desert, wash, and freeway, particularly for various
mean “inlet” wind directions. Alternately, what errors would a coupled flow and acoustic propagation
model incur by neglecting such effects?
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Figufe 2. Google Maps overview of Oasis Park (top) with schemati of setup easurment lines and
distances for a few features (bottom) used during May 2012 experiment. See text for description.

The basic research guidelines used for configuring the experimental setup are illustrated by the
schematic in Figure 1. The experimental plan was to place two 10 m tall towers at distances from the
wall dependent upon the wall height, with one at 0.75 H,,,;, and one >10 H,,,;, with sensors at 2 m and
10 m AGL. The tower at ~0.75 Hy, can be used to validate a CFD model by measuring wake deficit due to
the wall with the lower sonic, and wall-induced sublayer jet with the upper sonic. The CFD requirements
presume that Hy< 10 m allows for positioning of the upper sonic above the wall, also that the
incident flow is perpendicular to the wall (for simplified 2D models). The tower away from the
wall should measure free stream flow. The field tower data will be useful for validating WRF
mesoscale model surface flux and stability classification. Also, these data provide values from which a
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profile can be derived as inflow condition for CFD calculation, assuming similarity theory holds, or that
there is uniform land use and land cover in the testing area.

Shown in Figure 2, are images from Google Maps providing an overview of Oasis park (image data dated
2014, accessed 5/2014) with approximate instrument locations denoted. Also indicated on Figure 2 are
measured distances for a few key features, also given in Table 4. The wall (green dotted lines) has a
slight curvature along it’s length and is approximately 9 degrees east of north where the wall tower was
located. The meteorological line (yellow dashed) was aligned perpendicular to the wall, approximately
midway between trees and bushes near the wall on the field side, and 5.0 m south (along wall) from
where the microphone line (white dashed) intersects the wall.

Along the wall, on the field side, are xeric bushes and gravel (<1 cm diameter), before transitioning to
“mesic”, though very dry and patchy, grass (did not measure length, suppose < 3 cm where present).
Along the meteorological line, the xeric distance is 4.3 m, and mesic distance to the tower is 56.5 m. The
xeric distance along the microphone line is 5.1 m. At it’s largest excursion from the wall, 30.0 m north of
the meteorological line, also where a light post is located, the xeric ground cover is 14.3 m wide. There is
also a ~0.5 m tall ¥11 m diameter gradual berm along with increased density of bushes and trees in the
xeric section between the light pole and the wall.

The sprinklers were turned off at the beginning of the experimental period and remained off for the
duration. Normal nightly patchwork staggered irrigation occurs between 10 pm and 730 am (Eugene
Kraus, Park Manager, Private Communication), with the last occurrence before the experimental period
being on the night of 5/10/2014 into morning of 5/11/2014. Sprinklers just south of the park turned on
at 1:30am for several hours (and there was noise from the sprinkler water hitting the metal fence on the
south side of the park).

The wall height is 4.3 m on the field side and 4.8 m on the road side, with an increase of 0.2 m just north
of the wall normal line due to an added row of bricks. Measured at the wall top, the wall width is
0.3140.02 m with texture <.02 m on the fascade. Measurement details are summarized in Table 3.

There are some trees in the image which were not present at time of measurements or are the shadow
of tall trees closer to the fence line (green X lines in Figure 2). An escarpment is present along the
aquifer recharge basin, both at the north (not shown in Figure 2) and south end of the field (green
dash-dot denotes top of escarpment). See Table 4 for a summary of measurement details shown in
Figure 2.

Both the wall tower and roadside DustTRAK were situated 3.5 m from the wall (to 2 m AGL sampling
volume), and the field tower is 60.8 m from the wall. Instruments were mounted on the towers so that
sampling heights were located at 2 m and 10 m AGL (precise details in Table 2). The exception being that
the upper temperature and relative humidity probe was located at 9.00 m (~29.5 ft) to avoid influencing
the 10 m sonic via a wake, being affixed to the upper tower segment mast as shown in Figure 18. The 2
m AGL sonics were placed on arms which separated the sonic from the tower to reduce wake effect,
with values summarized in Table 1.

Table 1. Summary of various measurements

tower Instrument measurement description value [m]

wall 2m sonic center of sampling volume height AGL 2.11
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wall 2m sonic center of sampling volume from tower center 1.58
field 2m sonic center of sampling volume height AGL 2.08
field 2m sonic center of sampling volume from tower center 2.08
wall 2m HygroClip sampling height 1.97
field 2m HygroClip sampling height 2.00
roadside DustTRAK configuration 2 inlet height AGL 1.98
wall DustTRAK configuration 2 inlet height AGL 1.91
wall DustTRAK config 2 inlet height AGL during tower breakdown 1.88
field DustTRAK configuration 2 inlet height AGL 2.00
field DustTRAK configuration 1 inlet heights AGL 2.00
field,wall 10m sonic power wire length 15.2
field 10m sonic data wire length 26.65
field,wall 2m sonic power wire length 7.2
field 2m sonic data wire length 19.22
wall 10m sonic data wire length 24.8
wall 2m sonic data wire length 24.5
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Summary of Meteorological Equipment:

Table 2. Basic setup with two essentially identical 10 meter tall towers, with:

- 2 ultra sonic anemometers (2 and 10 meters), wired via differential voltage method

- 2 HygroClip temperature and relative humidity Sensors (2 and 10 meters)

- 1 thermocouple for soil temperature at 2 cm depth (not deployed last minute change)
- 1 Barometer located in the weather resistant enclosure with the data logger

- 1 CR3000 data logger with the data saved to a compact flash card.

Quantity Part Description

2 “Sonic” RM Young 81000 Ultra Sonic Anemometers

1 HC2S3-L50 Rotronic HygroClip2 temperature and relative humidity
probe, 50 ft cable per probe

1 HC2S3-L80 Rotronic HygroClip2 temperature and relative humidity
probe, 80 ft cable per probe

1 CS106 Vaisala PTB110 Barometer (500 - 1100 hPa), 30 inch cable

1 CR3000-ST-SW-RC Campbell Scientific Micrologger

1 CFM100-ST-SW Campbell Scientific Compact Flash Module

1 29796-1 Power Supply 24Vdc 1.67A Output, 100-240Vac 1A Input,

1 DCDC18R 12Vdc to 18Vdc Boost Regulator

Power for the data logger and all of the equipment was provided by deep cycle marine batteries
configured to run the datalogger in a continuous manner without interruption in data collection.
Datalogger, barometer, power supply, DCDC converter, and CF module, were housed inside a Campbell
Scientific 14-16 environmental enclosure which was left on the ground adjacent to the tower.
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Table 3. Summary of measurements related to the wall height, width, and horizontal distances for
measurements from the base of the wall. The wall fascade texture appeared to be a separate material
bonded to an inner cement brick layer

Measurement Description Value [m]
wall height, park side low 4.3
wall height, park side high 4.5
wall height, road side 4.8
top brick layer vertical height 0.20
wall width at top 0.3140.02
wall fascade texture depth <.02
Distance from wall base to “wall” tower 3.5
Distance from wall base to “field” tower 61.6
Distance from wall base to “roadside” 35
DustTRAK

Table 4. Summary of measurements of field features and escarpment. Escarpment measurements
were made to be level with the field and aligned north-south with the line to the field tower. Top of
the escarpment was defined as where the slope began to change. Tree numbers refer to Figure 2.

Measurement Description Value [m]
escarpment top horizontal to fence 35
escarpment top horizontal to tree 49
escarpment top horizontal to water edge 9.6
escarpment top vertical to base of tree 1.3
escarpment top vertical to water surface 2.2
field tower to road edge along wall normal line 40.0
field tower to tree 1, and canopy radius along line 30.0,4
field tower to tree 2, and canopy radius along line 31.0,7
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Particulate/Air Quality Measurements

Prof. Anderson (at ASU), lead author of FHWA-AZ-06-495, kindly allowed us to use 3 TSI DustTRAK
aerosol monitoring instruments for measuring particulate matter concentrations segregated by size PM
1, 2.5, 10 micron inlet lowpass filters. We test their deployment in an un-calibrated state for PM10, with
the aim to use these data for future experiment proposal purposes rather than publication. Cost
estimate to calibrate is ~$500 each, with a several week turnaround time for shipping (added cost) along
with time required for TSI to perform cleaning and calibration. New instruments are between $3-5k. The
model used can only sample single channel.

Additional motivation is that FHWA-AZ-06-495 only examined a flat terrain no-wall case (seemingly the
101 site 3E), which we could extend. There seems to be no field data for settings typical of AZ with
barriers adjacent to freeways. There is a bit of literature on flow and circulation and pollution within
canyons, but seemingly for different geometries (more European "canyon") than we encounter in AZ.
There is also the Maricopa County air quality and related PM issues which such a study could contribute
toward fine scale modeling and perhaps improving emission inventory modeling, in coordination with
our already planned fine scale flow modeling, and extending by adding PM transport (e.g. see:
http://dx.doi.org/10.1063/1.4729453 but adjacent to freeway with a wall and with our planned field
measurements). The effect of noise barriers on local air quality is also a controversial issue in California,
and likely other arid regions.

Following experiment, it was noted that the timestamp for the sensors varied by about 1 minute
between all three instruments. The data were time-averaged in log mode to 5 minutes with a 10 second
time constant. It is recommended that future deployment reduce the time averaging to 60 or 30
seconds, with post-processing to 5-minutes, since the clock accuracy is within 1 minute.

Configuration 1

Since annual calibration of instruments has lapsed for several years, this configuration is designed to
examine systematic and random bias between each instrument. All three instruments were configured
at the same location, 2 m AGL on the field tower, as shown in Figure 26. We aim to analyze the
systematic and random bias of each sensor with respect to the mean of all three, which may be useful to
correct for the second configuration. Basic time series of these data are shown in Figure 12.
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Configuration 2

Subsequent days of measurement had the sensors relocated to 2 m AGL at the field and wall tower, and
on a 2 m tall pole on the roadway side of the wall, also at 3.5 m from the wall as with the wall tower,
shown in Figures 26 and 27. Placing each DustTRAK near a sonic would enable looking at dust
concentration in relation to wind speed and Reynolds stresses, to see if PM accumulates in the lee of the
wall until a gust passes. Locations are summarized in Table 1. Also of interest is how concentrations
change when wind is parallel to the wall.

Shown in Figure 13 and 14 are quick figures made with matlab and TSI TrakPro software, respectively.
These figures show 5-minute averaged PM10 values (10 sec sampling time constant) for configuration 2.
In Figure 14, inlet at 2 m AGL for “roadside” (top figure, at 3.5 m from wall on traffic side, xeric trees,
leaf litter and gravel, DustTRAK “DT1”), “near wall” (middle figure, at 3.5 m from wall on field side, xeric
bushes, gravel, DustTRAK “DT2”), and “field” (bottom figure, 60.8 m from wall, mesic grass, daily
irrigation suspended during study period, DustTRAK “DT3”). Each test denotes changing of batteries,
cleaning, and re-zeroing instrument when needed.

Instrument timestamp was checked again after the experiment and were found to vary from local
standard time by: DT1 + ~10 sec, DT2 + ~45 sec, DT3 + ~60 sec. For future deployment it is suggested to
average to 30 or 60 sec in situ, despite concerns with sample noise, and to post process to desired (5
minute) value. Doing so would enable to account for some of the time error. This issue arises because
only the time can be set only as precise as the minute, but investigating the output file, the internal
processor does track seconds.

Preliminary figures showing observed data and 1-minute time-average

Time series of 1-minute averaged meteorological variables

For all of the following figures, the blue points are raw observations at sensor sampling rate and the black curves
denote the 1-minute time-averaged values in the accompanying data file. Note that LaTeX rendering was turned
on for the ordinate axis label so an “_" caused the following letter to become a subscript. Also, the scales are not
coordinated between each panel - these figures are intended to give a quick overview of the data. The abscissa is
local MST=UTC-7 time in all cases. There were some connection issues which produced erroneous data during the
first 4 minutes of collection from the hygrometer 1 Hz wall tower sensors for both 2 m and 10 m, these data have
been excluded from the following figures.
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Figure 3. Virtual potential temperature measured by the sonic anemometer located at 10 m AGL field
tower (top), 10 m AGL wall tower (second row), 2 m AGL field tower (third row), and 2 m AGL wall
tower (bottom). Blue points are 20 Hz observations, black line is 1 minute time-average. Note that
vertical scales are all different
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Same as for Figure 3 but for sonic u velocity component (u>0 is east)
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Figure 5. Same as for Figure 3 but for sonic v velocity component (v>0 is north).
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Figure 9. Barometric pressure sampled at 1 Hz (blue), averaged to 1 minute (black), for field tower
(top) and wall tower (bottom).
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Figure 11. Same as for Figure 3 but for horizontal wind direction in degrees (0 deg is east, 90 deg is
north) and just showing 1-minute averaged values. Note that the wall is approximately 9 degrees east
of north, so desired incident wind direction perpendicular to wall from the road direction would be
near -9 deg. The many vertical lines are typically due to wind direction near +/- 180 degrees and
points being connected with lines.
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PM,, observations, configuration 1
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Figure 12. PM,, observations for configuration 1, co-located at 2 m AGL on field tower, for DustTRAK
DT1 (red), DT2 (blue), and DT3 (green).
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PM, observations, configuration 2
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Figure 13. Observations of PM;, for configuration 2 for the DustTRAK sensor positioned 2 m AGL and
roadside (red, DT1), on the wall tower (blue, DT2), and field tower (green, DT3).
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Figure 14. Quick figures made with TSI TrakPro software, viewing 5-minute averaged PM10 values (10
sec sampling time constant) for configuration 2: inlet at 2 m AGL for “roadside” (top figure, at 3.5 m
from wall on traffic side, xeric trees, leaf litter and gravel, DustTRAK ID1), “near wall” (middle figure,
at 3.5 m from wall on field side, xeric bushes, gravel, DustTRAK ID2), and “field” (bottom figure, 60.8
m from wall, mesic grass, daily irrigation suspended during study period, DustTRAK ID3). Each test
denotes changing of batteries, cleaning, and recalibrating/zeroing instrument when needed.

Photographs of experimental setup

Higher resolution .jpg images are available in an attached folder, including many images not shown in
this document. Note that aspect ratio was not always preserved when including images.
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Figure 15. Images of equipment being assembled in the middle of the field. Both with a similar view
atop a tripod looking toward northwest.
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Figure 16. Images of (top) panoramic near southwest corner looking north with towers and
microphone stands in place; (bottom left) along wall showing detail of wall texture and microphone
above wall top, taken from intersection of tower line and wall looking north; (bottom right) same as
bottom left but looking east into the field, wall tower is in the foreground.
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Figure 17. Images of various equipment: (top left) wall twer data logger box; (top right) microphone
equipment on field tripod; (bottom left) partial apparatus for mounting and taking On-Board Sound
Intensity measurements; (bottom right) more acoustics equipment.
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Figure 18. Images of various equipment: (top left) TSI DustTRAK; (top right) microphone; (bottom)
detail showing mounting of 10 m sonic and “10 m” hygroclip which is at the top of the 3rd 10 ft tower
section to reduce possible wake from the radiation shield (bottom left) on ground when disassembling
(bottom right) on field tower during the observation period.
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Figure 19. Images taken from between field tower and wall tower (top) looking west at wall tower
(bottom) looking east toward field tower.




Figure 20. Images of field looking southwest from northeast corner of the field.




Figure 21. Image of field looking west towardthe wall, from a position south o here te iages
shown in Figure 18 were taken, which is just out of the view on the right of this image.
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Figr 22. Neary 170 degre horizontal fied of view panoramic images of the field from north of the
microphone line looking south (top two), and from under the shade tree progressing from being
centered toward the south, southeast, and east (bottom three).
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Figure 23. Panoramic images from various locations and angles: (top two) east of field tower with
view centered near west into the field and toward the wall; (third and fourth row) looking toward
north and south, respectively, closer to the wall; (bottom) looking south toward field near sunset.
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Figure 24. Panoramic images of (top two) field looking suth, and (third row) nar wall centered near
west; (bottom left) looking west toward wall tower in background with field tower in foreground left;
(bottom right) compass view of field tower looking due east.
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Figure 25. Images of some personnel and visitors to the site.
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Figure 26. Images of D tTRA cdnfiguration 1 field tower (top left), and configuration 2 for the: field
tower (top right) wall tower (bottom left) and wall tower during disassembly of wall tower (bottom
right).
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Figure 28. Images of nar the wall looking southtop) ad Iookin south towar southern aqwfe
recharge pond showing sloping terrain adjacent to 79th Ave on left of image.
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Figure 29. Images of field tower. The blue Id-up chair was positioed due east of wall tower and due
north of field tower, and is used in several images to indicate cardinal direction.




Figure 30. Image of additional wind profile measuring apparatus.
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APPENDIX E: ACOUSTIC SCALE MODEL STUDY

I. Introduction

Traffic noise barners are widely used to reduce exposure to traffic nose in neighbouring
residential areas. In the presence of a barner, the noise at a receiver location on the
opposite side of the barrier from a source 1= due to two sound pathways: the transmitted
pathway through the barrier and the diffracted waves emanating from the top of a barrier.
Barners are usually built with solid matenals that should effectively block direct sound
propagation. However, it 15 known that poorly fitted panels and other defects can lead to
sound leaks that significantly reduce barrier performance in the field!. Such
construction-related performance 1ssues and the transmitted pathway are not considered
this paper. A sohd barrer’s performance 15 thus imited by the diffracted sound whaich 1=
highly dependent on (1) source frequency, (1) relative source and recerver positions and (m)
the barrier top geometry®.

The simplest way to improve barrer performance at a given receiver location 1s to
increase 1ts height. However, aesthetic problems, as well as cost and safety 1ssues usually
prevent the transportation authorities from inecreasing the height of barners above a
certain limit*. Since different barrier top geometries modify the diffracted waves, various
barrer shapes have been mvestigated 1n an attempt to achieve the same performance as a
higher vertical screen . By finding an improved barmer top design it may be possible to
keep the same barrer performance with a reduced barner height.

In recent decades, numerous modifications to barner design have been proposed to
improve barrer performance and there are now a number of different designs of barrier top
used 1n practice. For imstance, in Japan alone there are approsxamately 20 types of devices
that modify the edge shape of the nose barner and are distributed as commereial
products®®. Shapes of different barrier tops have included T-shaped, L-shaped, Y-shaped,

as well as arrow, cylindrical, multiple and random edge configurations.
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Dhifferent methods are used to study top-modified barriers. They mnclude field and
large scale measurements, theoretical /numerical simulations and scaled laboratory
experiments. Field measurements are complicated, expensive, have poorly controlled
background conditions and are usually difficult to repeat®7, while large scale experiments
require huge anechoic laboratories which are expensive to build and run. The maimn
problem i three-dimensional simulations 1 the long caleulation time, especially for
barners with complhicated tops and so, often, the calculations are carred out using a
two-dimensional model. Two-dimensional boundary element methods have been used to
estimate the msertion loss of nose barriers. Numerical models have been developed to
calculate barner efficiency, to assess the acoustic performance of a range of barrer designs
and for optimization of the acoustic performance of barriers®*!?, Finite-element methods
are also used to calculate the insertion loss of different noise barrier designs'!. The
computational cost for these two-dimensional numencal simulations 1= not sigmficant but
the cost increases sigmficantly for fully three-dimensional calculations and for higher
frequencies. The calculation time depends also on some other parameters, e.g. the chosen
frequency range!%13,

While some of the difficulties in conducting field experiments have been addressed by
the new European procedure EN 1793-4:2015 (previously CEN/TS 1793-4)* an
experimental method in which scaled experiments are used offers an attractive
alternative '8 The main idea of this approach is based on the invariance of the sound
gpeed 1n air for similar field and laboratory conditions. This allows a scaled model of the
barrier to mimic the performance of a real traffic barner, when the frequency band of the
laboratory sound source 1s increased by the same factor relative to typical frequency band
of traffic noise. The scaling 15 straightforward if any surfaces reacting with the measured

sound are rigid, otherwise the impedance of the surfaces must also be scaled. The scaled
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approach 15 readily adopted 1n the present commumcation as we focus purely on the
optimal diffractive properties of various barner top geometries, which are assumed to be
rgid throughout.

The main purpose of this present work 15 to develop a unmiversal methodology for
obtaiming the diffractive characteristics of different top barner designs and, by comparison,
identify geometnes that may have performance advantages over traditional thin screen
barners. Our proposed method 1s to use scaled laboratory experiments and an impulsive
point sound source. If the duration of the sound pulse 1= sufficiently short, the primary
signal that takes the shortest most direct route diffracts above barrier and arrives at the
recelver much earlier than any secondary signal that has been reflected or diffracted by the
surroundings. These latter signals are easily separated from the pnimary signal infomation
and only the information from the primary signal 15 analysed. Such an approach eliminates
the need to build an expensive acoustic anechoic chamber for expeniments, thus paving a
new avenue for conducting acoustic experiments in the laboratory. The apparatus 1z placed
in the laboratory on a dense, thick wood table that serves as the ground plane. The typical
frequency range of the sound source (1-30 kHz) 15 10 times the typical frequency range of
traffic nowse (100-3000 Hz). Thus the experiments can be considered as 1:10 scaled
experiments of a real traffic nose barrier top.

The barners top designs considered i this paper can be divided into two groups: (1)
barners with homogeneous tops that maintain the same height and geometry along the
entire barrier length and (1) barners with heterogeneous tops that have variable height and
geometry along the barner length. Typical examples of homogenous tops include a thin
vertical screen and T-shape tops. Typical examples of heterogeneous tops are so-called
jagged tops which have a regular or random vanation of height and geometry. Naturally,

the acoustic diffractive characteristics of the homogeneous barner tops remain uniform
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along the barrier, while for heterogeneous barrers 1t changes along the barrier and this

complicates the measurements and interpretation (see below).
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Figure 1: Experimental schematic and instruments.1 - large solid wood table, 2 - vertical
wooden barmer, 3 - removable aluminum top attached to the barrier, 4 - impulsive sound
source fixed to support 5, 6 - high voltage source for main electrodes, 7 - high voltage source
for trigger electrode, 8 - microphone with preamphfier fixed under grazing angle to support
9, 10 - microphone conditioning amplhifier, 11 - 100 MHz digital storage oscilloscope, 12 -

computer with LabVIEW software.

II. Experimental set-up and method

A, Experimental schematic and instrumentation

Experiments were conducted in a laboratory m air at room temperature; see Fig. 1 for a
schematic. The experimental apparatus consists of: (1) a large sohid wooden table, (2) a

vertical wooden barrer (2.5cm ® 680cm x 120cm) with (3) removable aluminum plates
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(0.15cm % 15em % 120cm ) with different top geometries, (4) an impulsive sound source fixed
to a support (5], (6) a hgh voltage source for the main electrodes, (7) a high voltage source
for the tnigger electrode, (8) a Bruel & Kjeer (type 4939-A-011) 1/4" free-field microphone
with preamplifier 2670 and TEDS fixed below the grazing angle to support (9), (10} a
Briel & Kjer (type 2690-A-0S1) microphone conditioning amplifier, (11) a Tektronix (type
2230) 100 MHz digital storage oscilloscope, (12) a computer with LabVIEW software to
analyze and store the measured signals. After each experiment the measured signals were

post processed using the custom buillt MATLAB software described mm appendix A,
B. Laboratory sound source

In experiments related to scaled acoustic modehng, different methods are used to model an
impulsive point source with a short spherical acoustic wave of high intensity. Gun shots,
the discharge of shot-shell primers, ultrasonic air-jet whistles, very powerful impulse lasers
and spark dischargers have all been used to produce short N-shaped spherical sound
waves TS0 The most popular method to generate an N-shaped sound wave is to use
a spark discharger and there are a number of descriptions of different spark dischargers in
the hterature. These descriptions, however, are only schematics that omit the important
details required to build such a device™?*, As a consequence, we designed and constructed
our own device taking into account the following main requirements: relative simplieity,
short duration, small size, ommdirectionality and most importantly - high stability. To
satisfy these requirements and by taking into account that two-electrode devices are
tvpically not stable, a three-electrode triggered spark discharger was bwlt, as shown in Fig
2,

The electrodes are made from tungsten rods with pointed ends. Two main electrodes
{diameter 0.3 cm) and a third triggering electrode (diameter .15 cm) are fixed to three

bronze holders (diameter 0.5 cm, length 15 cm) on a plastic support and attached to a
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Figure 2: The sound source: {a) — three spark discharger electrodes on bronze supports are

shown, the central smaller trigger electrode is between two main electrodes; (b) — a small
trigger spark between trigger (central) and two main electrodes; (c) the main single spark
between two main electrodes; (d) - two and (e) - four sparks at one exposure. Good spark
repeatability 1s obvious. In this example the electrode gap i1s 0.3 ecm and a high voltage 3

kV is used.
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tripod. The gap between main electrodes (0.0-1.00 cm), as well as the position of trigger
electrode, can be adjusted.

The sparks were generated by first applyving a high voltage (3-5 kV depending on the
gap) between the two main electrodes. This voltage was produced by a vanable six stage
Cockeroft-Walton voltage multiplier circuit and was kept lower than the breakdown voltage
of the gap. After that, a short impulse of smaller voltage (1-2 kV depending on the trigger
electrode position) was apphed to the third tngger electrode placed between two main
electrodes to provide an mmitial 1omzation of the air necessary to cause the spark breakdown
and subsequent discharge of the capacitors in the voltage multipher. After the spark was
discharged, the capacitors were recharged and after a short time the next spark was able to
be generated. Voltage measurements were made with a high-voltage probe (1000:1) placed
on the high-voltage electrodes and showed high stability (£0.03% variability) with time
(see appendix B for further details).

The most important sound source characteristics are: (1) repeatability of sound wave
duration and mtensity, and (1) approximate ommdirectionality at the very least. These
properties were confirmed for our spark discharger by our measurements. Test
measurements were made for two microphone orientations - normal to the sound wave front
and at grazing angle. Comparson showed that although the microphone sensitivity 1s
higher 1n the normal position, its transitional characteristics and ommdirectionality are
improved when in the grazing position. This 15 1n agreement with available data and 1s
related to the specific construction of condenser microphones. In addition, the microphone
safety grid generates a diffracted signal that contaminates the measured signal in the
normal microphone position. Taking this into account, the grazing position was chosen as
the primary microphone position mn all measurements.

Typical traces of the recorded pressure P(t) (measured in Pascals) as a function of
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time, ¢, for the grazing microphone position are given in Fig. 3(a). These data were
obtained with an interval between traces of about 1 min in the absence of a barrer (the
free, F, signal) at a distance of % cm between the microphone and sound source. All seven
signals recorded practically collapse onto a single curve and thus very good short-time
stability and trigger synchromzation are observed. The long-time stability was also
satisfactory. After hundreds of sparks the signals remain practically indistinguishable from
the data shown i Fig. 3 and no electrode cleaning was necessary.

The data for free signal shown mm Fig. 3(a) gives an estimate of T' = 60us for the
typical signal duration and thus the dominant frequency 15 determined as
fo=1/T == 1TkHz. At normal atmospheric conditions this gives an estimate of L = 2em
for the typical wave length, which may be used as a characteristic length scale.e.g., for the
lateral vanations in the jagged barrier top profiles (see below). The distance between the
main electrodes (0.3 cm) 15 much less than L and so the sound source can be regarded as a
pomt source at the typical distances of about 60-90 cm which were used between the
microphone and sound source in our experiments. The azimuthal distribution of the sound
intensity for the grazing microphone position 1s shown in Fig. 3(b) and the distnbution

appears to be approximately ommdirectional.

122



60
1
w| el
T=60 us st
2 | s
b
= : ‘
o aep ex az\ am a3 a3s
o 2
*b
80
t(ms)
6=0
(b) $
o'c
o 1-@ >
os
° 0s >
-, o4
0.2 9 S
o 0= > -2
o -
o -
| -
- -

Figure 3: (a) the sound pressure, P(t), in the absence of barrier (free, F, signal) as a function
of time, t, for grazing microphone position at a distance of 90 em between the microphone
and sound source. Seven records are shown (see legend). In this example, the electrode gap is
0.3 cm and the high voltage 1s 3 kV. The typical signal duration 1s T = 60us. (b) normalized
azimuthal distributions of the maximum positive (1) and negative (2) sound pressure for the
grazing microphone position. Direction # = 0 1s shown by the arrow, and main electrodes

are shown by two small circles near the arrow.
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Figure 4: (a) The barrer top geometries used in the experiments: thin vertical screen (S),
Jagged regular (RG), jagged random (RN), T-shape (T), L-shape extending away from the
sound source (LD), L-shape extending towards sound source (LU). The source is located
to the right of the barrier and the microphone is to the left; (b) the jagged regular barrier
top lateral profile (RG); (c) the jagged random (RN) barrer top lateral profile. All other
geometries (S), (T), (LD) and (LU) simply coincide with the line 2 = 0.
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C. Measurements procedure

In experiments, the large solid wooden table (5em x 150em x 450cm) served as the ground.
A vertical barrer was fixed ngidly to the table and various removable aluminum tops, all
of which could be moved accurately along the barrier, were attached to the barner. Six
different tops were used mn this study as shown m Fig. 4: a thin vertical screen with a
straight top (S), jagged regular (R(G), jageed random (RN), T-shape (T, L-shape down
(LD} extending away from the source, and L-shape up (LU} extending towards the source.
All tops were made from aluminum and were considered to be acoustically ngid and
non-absorbing,

For the jagged regular geometry (RG) a system of identical tnangles with equal
hornzontal, Az, and vertical, Az, spacing was used; the jagged random geometry (RN}, on
the other hand, had a piecewise profile with fixed horizontal spacing, Ax, but with a
randomly generated vertical spacing of mean value Az, These geometries are shown m Fig.
4(b) and 4(c) respectively. The choice of spacing, 2 cm, was dictated by the charactenstic
wave length of the sound source. For L-shape and T-shape profiles, one or two aluminum
5 x5 em L-shape corners were attached to the vertical aluminum plate. Hence, the T-shape
top had a 10 cm long horizontal section and each L-shape top had a 5em long horzontal
section. The mean vertical top position (set at z = () was 1dentical for all top profiles.

The microphone and sound source positions relative to the barrier are shown i Fig.
5. In experiments the distance [ from the barrer top (30 or 45 cm) was fixed, but angles,
s and #yy, were vaned. For the microphone four different angles were used, fyy = 0°, 15°,
307, 457, and two different angles were used for the sound source, 85 = 157, 30°. Thus, for
each of the six top geometnes (5, T, LU, LD, RG, RN} shown n Fig. 4 and for one set
with the free (F) signal (no barrier), eight sets of experiments with different #g and fyy

values were conducted at two values of distance R; thus, in total, 7 x 8 x 2 = 112
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experiments were performed. All measurements were made with the vertical plane passing
through both the microphone and sound source lying normal to the barner. For
convemence, the notation S——M——R—— 15 used below for the various source-microphone
positions. For example, S15MO0R30, means that 85 = 15°, #y = 07 and H = 30cm.

In expennments where the top geometry did not vary along the barner {homogeneous
tops), three measurements at each microphone-source position were made and averaged
data were used for processing. In expenments using RG and BN, where the top geometry
varied along the barner, a set of measurements performed at different barner locations was
conducted by shding the alumimum top along the upper part of the wooden barrier
between recordings. A fine ruler permitted us to measure accurately the change in barner
position T between recordings as shown in Fig. 4(b) and 4(c). Overall for RG and RN,
seventeen measurements were made at © = 0, £0.5, £1.0, ... £4.0 cm for each top.

The experiments were conducted as follows. The microphone and sound source were
fixed at a selected position as m Fig. 5. Firstly, the free (F) direct signal {with no barrier)
was measured three times to check repeatability. After that, the barner was mstalled with
the microphone and sound source remaining in the same positions, although the
microphone was shightly corrected to the new grazing angle relative to the barner top.
Then, different removable aluminum tops were attached to the barrer: thin vertical screen
(S), T-shape (T}, L-shape up (LU), L-shape down (LD), jagged regular (R} and then
jageged random (HN) tops were used 1n succession and the data on the diffracted signals
were obtained.

As schematically shown n Fig. 1, the free signal or diffracted signal from the barner
top arrives at the microphone with preamplifier and goes to the conditioning amphfier with
variable amplification and frequency window 0.1-10° Hz. The typical signal amplitude is of
the order of 3-6 V. This signal 18 displayed on the 100 MHz digital storage oscilloscope
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sereen and digitized at a selected frequency. In all measurements this frequency was set to
fs = 2 MHz, which enabled 4000 data points to be stored with the time interval
At = 0.5ps. To omt the secondary diffracted /reflected signals that arnive at later times
(t = 1.bms) reflected from the barner sides, ground and room celhng/walls, only the first
Np = 3000 data points were used.

A series of sixteen experiments with different sound source-microphone positions (see
Fig. 5) were conducted. For each position the following set of 7 experiments was made: (1)
- free signal (F) was measured 3 times; (1) - diffracted signal from homogeneous tops (5, T,
LU, LD) was measured 3 times, (i) - diffracted signal from jagged tops (RG, EN) was
measured 17 times at different x-positions, as explained above. After visual analysis, the
digital data from the oscilloscope memory were transported to the computer with

LabVIEW software and stored in separate files.

Figure 5 Schematic showing microphone, M, sound source, S, and angles, #yy and #g,
relative to the horizontal line passing through the ongin, O, which coincides with the top of

the barrier. The microphone and the sound source are at the same distance, K = 30 or 45

cm, from the orgin and the angles used are: #g = 157, 307, 8y = 07, 157, 307, 45°,
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D. Post-processing procedure

After each experiment, the measured sound pressure signals stored by the LabVIEW
software were post processed using custom-bult MATLAE software (see Appendix A).
Methods of spectral analysis were used in the data processing. First, the pressure frequency
gpectra were calculated from the imtial sound pressure data. After that, additional
functions were used to calculate insertion losses for different tops as functions of the
frequency and of the source and microphone positions. Using the insertion loss functions,
the results were rescaled to spatial dimensions comparable to a full-size noise barner and
frequencies were rescaled to values typical for trafhic noise sources. Single number ratings of
the trafhe barner performance were then caleulated and directivity diagrams obtained.
Two different methods were used to calculate the frequency spectra, namely, a
standard fast Fourier transform (FFT) and a 1/3rd octave filter. In the FFT method, to
improve the resolution, the spectral window width was reduced by using standard zero
padding and thus an additional 17000 points were added to the original Ny = 3000 data
pomts; thus, in total, Ny = 20000 pomnts were used in the FFT caleulations. For the
spectral window width this yelds the estimate Af = fg/Np = 100Hz, which remains
constant across the entire frequency band. Calculations were made only 1n the frequency
range 600-50000 Hz which are the scaled frequencies relevant for traffic noise. In the 1/3rd
octave filter method we used a spectral filter developed by Couvreur®®, which was modified
to cover a higher frequency band (up to 80 kHz). Calculations of msertion losses were
made with standard central frequencies in the range 630-50000 Hz and the window width
increasing with frequency. Note that the calculation here 1s not the same as averaging the
FFT calculations over 1/3rd octave windows. Instead, a completely different direct filter
method was nsed and the results obtained by standard FFT with a constant window width

and the 1/3 Octave filter are compared below.
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In the FFT method, first, the complex frequency spectrum of the sound pressure 1=
caleulated and the spectral density amplitude S{ f) is then determined by the magnitude of
this frequency spectrum, where f = 600, 700, 2800, ..., 50000 Hz. In the 1/3rd octave filter
method the spectral density amplitude S{ f) 1s calculated directly at the standard 1/3rd
octave central frequencies f = 630, 800, 1000, ..., 50000 He.

Using the spectral density amplitudes, the values of the mnsertion loss functions may

be caleulated as
IL(f) = 10logq |So(f)/S(f)I, (1)

where S5j 15 the spectral density amphtude of the free (F) signal and 5{f) 15 the spectral
density amphtude obtammed when one of the barner types 1s positioned between the source
and microphone. Note that the defimtion of insertion loss gives the relative sound
attenuations for different frequencies and these attenuations do not depend directly on the
characteristics of the sound source used mn the experiment. This permits the use of short
sound pulses i testing barrier performance alone as mentioned in the introduction.
Because the sound pressure of the diffracted signal 15 a function of many parameters,

the spectral density amplitude and insertion loss are also functions of those parameters.
Thus,
IL = I1L(f, R, f8s,0pm, A, x), (2)

where R, fg, fjy describe the source and microphone positions, A 1s the barner top type
(8, T.LD, LU, etc.) and r 15 the dependence on the lateral barrer position for the
non-homogeneous tops RG and RN. In this way, insertion losses for the different barner
top geometries can be calculated and their performance compared.

Naturally, the main purpose of such scaled expeniments 15 to measure the actual
inzertion loss functions for full size nowse barriers. If the typical sound source frequency in

the experiments 18 N times the frequency of the traffic nose (1n our case N = 10, see
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below), the experiments can be considered as a 1 : NV scaled expermments. The frequency of
the laboratory measured insertion loss function 1s simply rescaled from the laboratory
frequency f to the traffic noise frequency as F' = f/N. Then, using the rescaled insertion
loss function and proper estimates for the free traffic nose spectrum, the characteristics of
the diffracted traffic noise behind a barner with a rescaled length scale can be estimated.
In particular, a single number rating for the traffic barner performance can be estimated

and the directivity diagrams obtained for different barner tops.
II1I. Dhaffraction theory

The msertion loss function for the simplest case of the thin vertical screen straight top
barner can be parametenzed in terms of the Fresnel number, Fy. This number 15 the most
important dimensionless parameter affecting the diffracted signal 1n the considered

geometry (Fig. 5) and can be defined for our case as

p (1 [ ) o () ®

where (' is the ambient speed of sound. Based on the experiments reported by Maekawa®,

the following empinical parameterization for the insertion loss {in dB) of vertical thin
screens 1s proposed 2527

IL = ap + 20logyg —4——2 V2T (4)

tanh /27 Fy

where ag 1s an empirical constant. Maekawa's estimate (4) for a thin vertical screen 1s
shown as a dotted line in some plots of msertion loss presented 1 Section V.

A more accurate validation of the experimental results obtained in the laboratory 1s to
compare the measured msertion losses obtamned for each 1/3rd octave frequency band to
those obtained using the so-called geometneal theory of diffraction. The analytical solution

adopted for this purpose is that of wave diffraction by a wedge®®®. We adopt the input
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parameters as shown in Fig. 5. Unlike other msertion loss calculations for noise
harriers®™3! | here we only take into consideration the primary signal from the shortest ray
of distance 2H. The contnibutions of all other possible rays that are reflected at least once
off the ground or off some other object are 1gnored. This assumption s vahd given the
shortness of the mncident pulse as discussed in the previous section. For a pont source of
frequency f 1n a non- refracting atmosphere of constant sound speed O, the pressure field

measured at the microphone situated behind a thin vertical screen 1s

o etim/d A 2kR 05—y A kR . O+ 8y etiklR ,
Peic = 5 |0\ V= %\ T2 B A or > )
where k = 2x f/C and the function Ap(X) governing the diffraction behaviour® can be
wrnitten as the mtegral
1 e e du
Ap(X) = — 6
o) - —= [ ©)

- [xm — pin/d -u] '
For calculation purposes, it is more convenient to express Ap(X) in terms of the auxiliary
Fresnel functions, f(X) and g(X) (Abramowitz and Stegun 1964, p300, eqns 7.3.5 and
7.3.6), as follows:

Ap(X) = sgn(X) [f(|X]) —ig(| X])], (7)
Plots and asymptotes of the functions f(X) and g(X) can be found in Pierce®, which
demonstrate their most important properties that f{0) = g(0) = 1/2, f'(X), ¢'(X) < 0 for
X = 0and f(X) ~ (7X)" and g(X) ~ 72X =2 for large X; practically, these asymptotes
are accurate so long as X is larger than 2. The theoretically obtained insertion loss for our

thin vertical screen straight top (S) can now be denved analytically as

ILin (05,00, f. R, C) =

20 |Dg1[{ yeorllst ) lAD( Y cos (ES - E”))HD( X in (95 Eg”))]

(8)

131



We note here that the important response of msertion loss to distance K, sound speed C
and frequency f only appears as the product fR/C, confirming the ability of our scaled lab
experiments to reproduce the effect of a full mize non-absorbing barner. The consequence
also highlights the fact that increasing the distance of the microphone and pomt source
from the top of the barner by some factor achieves an equivalent increase in nsertion loss
that would occur by increasing the frequency of the point source by the same factor.

The same analytical theory can also be applied to the other homogeneous tops (T, LD
and LU) by adopting the theory of double-edge diffraction over multiple wedges and, 1n
this paper, the theoretical inzertion loss for the T-top 18 calculated using Eqs. (20) to (25)
of Pierce ™ where 5 and 31, are set to 27 for the T-top. These theoretical insertion loss
functions are compared directly in Section V. to the results obtained from our laboratory

experiments.
IV. Results of selected experiments and general sound characteristics

In this section we consider some results from the laboratory measurements. Imitially, we
present the results obtained in a set of experiments conducted with the geometry
SIOMOOR30 (see Fig. 5). Typical free and diffracted sound pressure signals as well as their
spectra and msertion loss functions are presented. We consider first experimental data for
the homogeneous barrier tops (S, T, UL, UD) and compare them to the case of the free
signal (F). After that similar data for the heterogeneous jagged tops (RG, RN) are
considered. In both cases the results obtained by using both Founer analysis and a 1/3rd

Octave filter are presented and compared.

132



(a)

—rme 112
— 411420, 222 0 |
B52-11-20,323 nm H

5 8

Ll

'

'

L

'

'

'
———

‘

L

'

1
SN SRS

PR

—, L1420

— 1120, 2 e
Ay | ——Ew 122

U
N 2itel shaiad bRl

B L
3

pemsndannn
.

»
-
“n
L

Figure 6: (a) A succession of three recordings of the sound pressure signal, P(t), as a function
of time, ¢, for three free (F) signals (see the legend) in the S30M0O0OR30 configuration. All
three signals practically coincide, and resemble the so called N-wave with a weak tail. (b)
spectral density amplitude, S(f), as a function of frequency, f, for the three free (F) signals.

As can be seen, all three spectra also practically coincide. The arrow shows the dominant

frequency, which was estimated from the data to be fy = 17kHz.
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A. Free signal (F)

Three recordings of pressure, P(t), measured at the microphone as a function of time, ¢, for
three free (F) signals are shown in Fig. 6(a). All three signals practically coincide, and
resemble the so-called N-wave with a weak tail; this 15 a profile that 15 typically used in
acoustics to model explosions. The main signal excursion 1z about 80 Pa and its duration 15
about 60us, suggesting an estimate of fy = 17kHz for the charactenstic frequency. Three
frequency spectra, calculated using a fast Founer transform (FFT) on the three signals
shown in Fig. 6(a), are shown in Fig. 6(b). The estimated charactenistic frequency 1s
shown here by the arrow and hes close to the frequency of the spectral maximum. The
dominant frequencies of the signal are an order of magnitude higher than the dominant
frequencies of typical traffic noise!®*2. Thus, in our experiments the scaling factor'® of 1:10
seems appropriate. The spectrum obtained from an average of the pressure recordings
taken for the free (F) case 15 used below to calculate the barner insertion losses as

functions of frequency.
B. Homogeneous tops (S, T, LU, L)

The spectral density of the mean diffracted signal for the barners with homogeneous tops
in the configuration SAMODR30 are shown in Fig. 7. For the thin vertical screen (S), the
max amplitude of the recorded diffracted signal 15 about 15 Pa, which 1z approsamately six
times less than the free (F) signal measured with no barrer (Fig. 6). In addition, the
spectral maximum amplitude for diffracted signal for the thin vertical screen (S) top 1s 4
kHz lower compared to the recorded free (F) signal. The spectrum of the mean diffracted
signal for the T-shape ('T') top 18 shown i Fig. 7(b). The signal 15 not only sigmficantly
reduced in amphtude compare to the thin vertical screen, but a noticeable secondary
N-wave 1z present in the pressure recording. The secondary N-wave 15 shifted compare to

the main one by approximately (0.25ms, which results in the charactenistic harmomes of the
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main frequency 1/(0.25 ms)=4 kHz that can be observed in the spectrum.

For further comparison, the spectra of the mean diffracted sound signals for the
L-shape tops extending towards the source (LU) and away from the source (LD) are shown
i Figs. T(c) and (d) respectively. The spectrum for the LU top is qualitatively very similar
to the spectrum shown in Fig. 7(b) for the T top. More detaled analysis shows that the
LU top pressure data, for signal as well as for spectrum, are somewhat higher than similar
data for the T top. On the other hand, the spectrum for the LD top is qualitatively very
similar to that of the thin vertical sereen (5) top mm Fig. 7(a). These similarities are hikely
to be caused by the fact that, in the case shown, the microphone 15 located at the same
height as the barner top (#p = 0) and =o the main diffractive effect arses from the shape of
the edge facing the source.

C. Heterogeneous tops (RG, RN)

In contrast to the diffracted signals from the homogeneous tops, the diffracted signals from
the heterogeneous (jagged) tops depend strongly on the along-barner position. As
mentioned above, the diffracted signals from the heterogeneous tops, which include jagged
regular (RG) and jagged random (RN) top geometries, were measured at 17 different
lateral positions for each heterogeneous top. Strong amplitude and phase vanability of
signals (as well as the resulting spectra) 1s apparent from the pressure recordings P(t) at
each lateral position (not shown). These signals not only have different amplitudes of the
leading N-waves, but positions of the following local extrema are also different. However,
taking into account that the typical length scale of the barner top variation 1s relatively
small, in practice, compared to the distance from the barrer top to the source and
microphone, the exact sound characteristics at specific locations relative to the along-top
coordinate are not very mmportant. Of more practical interest 1s the averaged, over this

relatively small length scale, sound charactenstics. As the averaging of all recorded
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Figure 8: Spectrum density amplitudes for the mean diffracted pressure signal for (a) the
on 17 measurements at different lateral positions as described in the text. The sohd arrow
shows the estimated characteristic frequency of the free (F) signal and the dash arrow shows

RG jagged regular barrier top and (b) the RN jagged random barrier top. The mean 1s based

the approximate position of the spectral maximum in each case.



pressure signals masks the individual frequency content and spectrum, mstead, for each
pressure signal the corresponding spectrum was calculated and an average of the 17 spectra
was calculated for RG and KN barrer tops. These average spectra are shown i Fig. 8. In
both cases, RG and RN, the approximate spectral maximum amphtude 15 approximately
12 kHz lower than the estimated characterstic frequency fy of the free (F) signal. From
the preliminary analysis above, the following hierarchy of the mereasing barrier top
efficiency may be expected: S, LD, LU, T for homogeneous tops and RG, RN for jagged

tops. More accurate estimates are given below.

V. Barrier efficiency
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Figure 9 Symbols - Insertion losses caleulated from 1/3rd-octave lab expenimental data
for a thin vertical barrier with a straight top (S) for four cases with different microphone
positions. Hed Lines - Insertion losses caleulated from the analytical expression (8) using

geometrical theory of diffraction.
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A. Insertion loss functions for different tops

Using the spectral density amphitudes, obtamned for the free and for the diffracted signals,
insertion losses were calculated using (1) and typical insertion losses as functions of
frequency for different top geometries are discussed briefly below. To validate our
laboratory results, a plot of the msertion losses calculated from laboratory measurements
for the S type barner top lab versus the analytical expression given in (8) 15 shown mn Fig.
9: the agreement 1= very good.

As a further example of the data obtamned, msertion loss, L, as a function of
laboratory frequency, f. for all the laterally homogeneous barners (5T, LU and L)
relative to the free signal (F) for the configuration S30MO0R30 15 shown in Fig. 10. The
results obtained from FFT calculations are shown in the top graph whereas the results of
the 1/3rd octave filter calculations are shown on the bottom graph. Some vanability in the
FFT data at high frequencies 1= related to the constant spectral window width, 100Hz,
which becomes small at high frequencies and the resulting ‘noise’ 18 noticeable. In the
1/3rd octave filter calculations the window width 18 proportional to the central filter
frequency and increases with the frequency and, thus, there 1= no such neise. Despite this,
both FFT and 1/3rd octave filter calculations remain satisfactorily in agreement with
important details including numerous local maximums and mimmums lying within £2 dB
at similar frequencies.

To compare with theory, the thick dotted line in Fig. 10 shows Maekawa's estimate
(4) and the two thin sohd lines in the same figure show the predictions from the
geometrical theory of diffraction for a thin vertical screen and a T-top shaped barrier. A=
observed i Fig. 9. the agreement of both FFT and 1/3rd octave filter calculations for the
thin screen S-type barner with the geometneal theory of diffraction prediction ILgy, given

by (8] 18 excellent, especially in the range f = 5-25 kHz that represents the most crucial
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Figure 10: Insertion loss, L, as a function of laboratory frequency f for the laterally homo-
geneous barriers including a thin screen (S), a T-shaped top (T) and L-shaped tops (LU and
LD) relative to the free signal (F). Top - results from FFT computations. Bottom - 1/3rd

octave filter calculations. The predictions from Maekawa’s IL estimate for a thin screen and

geometrical theory of diffraction results for a thin screen and T-top are also shown.
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range of full size frequencies for traffic nose (500Hz to 2.5kHz). We note that Maekawa's
estimate, while qualitatively similar, tends to underpredict the insertion losses measured in
the lab by 1-2dB. For the T-top barrier, the companson between geometrical theory of
diffraction and experiments 15 reasonably good, but not as good as the agreement for the
thin vertical screen. Both the FFT and 1/3rd octave spectra for the T-top barrier appear
to undulate by roughly +2dB above and below the theoretical line with the theoretical
model tending to overestimate the msertion loss at the higher end of the spectrum.

A visual comparison of the msertion loss spectra for different barrier types m Fig. 10
and across the other tested configurations clearly indicate the T-top providing the best
performance, closely followed by the LU-type barner. The LD-type barner performance
aligns more closely with that of the thin vertical screen (S). The relative efficiency of these
barrier types relative to a thin-screen S-type barrier mn three different configurations 1=
shown i Fig. 11. In all three configurations, the T-top clear has the highest efficiency
followed by LU and then LI} and 5. Interestingly enough the LU only becomes comparahble
in performance to the T-top in the MO0 case, where the microphone 1s at the same height
as the barrer. The LU top’s efficiency 1s reduced considerably for the two other cases
where the microphone lies below the barner top. For S30MO0R30, geometnical theory of
diffraction predicts an increase i msertion loss of 4-5dB at all the frequencies for the T-top
relative to the thin screen (S) but the lab expenments suggest the performance
improvement vares between +2 and +5dB across the chosen frequency range.

Typical data for the msertion loss functions for heterogeneous (RG, RN) tops relative
to the thin vertical screen (S) for two particular source-microphone configurations are also
shown n Fig. 11. These configurations, along with the other configurations, appear to
show that the RG-top barner does not appear to significantly improve barrer performance

compared to the thin vertical screen. Some shght improvements, maimly within +1 dB but
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Figure 11: Insertion loss, [ L, as a function of laboratory frequency f for the T-shaped top
(T), the L-shaped tops (LU and LD) and the laterally heterogeneous tops (RG and RN)
relative to the thin screen barrier (S) for different configurations of source and microphone
positions. Faint lines show FFT results. Predictions from the geometrical theory of diffrac-

tion for the relative insertion loss of a T-top barrier relative to a thin screen are also shown.

142



up to 2dB for some higher frequencies, are observed for the BN top but its performance
remains far below that achieved by the T-top barner.

For all sixteen source and microphone configurations considered, similar results were
obtained (see Table 1 below). A qualitative analysis, similar to that used above, suggests
that the agreement between FF'T and 1/3 Octave filter calculations remains satisfactory in
all configurations and that the most effective barrer type tested appears to be the
homogeneous T-top barner. Furthermore, both laterally heterogeneous jagged barriers
appear less effective than the T-top, with the RN-top performing somewhat better than the
RG-top. To armive at a more quantitatively definitative conclusion on barrier efficiency from
the insertion loss spectra alone, however, 15 problematic because, in general, the mnsertion
loss functions (2) depend on too many external parameters: in particular on the lateral
position = and the frequency f. There 1s already an averaging of the diffracted spectra over
the lateral r-axis for jagged tops, thus excluding r from the external parameters. However,
a further reduction of parameters 15 needed. The use of a form of weighted-frequency
averaging allows us to additionally exclude the frequency f from the external parameters
and characterize the barrer eficiency by a so-called single number insertion loss rating. A

derivation of this single number msertion loss rating 15 discussed below in the next section.
B. Single number insertion loss rating

The single number insertion loss A for a traffic barrier can be estimated as follows. The
insertion loss spectrum, [ L( f), as measured 1n the scaled (1 : 10} laboratory expenments,
1s rescaled from the laboratory frequencies, f, to the field frequencies, F' = f/10, as
TL(F) = IL{ f/10). A suitable empinecal or analytical profile for a typical A-weighted
trafhe noise spectrum S{F') 1z then adopted. In the estimates provided below we use the

internationally standardised traffic noise spectrum given by European standard EN

1793-3%2% A single number insertion loss rating, A, (or barrier efficiency) in decibels for
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each barrier type can be calculated as follows™:

E?:n IGS[F.]IIU
N = lm‘:'glﬂ ZE 108(F)/ 10— IL(F)/10° (9)

where n and m are the lowest and higher indices taken for the 1/3rd octave band central
frequencies, Fj, that are of practical sigmficance (for EN1793-3 the appled range 15 100Hz
to SkHz).

After emploving this procedure, as well as the above-mentioned averaging over the
lateral r-axis, the number of parameters mn (2) can be reduced from six to four
ITL(F, R8s, 8y, A 1) — N(R,0g,8y, A), and the data on A", obtained from the results of
all 112 experiments, are presented below. Recall that for field estimates, the lab frequencies
f must be divided by ten and any lengths, e.g. R, should be multiplied by ten. To further
confirm the robustness of the procedure, single-number insertion loss ratings were also
calculated using a second traffic-noise spectrum standard from the Acoustical Society of

Japan!® and broadly similar A" values and trends were obtained in this case.
VI. Directivity diagrams for single number insertion loss ratings

The values obtained for A from our experiments are summarized in Tables I and IL
Table I shows the single number insertion loss ratings for all barner types (S, T, LD, LU,
RG, RN) relative to the free (F) signal for all selected configurations of source and
microphone position. Table 1 then shows the single number msertion loss ratings for the
homogeneous barner types T, LD and LU relative to both the free (F) signal and the thin
vertical screen (5). Recall, that the notation S8gM0ys 18 used. Also, note that the relative
values for A", given in Table I1, are not simply the differences of A” values from Table 1. but
the result of separate calculations using different relative isertion losses in (9). The results

are discussed below.
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Table I: Single number insertion loss ratings, A, relative to the free signal (F) as estimated
for various barrier top in different source-microphone positions.

Contig | F/S | F/RG [ F/RN | F/T | F/LU | F/LD
R=300cm
S15 MO0 | 10.8 | 9.8 107 | 129 125 | 109
S15 M15 | 148 | 141 15.
S15 M30 [ 179 | 169 | 18
SI5M45 (194 | 192 | 204 | 259 | 231 | 240
S30 MO0 | 142 | 134 146 | 174 | 169 | 148
530 M15 | 17.1 | 165 18.1 | 224 | 207 | 19.2
S30 M30 | 19.7 | 191 204 [ 260 233 | 227
S30 M45 (212 213 | 244 | 298| 261 | 26.7
R=450cm
515 MO0 | 120 11.2 | 121 | 135 132 | 124
S15 M15 | 159 | 151 163 | 195 179 | 176
515 M30 | 19.1 | 191 197 | 244 | 218 | 224
S15 M45 | 20. 215 [ 271 235 | 251
530 MO0 178 | 17.
S30 M15 [ 186 | 186 | 194 | 234 | 221 | 210
S30 M30 [ 210 21.2 | 215 | 264 249 | 245
S30 M45 [ 225 234 | 251 | 317 | 284 | 286
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Table II: Single number nsertion loss ratings, A, relative to either the free signal (F) or
to the thin screen barrer (S) as estimated for homogeneous barner tops T, LU and LD n
different source-microphone positions. Two values of A are given 1n each cell corresponding
to two different values of K: the first number 15 for H = 300cm, the second number 1s for

K = 450cm.

Config

F/T

F/LU

F/LD

/T

§/LU

S/LD

515 MO0
515 M15
515 M30
515 M45
530 MO0
530 M15
530 M30
S30 M45

12.9-13.5
19.0-19.5
22.7-24.4
25.9-27.1
17.4-17.8
22.4-23.4
26.0-26.4
20.8.31.7

12.5-13.2
17.4-17.9
219218
23.1-235
16.0-17.8
20.7-22.1
23.3-249
26.1-28.4

10.9-12.4
17.2-17.6
21.822.4
24.0-25.1
14.8-15.8
19.2-21.0
22.7-24.5
26.7-28.6

2.1-1.5
4.6-3.9
5.3-6.1
6.6-6.5
2R1LT
5.7-5.3
7.1-5.7
9.6-9.0

1.58-1.2
2.8-2.2
3.0.3.0
4.2-3.1
2419
3.9-3.5
3.6-4.3
5.6-5.8

0.1-0.2
26-1.9
4.1-3.8
4.6-4.7
0.3-0.0
24-2.9
3.1-4.1
5.9-6.0
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A, Jagged laterally heterogeneous tops - RG.RN

The data shown i Table | shows that the efhiciency of RG and RN barner types 1s not
sigmficantly different from that of the thin screen S5-type barner. The N values for the RG
top, 1 average, are .5 — 1.0 dB lower than the values for the 5 top (see the exact values of
N in Table 1). On the other hand, A" values for the RN top appear, on average, to be no
more than 1dB higher than the S top values. Thus, the use of RGG and RN tops does not
appear to improve significantly barner performance. Only in the laboratory experiments
with large angles, eg. (85,8,,) = (30°,457), does the RN-top show a significant increase
N, of the order 2 — 2.5 dB, compared to the S-top.

Thiz general conclusion does not agree well with the prelmmary results reported by
Ho et al*, that barriers with RN-tops are significantly more effective than the thin
vertical screen S-type barriers. These particular authors conducted a few laboratory
experiments on random-edge barriers and concluded that the more random the edges, the
more attenuation it brings. However, the authors did not say anything about the strong
sound pressure variability laterally along barner direction (ie. along the r-asxs). This 18
an important factor, but 1t remains unclear at what r-values the signal and the reported
msertion loss were measured in the their publication. In our approach, to smooth these
variations, the along barrier averaging for the msertion loss spectra was used. Note also,
that the results reported by Menounou and You!*' for jagged tops show only the decrease
of the sound pressure peak amplitude level, compare to the S top, and 1ts sigmificant
variation in the along barner direction, but no data 18 supphed on mnsertion losses. The
lack of sound level calculations in the above-mentioned studies has also been noted
previously by Pigasse and Kragh™.

Further analysis of the RG and RN data also shows that the single number msertion

loss rating A” in all experiments increases noticeably with the increase of the source or
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microphone angles (about 2 — 5 dB for each 15 degrees) and these effects are comparable n
the magmtude. A much smaller increase (1 — 2 dB) 1= also observed with the increase of
the distance from the barner top, R, from 3m to 4.5m. This behavior mimicks the
theoretical predictions of the msertion loss function for the S- top given by (4) and (8). For
instance, the Fresnel number, Fy . 18 proportional to the distance K defined n (5). With
the increase of the source or microphone angle, as well as R, the value of Fy in (4)
increases and this leads to the increase of the msertion loss function as well as the values of

the insertion loss rating, A

B. Homogeneous tops - T, LU, LD
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Figure 12: Directivity diagrams (relative to free F' signal) for the single number insertion loss

rating N as functions of microphone angle, #y, for different source angles #g and distances

from barrier top K. Results for different barner top geometnes S, T, LU and LD are shown.
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Directivity diagrams, relative to the free, F, signal, for the barner top geometries S, T, LU
and LD are shown in Fig. 12. The single number insertion loss rating A is given as a
function of the microphone angle, #y;, for different source angles, g, and two different
distances from the barner top, K. As can be seen, 1n all experiments the efficiency of the T
top is significantly better than the other tops. For example, the A values for the T top
(triangles), at small microphone or source angles, in average, appear to be 2.0 — 2.5 dB
higher than the values for the 5 top (circles - see also Table 1). This difference increases
noticeably up to 7 — 9 dB with the increase of the microphone or source angles and this 1s
broadly i hine with predictions from the geometneal theory of diffraction. At smaller
angles, the LD top efficiency (squares) 1s similar to the S-top (circles), while the LU
efficiency (inverted triangles) 1s markedly better than the LD efficiency by about 2 — 3 dB
making 1t comparable in performance to the T top (tnangles) (see Fig. 12 and Table [). At
increasing angles, the LU top (inverted tnangles) and LD top (squares) eficiencies become
more comparable to one another lying approximately 4 — 5 dB above the S top insertion
loss values (circles). However, for these configuration the eficiency of LU and LD tops he
roughly 3 — 4 dB below the T-top insertion loss values (tnangles).

Thus, i all experiments the T-top barrner shows better performance than the other
barner types (see Table ). How much better depends on the barner top type, angles of
measurements and, to a lesser degree, on the distance from the barrer top. As shown n
Fig 12, the single number insertion loss rating, A, relative to the free, F, signal, increases
monotonically and significantly with increasing #yy and #g. To estimate the effect of the
increase n £, we show in Table II relative values, compared to the free F signal and to the
S-top, of the single number insertion loss rating, A", In each column two N values are
shown for two different distances, K. As can be seen, the effect of the distance change on

N is small (on average about 0.5-1.5 dB) and may be neglected compared to the effect of a
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change in either 85 or 83y, This rather unexpected result 1= in hine with the experiments of
Okubo and Yamamoto®. Thus, to leading order, the effect of the distance change may be
neglected and the number of parameters mn (2) can be reduced to only three, 1.e

N(R 85,0y, A) — N(fsg, 8y, A), to determine a general barrier top efficiency measure, N
VII. Conclusions

This research was motivated by the need to develop a methodology for parsimonious scaled
acoustic laboratory experiments where the acoustic charactenstics of the traffic noise
diffracted above sound barriers with different tops may be estimated and compared. Short
impulsive spherical sound waves with a broad frequency spectrum were used n experiments
as a controllable sound source. A highly stable three-electrode spark discharger was
designed and constructed for this purpose. Because the duration of the sound pulse 15
sufficiently short, the primary signal diffracts from the barner top and arrives to the
recelver earlier than any secondary signals (e.g. any signals reflected from surroundings).
The latter signals are ignored and only the information from the primary signal 15 used.
This ehminates the need to use expensive acoustic anechoic chambers for experiments. The
typical frequency band of the sound source (1-30 kHz) 15 10 times the frequency band of
typical traffic nose (100-3000 Hz), and the experiments can be considered as 1 : 10 scaled
experiments of real traffic sound barriers.

Numerous scaled experiments (112 in total) were conducted with different barner tops
and source-receiver positions. Homogeneous barrer tops that possess no vanation of
geometry laterally along the barner, as well as heterogenous jagged tops that do were
considered. The results of measurements were processed by using the spectral analyses of
the free and diffracted signals. First, frequency spectra were calculated and then the
insertion loss spectral functions were estimated for different source-recerver positions and

barrier top geometries; these insertion loss functions were subsequently analyzed. Two
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different methods were used to caleulate frequency spectra, namely, Fourier transforms and
a 1/3rd octave filter. Both methods demonstrate satisfactory agreement for all experiments
but with an advantage of the 1/3rd octave filter being that its spectrum 1s less noisy. The
experimental data was also validated against theory with very good agreement for a thin
vertical screen when compared to a prediction using the geometrical theory of diffraction.
However, when the same theoretical approach was applied to a T-top barner the agreement
was not quite good with vanations of 1 — 2dB between theory and expenments along with
a distinct overprediction by the theory of the msertion loss at higher frequencies.

Taking into account the large number of the external parameters and to stmplhify the
analyses, spatial and spectral averaging were apphed to the data and the number of
external parameters was reduced. The results obtained were rescaled to traffic barrers and,
for a typical A-weighted traffic noise spectrum, weighted mean values of the traffic barrer
efficiency (a single number rating) were estimated and compared. The main results of ths
study may be briefly formulated as follows.

A methodology has been developed which enables one to conduct, in a relatively short
period of time, a large number of scaled experiments on sound diffraction from a trafhc
barrier top of arbitrary geometry. Detalled and accurate sound characteristics, e g. spectra,
insertion loss functions and single number msertion loss ratings, can be obtained easily.
The considered jagged regular (RG) and random (RN) tops, in general, do not appear to
improve sigmficantly the barner performance. Only in the experiments with large
microphone-source angles does the RN top show any modest mcrease in the single number
insertion loss rating A" compare to a thin vertical screen. This result does not agree well
with the previous preliminary results that such jagged tops are significantly more effective
than thin vertical screens!%'%*_ These anthors, however, did not consider the spectrum

variability laterally along the barrier. In our approach, this was taken into account and
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lateral avaeraging of the msertion loss functions along the barrier was used resulting in
relatively low differences in A values compared to a thin vertical screen. Some of the
considered homogeneous tops (T, LU, LD) showed in general significantly better efficiency
compare to the thin vertical screen. The best performing appears to be the T top, follow
by LU and LD tops. In all cases, the single number insertion loss ratings, A, increase
monotonically and significantly (up to 20 dB) with an increase in the angles of sound
source and microphone position. In comparison, the effect of the change 1n microphone and
source distance from the barrier top, R, on A 1= relatively small (on average about

0.5 — 1.5 dB) and may therefore be neglected when compared to the effect from a change 1n
angle. This result is in line with previous experiments?.

Finally, note that parametenzations and /or improved theoretical considerations,
similar to (4) and (8) for the thin vertical screen, are obviously needed for other barrer
tops. However, this requires conducting a larger number of experiments with differing top
geometries. Using the methodology developed and presented here, we plan to work mn this

direction 1n the near future.
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Appendix A. MATLAB programs

The pressures signals obtained from the memory of the digital oscilloscope (see Fig.1) were
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stored as “lvm” files using LabVIEW software. To process these data, a custom-bwult
MATLARB software package was used. The program collects the sound pressure signals
directly from the “Ivm” files generated by LabVIEW and, to process the imitial data, some
parameters from the user are required, e.g., oscilloscope sensitivity, time scale,
amphfication of the preamplhifier. The code 15 used to convert the imtial data from these
files mnto a format acceptable to MATLAB. Then the imtial pressure signals are graphed,
analyzed visually, to exclude obviously erroneous measurements, and processed to obtain
the desirable acoustic charactenistics, including the frequency spectra, relative insertion loss
functions and single number nsertion loss ratings. The code 13 divided into a main
program named the “control panel” and supporting programs which are used to calculate
the “processing functions” for different barner top geometries and microphone-source
positions. The free signal (no barrer), as well as signals diffracted by different barner tops,
are used 1n the calculations. The processing functions transform the mitial oscilloscope
voltage values into the sound pressure and these are used to calculate the appropnate
spectra. The main control panel program then collects the relevant information from all
processing functions and inputs 1t into the corresponding spectra analyses. For comparison,
two different methods were used to caleulate the frequency spectra from the mnitial data,
namely, a standard fast Fourier transform and a 1/3rd octave filter. Additional functions
are used to calculate relative insertion losses for each type of tops from the corresponding

power spectra and to graph the relevant mmformation. The 1/3rd octave hlter was onginally
designed for MATLAR by Dr. Christophe Couvreur?® and this code was modified to cover
the higher frequency band (up to 80 kHz) required here by Dr. Tamas Zsedrovit. The
measured pressure wave signals were input directly into the filter. A “filter function” and
1ts sub functions were then used to calculate pressure power spectra. An additional

function “IL" was used to calculate insertion loss spectra for each type of barner top from
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the corresponding power spectra and the relevant msertion loss function was plotted.

Appendix B. Spark Discharger

The spark gap tngger crcuit was constructed using an automotive 1gnition coil as the high
voltage source. A vanable transformer was employed in this circuit to adjust the trigger
voltage for repeatability and to eliminate false tnggers. A 400 V TVS and a high voltage
capacitor was placed in parallel with the trnigger switch contacts as a “snubber” to clamp
voltage spikes that could damage the switch contacts. When a pushbutton switch 15 closed,
the automotive ignition coil 1s energized. When the same pushbutton 15 then opened, the
sudden change of current flow 1n the primary side of the coil causes a high voltage in the
secondary coil following Faraday's law of electromagnetic induction, and this 1= used to

trigger the main spark gap by a partial 1omzation and breakdown of the aar in the gap.
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