








4.4.3 SPL Measurements before Barrier Insertion

These SPL measurements were made using the same setup as the previous ambient SPL
measurements. The only difference in this measurement was the use of the frequency generator
and speaker to generate single center-frequency tones for each of the desired octave bands. The
amplitude of sound controlled by the frequency generator was left constant at 10 Vpp, and the
volume setting on the speaker was also left constant throughout the experiment in order to obtain
consistent amplitudes from the sound source for a particular frequency. The octave band filter on
the SLM was used again to filter out undesired sound. The SPL measurements were documented
and used in the experimental IL calculations®. Figure 4.9 shows the setup used for making these

measurements.

Figure 4.9. Setup used for making SPL measurements before barrier insertion

3 See Appendix B for specific SPL data (without a barrier) for the center-frequencies generated using the sound
source
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4.4.4 SPL Measurements after Barrier Insertion

The barrier, with a thickness of 0.5 in., was placed at a distance of 3 ft. each from the
speakers and the SLM. Two wooden legs were attached to each side of the barrier to provide
stability to the barrier and maintain a vertically upright position. Figure 4.10 shows a schematic
of the experimental setup®. Similar to the previous setup, measurements for the same octave band
center-frequencies were made while maintaining previous positions and settings of the speaker

and the SLM. The SPL measurements were documented for experimental IL calculations.

SPEAKER

4.00'—— SLM

36.00" 36.00"
BARRIER

Figure 4.10. A schematic of the experimental setup for SPL measurements after barrier insertion

The barrier was then removed from the anechoic chamber and modified by connecting an
identical plywood sheet to the existing one to obtain a barrier with the same surface area and an
increased thickness of 1 in. The above-mentioned procedure for SLP measurements was repeated

for this modified barrier.

4 See Appendix C for images of the experimental setup for SPL measurements made using a barrier
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Chapter V: RESULTS AND DISCUSSION

5.1 Theoretical Calculation of IL

The theoretical values of IL were calculated using the equation for the IL of finite
barriers formulated by Moreland and Musa [4]. This study, which was discussed in detail in

Chapter 3, offers the following equation for calculating barrier IL:

IL =10 log,, (D) dB (5.1)

where,

D= ! it 5.2
= 3+ 20N, unitless (5.2)

and N is the Fresnel Number for the particular path under consideration.

From the review of similar studies and the theory of diffraction, it was expected that the
barrier IL would increase with increasing frequencies. Figure 5.1 shows the theoretical values of
IL for the barrier and setup used for experimental SPL measurements. Equation 5.1 was used to
calculate the IL for the source frequencies used for collecting experimental data. Therefore, the
theoretical calculations agree with the basic principle of diffraction theory, which expects higher

IL for higher source frequencies®.

6 See Appendix D for detailed calculations of theoretical IL
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difference between the predicted and measured values was 6.6 dB (approx. 31%). This was a
particularly interesting observation because the experiments conducted by Moreland and Musa
compared the IL measurements to the theory only until a frequency of 8000 Hz [4]. This could
possibly indicate the departure of experimental situations from diffraction theory at very high
source frequencies. The anomalies noted at 250 Hz, 500 Hz, and 4000 Hz for the previous setup
were observed to repeat themselves. The IL loss at 4000 Hz was considerably lower than
expected again. The difference in the SPL was 7.8 dB (approx. 50%). The overall significance of

TL in these observed exceptions is discussed later in the chapter.

Insertion Loss vs. Frequency for the 1.0 in. Barrier
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Figure 5.3. Comparison of theoretical IL to experimental observation for the 1.0 in. barrier

5.2.3 Barrier Insertion - 1.5 in. Thickness

Figure 5.4 shows the comparison of the experimental IL observations to the theoretical
predictions for the third set of data using the 1.5 in. thickness barrier. As expected from previous
observations, this set of measurements also generally agreed with diffraction theory. It was also

observed that the experimental IL values were generally similar to or larger than the expected
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theoretical values, which suggests slightly higher IL compared to the previous setup. The IL at
16 kHz was once again found to be considerably larger than the predicted value. The difference
between the predicted and measured values was 10.7 dB (approx. 50%). The drop in the IL
values at 250 Hz, 500 Hz, and 4000 Hz was observed again in this data set and it confirmed a
recurring trend in all the experimental setups. However, in this data set, the IL value at 4000 Hz
was much closer to the predicted value with a difference of 2.8 dB (approx. 18%). Despite the
small difference, this data point is a significant exception to the expected upward trajectory of

the IL curve.

Insertion Loss vs. Frequency for the 1.5 in. Barrier
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Figure 5.4. Comparison of theoretical IL to experimental observation for the 1.5 in. barrier

5.2.4 Comparative Assessment of all Barrier Setups

Figure 5.5 shows a comparison of the IL values from all the experimental setups and the
theoretical predictions. Figure 5.6 communicates the same information for lower source
frequencies, but it is magnified for improved visibility because the data points are in close

proximity.
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Figure 5.5. Comparison of theoretical IL to experimental observation for all setups
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Figure 5.6. Comparison of theoretical and experimental IL at lower frequencies

54




It can be clearly observed from these plots that the upward trend showed by the experimental
curves generally agrees with diffraction theory with the exception of some data points that were
previously mentioned. The plots also show that the experimental curves generally converge to
the theoretical curve as the barrier thickness is increased from 0.5 in. to 1.5 in. The overall IL
values are also observed to increase for the entire frequency range as the thickness of the barrier
increases. The important experimental detail of maintaining constant Fresnel numbers and
consequently ensuring consistent diffractions through all the setups provides strong evidence of
the impact of TL on the overall IL of the barrier. As discussed in Chapter 3, the TL is directly
proportional to the thickness of the barrier. The improving IL values for increasing barrier
thicknesses recognize this characteristic of TL and they physically represent a smaller number of
sound waves being transmitted through the barrier. This observation confirms the hypothesis that
TL has a significant impact on the overall IL of finite barriers and encourages specific

assessments about the nature of this interdependence.

5.3 Effect of Critical Resonance Frequency of TL on Noise Attenuation

The recurring observation of a considerable drop in noise attenuation at 4000 Hz was
investigated in more detail by obtaining additional data points in the frequency range of 2000 Hz
to 8000 Hz. Using the center-frequencies of one-third octave bands allowed the collection of
additional data points in this frequency range. Figure 5.7 plots the IL measurements for all the
experimental setups and compares them to the theoretical predictions. Based on the evidence of
the effects of TL observed in Figure 5.5 and 5.6, this observation was reviewed and compared to
the TL literature from Chapter 3. The data suggests that source frequencies above 3000 Hz lie in

the critical-frequency region for the plywood barriers used in the experiments. Figure 3.7 shows
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how noise attenuation due to TL can drop considerably at fc. The additional data points suggest
that fc for the barrier used in this experiment is approximately 4000 Hz and lies in the one-third

octave band from 3548 Hz to 4467 Hz.

Insertion Loss vs. Frequency for 1/37 Octave
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Figure 5.7. Critical resonance frequency of the barriers is observed to be around 4000 Hz

Diffraction theory does not consider the resonance-like effect at fc, which dramatically
reduces the noise attenuation performance of barriers. The critical frequency could prove to be a
performance issue if the barrier is designed based on diffraction theory alone and without
investigating the source sound frequencies. The overall IL was particularly low (8.6 dB) for the
0.5 in. thickness barrier. An appropriate strategy to tackle such an issue would be to identify the
dominating source frequencies and choose the material and dimensions of the barrier to achieve
optimum noise attenuation levels. If the noise source has various dominating frequencies, a

composite barrier made from two or more elements could be considered. Composite barriers
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would offer different TL properties for different materials and the negative impacts of having a
singularly dominant f. could be considerably reduced. In addition to these techniques, the use of
absorptive barriers, which was discussed in Chapter 2, could also prove to be an excellent

solution due to their ability to minimize sound wave transmission through the barrier.

5.4 Effect of Panel Resonances on TL and the Overall Noise Attenuation

The fluctuations in IL for all the experimental setups observed in Figure 5.6 could also be
attributed to TL characteristics. TL generally fluctuates at low frequencies due to natural
vibratory resonances of barrier panels. This behavior was discussed in Chapter 3 and Figure 3.7
shows how panel resonances can impact TL. The overall IL was observed to be particularly low
at 250 Hz and 500 Hz for the experimental setup with a 0.5 in. barrier thickness. The difference
between the predicted value and the experimental measurement was 4.9 dB at 250 Hz and 6.2 dB
at 500 Hz, while the overall IL values were 0.3 dB and 1.2 dB respectively. The fluctuations
observed in the experimental data suggest that these source frequencies lie in the stiffness
controlled region of the barrier panel and provides further evidence of the interaction between
TL and diffraction based IL.

It can be observed that panel resonances would be of particular concern to barrier design
only if dominant source frequencies are fairly low. In such a situation, it would be appropriate to
investigate the natural vibratory modes for the selected material and dimensions of the barrier.
An alternative strategy would be to use absorptive material or damping targeted to minimize the
transmission of sound at low frequencies and achieve the desired noise attenuation performance

through diffraction.
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5.5 Effect of Barrier Thickness on Frequency Specific Noise Attenuation

The literature review and experimental observations provide compelling evidence of the

frequency dependent nature of noise attenuation. Considering the impact of TL and its direct

proportionality to barrier thickness, which was observed in Figure 5.5 and 5.6, it is important to

consider how barrier thickness impacts the noise attenuation for specific frequencies. The plots

in Figure 5.8 show how the performance of the barrier varies with increasing barrier thickness

and also compares this thickness dependent variation to diffraction based theoretical IL, which is

not dependent on barrier thickness. The constant Fresnel numbers maintained for all the

experimental setups prove that the increasing trend of IL for increasing barrier thickness was

exclusively a direct result of increasing and thickness dependent TL. Considering the IL values

for the 0.5 in. barrier as a baseline, incremental IL values were calculated for the successive

barrier setups. Table 5.1 shows the incremental IL, which physically corresponds to the

improvement in TL for each source frequency.

Table 5.1. Incremental improvement in noise attenuation due to improving TL

Center ) Incremental | Incremental Overall
Octave Band IL-0.5in. ) .
(H2) Frequency (dB) IL-1.0in. IL-1.5in. | Increment at
(Hz) (dB) (dB) 1.51in. (%)

88 - 177 125 5.1 0.8 3.8 74.5
177 — 354 250 0.3 2.7 2.9 966.7
354 — 707 500 1.2 4.6 5.3 441.7
707 — 1414 1000 9.0 0.5 1.3 14.4
1414 — 2828 2000 10.0 4.0 6.2 62.0
2828 — 5656 4000 6.6 1.1 6.1 924
5656 — 11312 8000 15.4 1.1 3.6 24.3
11312 — 22624 16000 22.1 5.9 10.0 452
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Figure 5.8. Measured (solid line) and theoretical (squares) IL for varying barrier thickness
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It can be observed from Table 5.1 that improvement in TL by increasing barrier thickness
leads to significant improvement in overall noise attenuation. The percentage increase in IL
could seem to be remarkable for some of the source frequencies, however, percentage increment
should be accepted with caution since the decibel scale is logarithmic and high percentage
improvement does not necessarily correlate to significant improvement in noise attenuation. It is
therefore more advisable to note the actual TL improvements in decibels. The incremental
increase in TL is plotted in Figure 5.9 for the 1.0 in. and 1.5 in. barrier setups. Although the TL
for the 0.5 in. barrier case was not zero, it is the baseline for incremental TL and was considered
to be zero for the purpose of visualizing this incremental data. The experimental setups have TL
improvements ranging from 0.5 dB to 5.9 dB for the 1.0 in. barrier and 1.3 dB to 10 dB for the
1.5 in. barrier. These values show that TL is playing a vital role in the noise attenuation of finite

barriers along with diffraction.
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Figure 5.9. Incremental TL for the 1.0 in. and 1.5 in. barrier setups
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5.6 Health, Safety, and Design Considerations

High decibel enhancements in TL should be of particular importance in the process of
barrier design. An improvement of 10 dB could be extremely crucial depending on the barrier
application. For example, according to OSHA regulations, sound levels that are above 90 dBA’
could be hazardous to human health and safety [18]. There are strict exposure limits for noise
levels that exceed this value. For example, the maximum occupational exposure limit for a sound
level of 100 dBA is 2 hours. A reduction in sound level exposure from 100 dBA to 95 dBA or 90
dBA increases the maximum exposure time from 2 hours to 4 hours or 8 hours respectively®.
Such a significant increase in exposure time could be of high importance in manufacturing plants
or noisy office environments. It would not only improve employee safety but would also allow
them and their employers to have more effective work plans with longer exposure times. It is
also important to consider the financial aspect of such improvements because the incremental
cost of obtaining thicker barriers for materials like plywood is generally low. If the areal
dimensions of the barrier are constrained, it could be more cost-effective to improve TL by using
thicker barriers rather than considering more expensive absorptive treatments to improve noise
attenuation.

Improving barrier design should also correspond to reducing the wastefulness of material.
Although higher barrier thicknesses lead to better noise attenuation, it is usually important not to
optimize TL in every situation because optimized solutions are generally associated with higher
costs. The best designs offer improvements but are also cost-effective and the solutions they

provide tend to barely meet the performance requirements. For example, a 0.25 in. barrier could

" The use of dBA signifies the use of the A-weighted frequency scale, which applies established weighting
corrections for the measurement of sound levels at each frequency [2]
8 The maximum exposure time doubles for every 5 dBA reduction in continuous sound levels [18]
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be sufficient to meet noise attenuation requirements in a particular situation even though the TL
is extremely low. In such cases, it would be highly irresponsible to waste material and increase
costs. The numerous evidences of the interdependence of diffraction theory and TL in the overall
noise attenuation underline the importance of understating this relationship in order to deliver

competitive noise control solutions.
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CHAPTER VI: LIMITATIONS

The Moreland and Musa diffraction model for predicting noise attenuation exclusively
applies to thin barriers. The model assumes that diffraction occurs at a single edge for each travel
path when sound waves bend around a barrier. Beyond a certain barrier thickness, the bending
sound waves depart from single edge diffraction behavior and diffraction occurs at two edges of
the barrier. The diagram in Figure 6.1 shows double edge diffraction for thick barriers. Although
the theory discussed in Chapter 3 is for thin barriers, the underlying principle of the theory is the
concept of path difference. This path difference concept could also be applied to thicker barriers
by making appropriate modifications. The basic principle of such a modification in path
difference measurement is also shown in Figure 6.1. Specifically designed IL experiments would

be required to verify the significance of this theoretical concept.

d3

Y ///);77777?77?77?7

Figure 6.1. Thin barrier single edge diffraction and thick barrier double edge diffraction [8]

Common examples of thick barriers are berms or buildings. For sound frequencies of

interest to the human ear, barrier thicknesses (t) greater than 10 ft. fall under the category of
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thick barriers. For barrier thicknesses less than 10 ft., a barrier is considered to be thick if the
source sound has a wavelength less than t/5 [8].

Modifying barrier material and thickness to improve the TL can be a useful strategy but it
could prove to be wasteful if the design is over optimized. Improving TL implies that the
transmission of sound through the barrier approaches zero, however, as the TL reaches this
limiting condition, an increase in barrier thickness would prove to be wasteful and would not

offer any significant noise attenuation benefits.
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CHAPTER VII: CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The experimental methods used in this study are effective in isolating transmission loss
from diffraction based noise attenuation. The experimental observations showed that TL was a
significant part of the overall IL provided by the barrier. The theoretical predictions were
generally found to be larger than the experimental IL for the thin barrier. However, as the barrier
thickness increased, the experimental values were found to be increasing as they converged upon
theoretical predictions. This provides strong evidence that the Moreland and Musa theory does
not consider TL as a factor in IL predictions. The predictions do, however, estimate the
diffraction based noise attenuation with considerable accuracy. This conclusion is based on the
convergence of experimental IL values to the theoretical ones for increasing barrier thickness
because thicker barriers imply a reduction in the transmission of sound waves through the
barrier.

Further evidence of the influence of TL is observed at low frequency measurements. The
fluctuations observed in noise attenuation agree with the effect of panel resonances for TL
through materials. The drop in the experimental IL values observed at 4000 Hz also provides a
strong indication of the impact of TL. According to TL theory, a considerable drop in TL is
experienced at a high frequency, which has a negative influence on noise attenuation. This

behavior was consistently observed in all the experimental setups. These observations show a
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continuous interplay between diffraction and TL in the performance of finite barriers and
encourage adequate attention from acoustical engineers while designing noise control solutions
using finite barriers.

Understanding TL could prove valuable in achieving improved noise attenuation
solutions, but it is also important to understand its limitations. While increasing the barrier
thickness can improve the overall IL, it is not an indefinite increase. As the transmission of
sound through the barrier approaches zero, any increase in barrier thickness would prove to be
wasteful and expensive without any performance gains. It is therefore advisable to carefully
acknowledge the observations made in this study and use these concepts in designing noise
control solutions.

This study highly recommends an investigation of the dominant source frequency
responsible for noise problems while designing finite barrier solutions. The frequency dependent
nature of diffraction and TL makes it an essential factor of the design process. Understanding the
problematic frequencies would help the designer choose barrier material and thicknesses so that
the critical frequency of the barrier does not coincide with the dominant source frequency. If the
areal dimensions of the barrier are constrained due to the geometrical or architectural setup of the
noise area, an acoustical engineer can use TL concepts to achieve the required noise attenuation
by choosing the appropriate material and thickness. While it was observed that the TL also
affected barrier performance at lower frequencies through panel resonances, it is important to
note that the IL at these frequencies is considerably low. The cost-effectiveness of increasing
barrier thickness for improving low frequency IL should be investigated cautiously. In certain
situations, it may be more cost effective to use absorptive barriers to reduce the transmission of

sound rather than invest in increased barrier thickness.
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There are numerous interacting factors within the concepts of TL and diffraction, which
depend on material, thickness, source frequency, etc. The interactions observed in this study
show that using this knowledge could go a long way in achieving solutions to modern noise
control problems. If designed appropriately, they could double or triple the allowed exposure

times in manufacturing environments and lead to tremendous health and cost benefits.

7.2 Future Work

This study is limited to investigating the impact of TL for a fixed distance from the
source and the barrier. This setup, which included constant path differences, was necessary to
take advantage of the Fresnel Number concept. However, it is a well-established fact that the
proximity of the barrier to the source has a direct impact on diffraction based noise attenuation.
Therefore, studying the impact of TL as the proximity between the barrier and the source is
varied could prove to be extremely valuable.

The experiments in this study were exclusively conducted on a plywood barrier. It was
chosen since it is standard construction material that is fairly inexpensive and commonly used in
barrier structures. The same experiments could be repeated using alternative barrier materials.
Comparing the data obtained from different materials could provide some useful insight in
understanding how TL interacts with diffraction in affecting the overall barrier performance.

Performing experiments using absorptive barrier material could also be an interesting
area of investigation. Absorptive treatment on the source side of the barrier would theoretically
render the effects of TL to be negligible in non-reverberant spaces, and leave the diffraction
effects to dominate the overall barrier performance. However, it would be very useful to compare

this theoretical concept to experimental observations.
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This study provides a strong evidence of the impact of TL on finite barrier performance.
However, a quantitative analysis of the impact of TL was not in the scope of this study. A broad
quantitative relationship connecting the TL effect based on surface density and the diffraction
effect based on areal dimensions of the barrier, and the proximity of the source to the barrier
would be invaluable for acoustical engineers. It would allow them to comprehensively
investigate material and thickness options to provide effective and inexpensive finite barrier

solutions to noise control problems in the industrial and residential sphere.
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Appendix A

Appendix A shows the ambient SPL measured in the anechoic chamber before barrier

insertion. Table A.1 shows the ambient SPL for the center frequencies of the measured octave

bands. Additionally, Table A.2 also shows the ambient SPL for the center frequencies of one-

third octave bands between 2000 Hz and 8000 Hz.

Table A.1. Ambient SPL measurements for octave band center frequencies

Octave Band (Hz) Frequency (Hz) Ambient Sound (dB)

88-177 125 16.2
177-354 250 13.5
354-707 500 10.6
707-1414 1000 5.6
1414-2828 2000 1.2
2828-5656 4000 04
5656-11312 8000 2.0
11312-22624 16000 2.6

Table A.2. Ambient SPL measurements for one-third octave band center frequencies

1/3rd Octave Band (Hz)

1778-2239
2239-2828
2828-3548
3548-4467

4467-5656
5656-7079
7079-8913

Frequency (Hz)

Ambient Sound (dB)
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Appendix B

Appendix B shows the SPL measurements that were documented for all the experimental

setups. Table B.1 shows how the SPL varied during barrier insertion of increasing thicknesses.

These SPL values were used to calculate the IL for each experimental setup and this information

is displayed in Table B.2.

Table B.1. SPL measurements before and after barrier insertion for each experimental setup

Octave Band | Frequency SPL Before SPL[0.5 in. SPL[1.0in. SPL[1.5in.

(Hz) (Hz) Insertion (dB) barrier] (dB) | barrier] (dB) | barrier] (dB)
88-177 125 62.1 57.0 56.2 53.2
177-354 250 65.2 64.9 62.2 62.0
354-707 500 49.6 48.4 43.8 43.1
707-1414 1000 56.0 47.0 46.5 45.7
1414-2828 2000 49.3 39.3 353 33.1
2828-5656 4000 54.6 48.0 46.9 41.9
5656-11312 8000 53.3 37.9 36.8 343
11312-22624 16000 54.7 32.6 26.7 22.6

1778-2239
2239-2828
2828-3548
3548-4467
4467-5656
5656-7079
7079-8913
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Table B.2. Experimental IL values for each setup at the octave band center-frequencies

Octave Band

Frequency (Hz)

IL [0.5 in barrier]

IL [1.0 in barrier]

IL [1.5 in barrier]

(Hz) (dB) (dB) (dB)
88-177 125 51 5.9 8.9
177-354 250 0.3 3.0 3.2
354-707 500 1.2 5.8 6.5

707-1414 1000 9.0 9.5 10.3
1414-2828 2000 10.0 14.0 16.2
2828-5656 4000 6.6 7.7 12.7
5656-11312 8000 15.4 16.5 19.0

11312-22624 16000 22.1 28.0 32.1

1778-2239
2239-2828
2828-3548
3548-4467

4467-5656
5656-7079
7079-8913
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Appendix C

Appendix C shows the experimental setup in the anechoic chamber after barrier insertion.

A

Figure C.2. The source side of the anechoic chamber after barrier insertion
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Appendix D

Appendix D shows the detailed theoretical calculations of insertion loss, which are based
on equation 3.12. The Fresnel Numbers for each diffraction path for all the measured frequencies
are shown in Table D.1. These Fresnel numbers were then used to get the theoretical IL values

that are also shown in the table below.

Table D.1. Fresnel numbers and theoretical IL values for the measured frequencies

Octa(v:z;Band Fret(a:ze)ncy Wav(e:)ngth N1 N2 N3 [theo:'l:eticaI]
(dB)
88-177 125 2.64 0.2188 0.2691 0.9391 3.5
177-354 250 1.32 0.4377 0.5381 1.8781 5.2
354-707 500 0.66 0.8753 1.0762 3.7562 7.4
707-1414 1000 0.33 1.7507 2.1525 7.5125 9.9
1414-2828 2000 0.17 3.5014 4.3049 | 15.0250 12.6
2828-5656 4000 0.08 7.0028 8.6099 | 30.0500 15.5
5656-11312 8000 0.04 14.0055 | 17.2198 | 60.0999 18.4
11312-22624 16000 0.02 28.0111 | 34.4396 | 120.1998 21.4

15.0250
18.7812
23.6643

1778-2239 . 3.5014 ‘
‘ 30.0500

2239-2828 . 4.3767
2828-3548 . 5.5147

10.7624
13.5606
17.2198

37.5624
47.3287
60.0999

4467-5656 . 8.7535
5656-7079 . 11.0294

-
s
s
3548-4467 . 7.0028 ‘
|
|
7079-8913 . 14.0055 ‘
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