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1.0 INTRODUCTION

Milled rumble strips/stripes are effective devices to alert distracted and drowsy drivers through
in-cabin sound and vibration. There are two kinds of rumble strips/stripes depending on the
placement on the pavement: centerline and shoulder. In addition, when the pavement marking is
placed throughout the line of the rumble strip as shown in the left image of Figure 1.1 (A:
Spacing (conventional)/wavelength (sinusoidal); B: Width (conventional); C: Length; D: Depth,;
E: Wavelength (sinusoidal)), in which dimensions of the strips are defined, it becomes a rumble
stripe. National Cooperative Highway Research Program in 2009 reported that centerline rumble
strips/stripes could provide crash reduction statistically from 40 to 60 percent on urban two-lane
roads and 9 to 44 percent on rural two-lane roads, and shoulder rumble strips/stripes could
provide crash reduction statistically from 13 to 18 percent on urban freeways, 11 to 16 percent
on rural freeways and 15 to 29 percent on rural two-lane roads (Torbic et al., 2009). Federal
Highway Administration in 2019 reported that centerline rumble strips could provide crash
reduction at 64 percent on urban two-lane roads and 45 percent on rural two-lane roads, and
shoulder rumble strips could provide crash reduction at 36 percent on rural two-lane roads and
17 percent on rural freeways (FHWA, 2019).

__TOPView
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I |
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Figure 1.1: The geometric dimension of rumble strips (Torbic et al., 2009; Donavan and
Buehler, 2018).

However, high magnitude interior acoustic and tactile signals (the vibration when the car rolls
across rumble strips) from the rumble strips/stripes can cause overreactions or discomfort of the
drivers (Fitzpatrick, 2000; Bahar et al., 2001; Nadeau, 2009; Makarla, 2009; Smets et al., 2010;
Terhaar and Braslau, 2015; Tufuor et al., 2017; Ning et al., 2018). Furthermore, Soares et al.
have stated that traffic noise is one of the most concerning environmental noises that impact
human health (Soares et al., 2017), and is a potential source of increase in health issues for
nearby residences. Some complaints against the traffic noise (exterior noise) are established by
the residents as the growing road network in the U.S. puts rumble strips/stripes installation close



to some residential neighborhoods (SAE, 2000; Torbic et al., 2009; Mathew et al., 2018;
Donavan and Buehler, 2018). There is also reporting on nearby wildlife being disturbed (Torbic
et al., 2009; Rys et al., 2010; Donavan and Buehler, 2018).

An increased amount of research is seen to optimize designs of rumble strips/stripes to reduce
exterior noise levels while maintaining the desired level of interior acoustics and tactile signal.
One of such recent efforts supported by Oregon Department of Transportation is SPR800 by
Hurwitz et al. (2019), where interior and exterior acoustic levels over conventional and
sinusoidal patterns were measured with microphone devices. Results from this report
subsequently enabled two other publications: Horne et al. (2019 and 2020). To develop further
understanding on how the exterior sounds are created by the tires so that optimization over
existing rumble strip designs and generation of new designs can be achieved, we use numerical
modeling approaches that can reveal the underlying Physics. We conduct simulation-based FEM
(Finite Element Method) modeling, statistical data analysis, and data visualization to detect the
correlations among geometrical dimensions of the rumble strips, vehicle types, and vehicle
speeds using the acoustic outputs in the tires.

1.1 OUR METHODOLOGY

We first survey existing reports on roadside measurements for interior and exterior sound outputs
over the rumble strips/tripes and document some of the findings in Appendix A. This survey
provides information on some conclusions and limitations from the measurements. Then we
conduct a survey over related work on numerical modeling and document some of the findings
and applications in Appendix B. To leverage on the current advances in numerical modeling, we
utilize a commercial software, SIMULIA by the Dassault System that is widely accepted in
automotive industries (Kelsey, 2000). We study two different tire types: passenger car tire and
truck tire due to the differences in their geometric dimension, polymer material rigidity, and the
use of reinforcing inserts such as plys and belts. Furthermore, we include comparisons among
numerical results of the landing angle of the tires on the rumble strips. As the tires land on the
rumble strips at an angle in practice, we compare the effect of the tire rolling at zero-degree and
10 degrees, respectively. Only the zero-degree landing angle, i.e., parallel with the strips has
been included in roadside measurements due to driver safety reasons; however, typically the tires
land on and exit from the rumble strips at an angle. We have chosen 10 degrees as a numerical
example here. Different angles should be included to conduct a detailed numerical study in the
future. In addition, vehicle speeds affect the pavement noise level. We quantify the amount of
change in acoustic responses from tire rolling for vehicle speeds at respectively 45 mph, 55 mph,
and 65 mph, which are speeds chosen by the Oregon Department of Transportation and chosen in
some of the literature that we have surveyed.

Concerning the rumble strip designs, we have studied three families: conventional, sinusoidal,
and sawtooth. We selected conventional and sinusoidal rumble strip designs with dimensions
that are used in the roadside measurements by either the California Department of Transportation
(CalTrans) or the Oregon State Department of Transportation (ODOT). The sawtooth design is a
new design introduced to ODOT by Dr. Zhang, the faculty member on the project. Existing
conventional and sinusoidal designs are symmetrical along the tire rolling direction while the
sawtooth groove has an asymmetric groove profile. We evaluate and compare the performances
of these designs. Furthermore, we only focus on shoulder rumble strips in this report.



Figure 1.2 shows the flow of our simulation pipeline. There are five key steps enumerated in the
middle column and the intermediate results from each step are visualized in the left column. The
first step is the generation of the tires and the rumble strips through digitizing the geometries
using published dimensions and material parameters. The second step is to set up the static
contact between the tires and the rumble strips. The inflation pressures of the tires influence the
final acoustic output and are estimated from general descriptions of vehicle weights. The third
step is to set the tires into rolling. We have adopted steady state rolling which assumes the
vehicles driving at a constant speed. This is an accepted baseline model to differentiate the
performances of the rumble strips. A dynamic model is needed to further approximate real-life
driving. The fourth and the fifth steps are developed to calculate the acoustic output, the Sound
Pressure Level (SPL). These acoustic levels span over a range of frequencies. We have focused
on frequencies between 0 Hz and 250 Hz as this range contains the most noticeable noises (An et
al., 2017). Moreover, we select some representative locations in the tires and on the rumble strips
and accumulate the outputs at these locations to approximate the overall acoustic outputs. The
final values are in A-weighted decibels as what’s done in (Donavan and Buehler, 2018). This
numerical scheme involves complicated contact between the tire and rumble strip; thus requires
fine enough resolution that incurs computation overhead.

Specification of geometry and
material of tire and rumble strip

v

Static road loading and friction
analysis

v

Steady state rolling tire analysis [4=== Change vehicle speed

acoustic-structural analysis

v

Extract the SPL distribution on
frequency

QQ : ]
0 Modal analysis and coupled

Figure 1.2: The flow of our simulation pipeline.

To verify our results, we compare our acoustic outputs to existing published roadside
measurements. We match the trends from our calculations to those in CalTrans/CTHWANP-RT-
18-365.01.2 in (Donavan and Buehler, 2018) and ODOT/SPR800 in (Hurwitz et al., 2019). To



compare the performance of the different rumble strip designs, we create visualizations that rank
the different designs using the tire SPL outputs to facilitate dimension selection in practice.

1.2 OUR OBSERVATIONS

Given a set of rumble strip designs with different geometric dimensions (depths, widths, and
wavelengths of rumble strips), we analyze the SPL responses from each rumble strip dimension.
We have observed that varying the depth and wavelength of the rumble strip designs changes the
SPL responses. Such changes are also documented in roadside measurements that have been
published.

Our simulated results agree in general with roadside measurements. Specifically,

1. Comparing to CalTrans/CTHWANP-RT-18-365.01.2, the SPL values from our
numerical simulations are within the same range as what was reported. Furthermore,
we observe that the first two peaks occur at similar frequency values to those
reported.

2. Comparing to ODOT/SPR800, we also observe that conventional designs have a
higher SPL response than sinusoidal designs, and the truck tire SPL is higher than the
passenger car tire SPL. Our calculated values are higher than those reported as we
measure in the tires and the roadside measurements are at a distance away.

In addition, we used existing dimensions published in the ODOT/TLM and ODOT/SPR800
reports to build our evaluation studies where we made variations over depths and wavelengths
for comparison. Over the forty design dimensions with respect to two tire types and three vehicle
speeds, we observe that

1. For conventional designs, the SPL increases with increasing depth and increasing
speed for both the passenger and the truck tires, and the SPL decreases with
increasing width in general. For the passenger car tire, there is one exception at the
smallest width value at the deeper depth. For the truck tire, the overall differences in
the SPL values are smaller than those for the passenger car tires. The smallest two
width values at the deeper groove again were exceptions to the expected trends. Our
sampling scheme over the grooves is likely the cause as only 4 positions were used to
represent these deep grooves. Among the dimensions simulated, the design with a
depth of 0.2628 inches and a spacing of 12 inches has the lowest SPL outputs.

2. For sinusoidal designs, the SPL increases with increasing depth and increasing speed,
and decreases with increasing wavelength. In addition, the design with a depth of
0.375 inches and a wavelength of 22 inches has the lowest SPL output among
sinusoidal designs that we simulated.

3. For the sawtooth designs, which have an asymmetric side profile, we propose 2
variations, and each design includes three different wavelengths. By comparing the
results to one representative sinusoidal design dimension, we observe that a longer



wavelength of the sawtooth design at the same depth and length as the sinusoidal
design can produce similar levels of SPL responses.

Moreover, we evaluated the angle of landing effect for a reduced number of conventional and
sinusoidal designs

1. For our angle of landing results, out of the 96 cases, 86 cases show that the SPL of 10
degrees angle of landing is higher than that of the zero-degree. In addition, the SPL
differences for the passenger car tire are higher than those for the truck tire.






2.0 TIRE AND RUMBLE STRIPS MODELING

We have chosen two contrasting tire types: passenger car and truck. We have purchased one
passenger car tire and one truck tire from the vehicles that were used to measure both exterior
and interior noise levels in ODOT/SPR800. We obtained cross sections of these tires by having
the tires cut, made measurements of the thickness along with the tire profiles, and digitized the
tires with meshes for numerical modeling.

We have modeled the tire materials using parameters published in the literature (Chae, 2006;
Wang et al., 2010; Wang et al., 2011; Smith, M, 2016). However, these published parameters are
just approximations to the materials that are used in the tires that we purchased. In this section,
we list the material settings from the reference and the values we used in our simulations.

2.1 GEOMETRY MODELLING OF TIRES

We start with the mesh of the tire and then include an air cavity to be used in the coupled
acoustic-structural analysis. The air cavity is the space that is enclosed by the interior surface of
the tire and a cylindrical surface of the wheel hub. This air cavity is modeled with acoustic
elements while the tire is modeled with the structural element. As the tire is deformed during
each revolution, the air mesh needs to be updated seamlessly. The updated nodal locations are
derived from adaptive remeshing. For modeling rumble strips, we digitize rumble strips with
rigid elements.

In the following Table 2.1, we show the recommended element types used to discretize each
component of the geometry (Smith, M, 2016).

Table 2.1: Element Type of the Tire Construction

Portion Element types
Tread CGAX4H, CGAX3H
Sidewall CGAX4H
Belt CGAX4H
Rebar belt SFMGAX1
Rebar carcass SFMGAX1
Rim RAX2
Air ACAX4

The different element types produce different degrees of freedom for the portion of the tires and
the air. These degrees of freedom enable physics-based modeling. One component of the tire that
constrains the movement is the metal cords that are under the treads, which are called the belts;
and the textile cords that are next to the tire's inner surface, the plys. The belts and plys hold the
tire together when rolling on the road. They are included individually as Rebar belt and Rebar
carcass in Table 2.1. We show a schematic sketch of one-quarter of a tire cross-section in Figure
2.1. The gray cells are the acoustic material and the air, and the blue cells are the tire materials



including the belts in red color. For the tire in Figure 2.1, the geometry and material parameters
are obtained from the manuals (Smith, M, 2016). This tire is a simplified description of a
Continental car tire, and the mesh is coarse. We have created much more refined meshing and
included tread grooves for the tires that we purchased and simulated.

Figure 2.1: Meshing of the tire and air cross-section given in SIMULIA.

2.2 MATERIAL MODELLING OF TIRES

Table 2.2 shows the radius and vehicle weight information (total load on one tire) on the
simulated passenger car and truck tires that we have simulated. The mesh refinement of these
two tires is different due to the different construction and size.

Table 2.2: Names of the Passenger Car and Truck Tire Used

Tire Type Radius (inch) Weight (N)
Continental ContiProContact 12.8 3300
(215/55R/16, passenger car tire)
BridgeStone M854 (385/65R/22.5, truck | 21.1 18000
tire)

The material properties are shown in Table 2.3 for the passenger car tire and Table 2.4 for the
truck tire. The middle columns of these tables show the references that we used to extract the
material properties. For the passenger car tire, we used most of the existing material descriptions
from the SIMULIA tool and adjusted a few values to increase the stiffness as our tire is a
stronger tire than the simplified Continental tire given in the tool. For the Bridgestone truck tire,
we used the literature references listed in Table 2.4.



Table 2.3: Material Properties for the Passenger Car Tire

Material Property (references) Property (we used)
Tread Hyperelastic, N=1, 1.0E+6 Hyperelastic, N=1, 3.0E+6
Density = 1100 kg/m3 Density = 1100 kg/m3
Damping, Beta = 1.0E-8 Damping, Beta = 1.0E-8
(Smith, M, 2016)
Sidewall Hyperelastic, N=1, 1.0E+6 Hyperelastic, N=1, 2.0E+6
Density = 1100 kg/m3 Density = 1100 kg/m3
Damping, Beta = 1.0E-8 Damping, Beta = 1.0E-8
(Smith, M, 2016)
Rebar belt Elastic, type=ISO, 1.72E+11, 0.3 Hyperelastic, N=1, 3.0E+6

Density = 5900 kg/m3

Rebar Layer 1, Orientation Angle =
70, Spacing = 0.00116

Rebar Layer 2, Orientation Angle =
110, Spacing = 0.00116

(Smith, M, 2016)

Density = 1100 kg/m3

Damping, Beta = 1.0E-8

Rebar Layer 1, Orientation Angle
=70, Spacing = 0.00116

Rebar Layer 2, Orientation Angle
=110, Spacing = 0.00116

Rebar carcass

Elastic, type=ISO, 9.87E+09, 0.3
Density = 1500 kg/m3

Rebar Layer 1, Orientation Angle =
0, Spacing = 0.001

(Smith, M, 2016)

Elastic, type=ISO, 9.87E+09, 0.3
Density = 1500 kg/m3

Rebar Layer 1, Orientation Angle
=0, Spacing = 0.001

(Smith, M, 2016)

Bead Elastic, type=ISO, 3.45E+12, 0.2 Elastic, type=ISO, 1.72E+11, 0.3
Density = 5900 kg/m3 Density = 5900 kg/m3
(Wang et al., 2011)
Bead filler Elastic, type=ISO, 1.2e+08, 0.49 Elastic, type=ISO, 1.2e+09, 0.4
Density = 1100 kg/m3 Density = 1500 kg/m3
(Wang et al., 2010)
Air Bulk modulus = 426 kPa Bulk modulus = 426 kPa

Density = 3.6 kg/m3
(Smith, M, 2016)

Density = 3.6 kg/m3
(Smith, M, 2016)




Table 2.4: Material Properties for the Truck Tire

Material Property (references) Property (we used)
Tread/Shoulder | Hyperelastic, MOONEY-RIVLINI Hyperelastic, MOONEY-RIVLINI

0.67¢6, 2.46¢6, 1e-05 0.67¢6, 2.46¢6, 1e-05
Density = 628 kg/m3 Density = 628 kg/m3
(Chae, 20006) (Chae, 2006)

Sidewall Elastic, type=ISO, 3.92¢+08, 0.3 Elastic, type=ISO, 3.92¢+08, 0.3
Density = 655 kg/m3 Density = 655 kg/m3
(Chae, 2006) (Chae, 2006)

Rebar belt Elastic, type=ISO, 3.45E+12, 0.2 Elastic, type=ISO, 3.45E+12, 0.2

Density = 5900 kg/m3

(Wang et al., 2011)

Rebar Layer 1, Orientation Angle =
70, Spacing = 0.00116

Rebar Layer 2, Orientation Angle =
110, Spacing = 0.00116

(Smith, M, 2016)

Density = 5900 kg/m3

(Wang et al., 2011)

Rebar Layer 1, Orientation Angle
=70, Spacing = 0.00116

Rebar Layer 2, Orientation Angle
=110, Spacing = 0.00116
(Smith, M, 2016)

Rebar carcass

Elastic, type=ISO, 3.92¢+08, 0.3
Density = 655 kg/m3

(Chae, 2006)

Rebar Layer 1, Orientation Angle =
0, Spacing = 0.001

(Smith, M, 2016)

Elastic, type=ISO, 3.92e+08, 0.3
Density = 655 kg/m3

(Chae, 2006)

Rebar Layer 1, Orientation Angle
=0, Spacing = 0.001

(Smith, M, 2016)

Rebar nylon | Elastic, type=ISO, 1.98e+08, 0.3 Rebar Layer 1, Orientation Angle
Density =961 kg/m3 =120, Spacing = 0.00116
(Chae, 20006)

Bead Elastic, type=ISO, 3.45E+12, 0.2 Elastic, type=ISO, 3.45E+12, 0.2
Density = Density = 5900 kg/m3 Density = Density = 5900 kg/m3
(Wang et al., 2011) (Wang et al., 2011)
Bead filler Hyperelastic, MOONEY-RIVLINI Hyperelastic, MOONEY-RIVLINI
0.392e6, 1.268e6, 1e-05 0.392¢6, 1.268¢6, 1e-05
Density = 800 kg/m3 Density = 800 kg/m3
(Chae, 2006) (Chae, 2006)
Air Bulk modulus = 426 kPa Bulk modulus =426 kPa

Density = 3.6 kg/m3
(Smith, M, 2016)

Density = 3.6 kg/m3
(Smith, M, 2016)

To model the tire-pavement contact, each node on the tire surface is projected onto the road
surface in the normal direction to enable contact modeling. In this case, the normal direction
affects the convergence of the simulations. Figure 2.2 shows the displacement magnitude of the
full three-dimensional tire model when pushed by the sinusoidal rumble strip. The pavement
contact zone and the top of the tire have different displacements. The distribution of the
displacement magnitude is shown with different colors, blue (low) vs. green (high).
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Figure 2.2: Deformation in the tire. The rumble strip is pushed up to the tire to create
contact and cause deformation in the tire.

The interaction between the tire and the rumble strip is modeled by pushing the rumble strip to
the tire. To demonstrate that the acoustic elements are sensitive to the push from the rumble
strips, we show in Figure 2.3 the displacement magnitude of the full three-dimensional air cavity
elements under inflation. The elements in green (high) are close to the tire inner liner and the
ones in blue (low) are close to the rigid rim. The displacement of the acoustic elements gradually
changes from high at the interface with the tire inner liner to low at the interface with the wheel
hub.

Figure 2.3: Displacement magnitudes of the air cavity inside the tire.

To extract the Sound Pressure Levels (SPL) from the air cavity, we first find the natural modes
for the rolling tires. We choose the LANCZOS eigen solvers that have proven robustness in
research and application domains. Each mode number corresponds to a fundamental frequency.
We assume the air inside is rotating with the same angular velocity as the tire. Furthermore, we
choose some sampling locations in the air and accumulate the SPL outputs at these locations to
determine the overall output for the tires. Figure 2.4 shows a sampling position, a red-colored dot
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inside the air. We have chosen different numbers of these sample positions for the passenger and
the truck tires used due to the difference in the tire sizes, thus the air volumes. At each position,
the SPLs are calculated for each frequency and one example of this distribution is shown in
Figure 2.5.

Figure 2.4: One sample position inside the air cavity to measure sound pressure levels.
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Figure 2.5: The SPL (dB) of the sampled position inside the air cavity.



2.3 RUMBLE STRIP DESIGNS

For the rumble strips, we vary the depth, wavelength, and length to compare the overall SPL. In
this subsection, we show a 2D discretization and a side profile of each rumble strip design.
Figure 2.6 shows the discretized version of a conventional rumble strip, and Figure 2.7 the
sinusoidal rumble strip. For the asymmetric groove pattern, we have created two variations: one
has a long climb and quick drop profile (Figure 2.8), and the other has a short climb and slow
drop profile (Figure 2.9). The driver seat vibration generated by the asymmetric profile of
sawtooth design along with vehicle modeling is not included in this study.

W

Figure 2.6: Conventional rumble strip.

2 Swme T S

Figure 2.7: Sinusoidal rumble strip.
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Figure 2.8: Sawtooth-long-climb-quick-drop rumble strip.

T B N

Figure 2.9: Sawtooth-short-climb-slow-drop rumble strip.

We have built over 276 scenarios by varying the rumble strip dimensions defined by ODOT
(ODOT/TLM, 2018; ODOT/SPR800, 2019) to compare their performances. In total, we have

simulated 19 conventional designs, 21 sinusoidal designs, and 6 sawtooth designs for three
different vehicle speeds and two vehicle types.
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3.0 SOUND MODELING

In this section, we present our scheme to calculate the final SPL output from each scenario, i.e., a
tire rolling over a specific rumble strip dimension. To rank the effects of the different rumble
strip designs and their dimensions, we assume the tires have traveled a fixed time period, i.e., 0.1
seconds as reported in (CalTrans/CTHWANP-RT-18-365.01.2, 2018). Instead of solving a
dynamic rolling problem whose computation overhead is beyond the allocated resources for this
project, we have chosen the steady state rolling for the tires and sampled the SPLs at a number of
locations on the rumble strips. We sample the same number of locations on the rumble strips for
all the designs. For each wavelength, the sample locations are evenly distributed.

3.1 CONTRIBUTIONS FROM RUMBLE STRIPS

The conventional and sinusoidal rumble strips are sampled for the half-length of the spacing or
wavelength as these patterns have symmetric profiles. Figure 3.1, Figure 3.2, and Figure 3.3
show the sample locations that we have used for the conventional, sinusoidal, and sawtooth
designs along with one spacing (conventional) or one wavelength (sinusoidal and sawtooth),
respectively. We sample 7 locations for one conventional and sinusoidal design dimension in the
two top drawings. For the sawtooth designs, we sample 14 locations along the tire rolling
direction as shown in the two bottom drawings. These numbers of locations were chosen to best
represent the geometries and at the same time not to incur high computation overhead.

Figure 3.1: Sample locations shown on side profiles of one conventional design dimension.
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Figure 3.3: Sample locations shown on side profiles of sawtooth-long-climb-quick-drop.

For each rumble strip design, by sampling uniformly over the given pattern, we can ensure that
the main features such as troughs, flat portions, and peaks are included in the tire-pavement
contact modeling. Another scheme is to use one particular rumble strip design as a reference for

16



sampling and sample the other designs at the same locations. We conjecture that the latter
scheme would require many more sampling points to capture all features of each design. Due to
the computation cost, we have chosen our fixed number of the sampling scheme. In future work,
this number of samplings will be increased to more precisely represent the rumble strip
geometries.

3.2 CONTRIBUTIONS FROM AIR INSIDE TIRE

At each location on the rumble strip, to calculate the contribution from the air volume inside the

tires, we have chosen positions that have the highest SPL at each frequency. We first convert the
SPL into A-weighting SPL for each frequency at each position. For each locationj = 1...P on
the rumble strip, we have averaged the SPLs in each frequency band, i = 1 ...n, by equation (1),

when the frequencies are close together. We use the log sum operation for noise source addition

within each frequency band. We denote the SPL in each frequency band, i, at each location, j, on
the rumble strip as SPL;(j) . The total SPL at a location on the rumble strip is:

i1 SPL;(j)

SPL(j) = -

(3-1)
Finally, for a tire rolling at the speed of s [meter/second] and rolling at the time of t [seconds] on

the rumble strip with the wavelength/spacing of w [meters], the overall SPL of the rolling tire is
calculated by the following equation (2):

Yj1SPLG) /sst
P *(Z*W)
SPL =101logq| 10 10

(3-2)

The same sampling positions and SPL calculation scheme are used for all the designs in our
verification and sensitivity studies described in the next two sections.
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4.0 VERIFICATION

We first verify our schemes by evaluating deformations in the tires on the rumble strips visually.
When the peak points of the rumble strip designs push into the tire treads, we expect high stress
and high displacement at the contact regions. When the grooves of the rumble strip design cup
the tire treads, we expect low stress and low displacement in the tires that fall into the very center
of the grooves. Visualizations of the stress and displacement are shown in Section 4.1. Then, we
compare our simulated results to some roadside measurements reported in
(CalTrans/CTHWANP-RT-18-365.01.2, 2018) and (ODOT/SPR&00, 2019). In total, we
compared two conventional and two sinusoidal designs for the passenger car tire; and one
conventional and one sinusoidal design dimension for the truck tire. We have observed that our
calculated sound levels are within the expected ranges and have similar trends as those reported
in the roadside measurements. The details of our comparisons are in Section 4.2 and Section 4.3.

4.1 VISUAL VERIFICATION OF MAGNITUDES OF STRESSES AND
DISPLACEMENTS

We present the visualizations of the Von Misses stress, a yield criterion, in Figure 4.1. We
choose one representative dimension for each design pattern to create the visualization. The
stress in the tire on the conventional design is in the top image, sinusoidal in the middle, and
sawtooth at the bottom. We display the portion of the tire that is in contact with the rumble strips
so that where the tire is flattened is in the view. We also add an inset, under the legend, to each
image to show where the tire is on the rumble strip. We note that the stresses are distributed over
the tires continuously as expected. The high stresses are near the contact areas with the rumble
strips. Specifically for the conventional design, in the contact area, the color coding for the stress
values is not symmetric as expected. The right portion is on the flat part of the rumble strip while
the left is falling into the groove. For the sinusoidal design dimension, the color coding is
symmetric, also as expected. For the sawtooth design dimension, we see some high stress values
colored in red due to the pointy peaks in this design.
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Figure 4.1: Von Mises Stress comparison. For the passenger car tire (tread and sidewall),
Von Mises Stresses are shown for one conventional design (top), one sinusoidal design
(middle), and one sawtooth-long-climb-quick-drop design (bottom).

These visualizations confirm the modeling is effective in capturing the features in the geometric
profiles of the rumble strip designs. The different contact areas on the tread cause different stress
responses in the tires, which in turn impose different displacements in the air cavity. These
displacements produce different acoustic pressures.

In Figure 4.2, we only show the air elements, i.e., tire carcass and tread are removed from the
view, to demonstrate the different displacement distributions for each rumble strip dimension.
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For the conventional design, left image of this figure, there is a small rectangular shaped high
displacement area (red) due to the overall contact with the rumble strip and the contact area in
the tire tread is rectangular in general. The magnitude of the displacement falls off with
increasing distance to the center of the contact area as expected. Moreover, there is an oblong
shaped region at the tire shoulder that has medium high displacement values (yellowish green).
This oblong shape also has a high magnitude value at its center and the magnitude drops off
towards its boundary.

Comparing the high displacement regions (rectangular shape in red) in the tread contact area and
the medium high displacement regions (oblong shape in yellowish green) in the tire shoulder
area for all three rumble strip designs, we observe that the conventional design and the sinusoidal
design have similar size of the high displacement region (red) while the sawtooth has the lowest
size. The conventional design has the highest value among the three designs. The sawtooth
design has the lowest values among the three designs. For the medium high displacement region
(oblong shape in yellowish green), the conventional and sinusoidal designs have similar sizes
and values while the sawtooth design has the smallest size and the lowest value.
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Figure 4.2: Displacement magnitude comparison. For the air cavity inside the passenger
car tire, displacement magnitudes are shown for one conventional design (left), one
sinusoidal design (middle), and one sawtooth-long-climb-quick-drop design (right).

These visualizations indicate that even though the sharp peaks in the rumble strips are no longer
visible in the air cavity as the tire treads have absorbed these sharp stresses, the acoustic
pressures are distributed non-uniformly near the tread contact areas. The sizes of the high and
medium high displacement regions are different for these three designs. Knowing the sizes of
these zones can potentially facilitate the creation of new rumble strip designs to reduce the high
acoustic pressures generated from these high displacements.

4.2 VERIFICATION USING CALTRANS/CTHWANP-RT-18-365.01.2,
2018

In 2018, the California Department of Transportation conducted roadside measurements and
investigated the noise response of different rumble strips (CalTrans/CTHWANP-RT-18-
365.01.2). In their results, two dominant peaks of exterior noise levels over a range of
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frequencies are revealed. These two peaks are near 80 Hz and 160 Hz. These peaks are within
the ranges that could cause noise complaints and could be created from the structural vibrations
of the tires.

In their report, the authors took measurements at two different locations on the vehicles: the first
one has a microphone next to the tire, i.e., on-board; and the second has a microphone at 25 feet
away, i.e., pass-by. The measurements were done by using the 2-channel Larson Davis 3000
Real-Time Analyzers (RTAs). The RTAs were set for 1/8 second exponential averaging and
sampled every 1/10 of a second. The on-board sound intensity (OBSI) measurements were
consistent with the AASHTO TP 76 procedure (American Association of State Highway and
Transportation Officials 2012b). The pass-by measurements were consistent with the American
Association of State Highway Officials (AASHTO) test procedure TP 98 for Statistical Isolated
Pass-by (SIP) measurements (American Association of State Highway and Transportation
Officials 2012a).

Table 4.1 shows the four vehicle types and the corresponding weights used for the measurements
CalTrans/CTHWANP-RT-18-365.01.2. In our simulations, we used the vehicle weight for the
Malibu vehicle. As the tires used in this report were not accessible to us, we used the passenger
car tire that we purchased since it had a radius of 12.8 inches, which is close to the tire radius
used for the Malibu car (13.2 inches). The construction and material properties are not the same
between the tire reported and the ones we purchased. Thus, we only report on the trends in the
noise outputs.

Table 4.1: Testing Vehicles used by CalTrans

Vehicle type Vehicle weight (kg)
Honda Civic 1253-1365
Malibu 1417-1461
Ford Fusion 1547-1730
Ford Expedition 2468-2582

The rumble strip dimensions for comparison are defined in Table 4.2, and we used these
dimensions in our simulations. In this subsection, we also follow the naming convention used in
CalTrans/CTHWANP-RT-18-365.01.2, and term the conventional rumble strip as the ground
rumble strip, and the sinusoidal rumble strip as the mumble strip to avoid confusion.

Table 4.2: Rumble Strip Dimension Defined by CalTrans

Length (inch) | Width (inches) | Depth (inches) | Wavelength/Spacing Type
(inches)
8 N/A 0.3125 14 Sinusoidal
8 4 0.3125 12 Conventional

We first show the simulated results of the conventional (gray) and sinusoidal (dark blue) designs
in the top row of Figure 4.3. The conventional (ground) rumble strip has a depth of 0.3125
inches, a width of 4 inches, and spacing of 12 inches, and the sinusoidal (mumble) strip has a
depth of 0.3125 inches and wavelength of 14 inches. We note that the ground rumble strip results
(gray) are for most of the frequencies higher than the mumble strip results (dark blue). This is a
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confirmation that our modeling has created expected results while comparing to the reported
observations from the roadside measurements.

In the bottom row for Figure 4.3, we included the on-board and pass-by measurements from the
roadside measurements. The results plotted with the dashed curves (cyan for conventional and
blue for sinusoidal) were measured from microphones anchored on the tire wheels, and the solid
curve results were measured from microphones placed at 25 feet from the vehicles. We
performed the same 1/3 octave frequency band averaging as what was documented in
CalTrans/CTHWANP-RT-18-365.01.2. Our results, which are in gray for conventional and dark
blue for sinusoidal, are higher in the magnitudes than both types of the reported measurements at
high frequencies. This is expected as currently our modeling omits polymer noise absorption and
sound level loss through air propagation. Our simulation results more consistently show that the
conventional rumble strip creates a higher noise level than the sinusoidal and the roadside
measurements.

We also highlight the two peaks of the SPL shown in the roadside measurements. We have

added dashed orange vertical lines for the on-board results and solid orange vertical lines for the
pass-by results. We note that these peaks are not at the same frequencies as the two roadside
measurements. Our simulation results also have two peaks and have the same first peak as the
pass-by measurement and the same second peak as the on-board measurement. Due to the lack of
knowledge of the actual tire used for the roadside measurements, we conjecture that our first
peak would be closer to that of the on-board roadside measurement once we model the same tire.
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4.3 VERIFICATION USING ODOT/SPR800, 2019

In this subsection, we compare our results to those reported in ODOT/SPR800, in which the
roadside measurements were presented as overall values for some conventional and sinusoidal
rumble strips. There are two vehicles tested as shown in Table 4.3 and we purchased one tire
from each vehicle to create our numerical models. The vehicles were driven at 60 mph. We show
in Table 4.4 the rumble strip designs and dimensions used in the report.

Table 4.3: Testing Vehicles used in ODOT/SPR800

Vehicle type Vehicle weight (kg)
2017 Ford Focus Hatchback 1331-1385
Volvo VHD dump truck 13244-36287

Table 4.4: Rumble Strip Geometric Dimensions used in ODOT/SPR800

Length (inches) Width Depth (inches) | Spacing/Wavelength Type
(inches) (inches)

14 N/A 0.375 16 Sinusoidal

9.5 8 0.438 12 Conventional

To approximate the reported measurements, we calculated the overall average of the SPL from
the frequency range [0, 500] Hz inside the tire and our results are shown in the right column of
Table 4.5.

Table 4.5: Comparison of SPLs from ODOT/SPR800 and our Simulations

Vehicle Type Type Distance from the Roadside Simulated
microphone to the measurements results (avg
vehicle (ft) (avg dBA) dBA)

Passenger Car | Sinusoidal 25 and 50 87.1 92.9
Passenger Car | Conventional 25 and 50 90.3 94.3
Heavy Vehicle | Sinusoidal 25 and 50 94.5 105.8
Heavy Vehicle | Conventional 25 and 50 95.0 107.2

Our calculated values are higher than those reported in ODOT/SPR800 and follow the same
trends in terms of conventional designs having higher outputs than sinusoidal designs and the
truck tire having higher outputs than the passenger car tire. The roadside measurements were
done at 25 feet and 50 feet from the vehicles, while our values were measured inside the air
volume of the tires.

This comparison confirms that our modeling can capture the overall noise outputs of the
conventional and sinusoidal rumble strips. In the next section, we numerically evaluate different
variations of the dimensions from those published in ODOT/TLM and ODOT/SPR800 for the
conventional and sinusoidal patterns. We also include results for the sawtooth designs, whose
dimensions are chosen based on one sinusoidal design used in ODOT/SPR800. Our goal is to
find sawtooth designs that produce a similar level of SPL output as sinusoidal designs but at a
higher wavelength, in an attempt to reduce road surface damage from construction.
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5.0 COMPARISON OF EXTERIOR NOISE LEVELS AMONG
RUMBLE STRIP DESIGNS AND DIMENSIONS

To analyze the relationship between the tire noise from rolling on the rumble strips and the
geometry of the rumble strips, we compare the tire SPL responses over different rumble strip
designs. In our simulations, we assume that the tires roll for 0.1 seconds as mentioned in
CalTrans/CTHWANP-RT-18-365.01.2, and we compare the accumulated SPLs for this time
period. In addition, as both CalTrans/CTHWANP-RT-18-365.01.2 and ODOT/SPR800 show
that the dominant frequency ranges are the first peak at around 80 Hz, and the second peak at
around 160 Hz, we mainly focus on the frequency range [0, 250] Hz, which covers these two
dominant peaks.

We varied the dimensions published by ODOT/TLM (2018) and ODOT/SPR800 (2019) which
are shown in Table 5.1 (L: length, W: width, D: depth; S/W: Spacing/Wavelength), and created
simulations for each variation as shown in Table 5.2 and the original dimensions for comparison.
We developed scatter plots to facilitate the comparisons, and the results are shown in Section 5.1.
There are a total of 19 conventional designs and 21 sinusoidal designs that we have simulated.
For each case, we simulate the passenger car and truck tires (Table 4.3) at three vehicle speeds.
We group our plots of the results into categories of the design type, i.e., sinusoidal designs or
conventional designs; tire type, i.e., passenger or truck; and speeds, i.e., 45 mph, 55 mph, or 65
mph.

Table 5.1: Geometric Dimensions from ODOT/TLM and ODOT/SPRS800

Report L (inches) | W (inches) | D (inches) | S/W (inches) Type
ODOT/TLM | 8 7 0.5 12 Conventional
ODOT/TLM |8 N/A 0.5 12 Sinusoidal

ODOT/SPRS800 | 9.5 8 0.438 12 Conventional
ODOT/SPRS800 | 14 N/A 0.375 16 Sinusoidal

Table 5.2: Variations of the Geometric Dimensions for Comparison

L (inches) | W(inches) D (inches) S/W (inches) Type
8 7 0.3,0.4,0.5, 0.6, 0.625 12 Conventional
8 5,6,8.9 0.5 12 Conventional
8 N/A 0.3,04,0.5,0.6,0.625 12 Sinusoidal
8 N/A 0.5 8,10, 14, 16, 18 Sinusoidal

9.5 8 0.2628, 0.3504, 0.438, 12 Conventional
0.53,0.6132, 0.625

9.5 6,7,9,10 0.438 12 Conventional

14 N/A 0.225, 0.3, 0.375, 0.45, 16 Sinusoidal
0.525, 0.625

14 N/A 0.375 12, 14, 18, 20,22 | Sinusoidal
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In addition, we have developed dimensions for the sawtooth designs using one existing
sinusoidal dimension, i.e., depth at 0.375 inches and wavelength at 16 inches that was used in
ODOT/SPR800. Table 5.3 presents the geometric dimensions for the sawtooth design. As the
sawtooth designs have asymmetric side profiles, there can be different cases for each design by
moving the troughs in the profiles (Figure 5.1 and Figure 5.2). For the sawtooth designs, we use
one depth value, 0.375 inches, and increase the wavelength. Furthermore, we keep the side
profile to have straight edges.

Table 5.3: Geometric Dimensions for Sawtooth Designs

L (inches) D (inches) W (inches) Cases Type
8/long-enough 0.375 16 Long climb quick drop | Sawtooth
8/long-enough 0.375 20 Long climb quick drop | Sawtooth
8/long-enough 0.375 25 Long climb quick drop | Sawtooth

14 0.375 16 Short climb slow drop | Sawtooth
14 0.375 20 Short climb slow drop | Sawtooth
14 0.375 25 Short climb slow drop | Sawtooth

Depth: 0.375 inches and Wavelength: 16 inches

M

Depth: 0.375 inches and Wavelength: 20 inches

L

Depth: 0.375 inches and Wavelength: 25 inches

— L

Figure 5.1: Side profiles of the sawtooth-long-climb-quick-drop design.
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Figure 5.2: Side profiles of the sawtooth-short-climb-slow-drop design.

In Section 5.1, we first examine conventional designs for the passenger car tire and the truck tire.
In Section 5.2, we examine sinusoidal designs. In Section 5.3, we further compare one
conventional and sinusoidal design dimension only at the 55-mph speed using dimensions with
the lowest SPL outputs from the two designs. In Section 5.4, we compare the sawtooth designs to
one reference sinusoidal design. All SPLs are calculated within the frequency range [0, 250] Hz.
In Section 5.5, we create visualizations to show the ranking of conventional and sinusoidal
designs over SPL levels.

5.1 SPL COMPARISON OF DIFFERENT DIMENSIONS FOR
CONVENTIONAL DESIGNS

SPL responses over different frequencies were analyzed in the MATLAB software package
(version 2021). We show our results for the passenger car SPL responses over 19 conventional
designs in Figure 5.3 and for the truck tire SPL responses over the same 19 conventional designs
in Figure 5.4. Along the horizontal axis, we increase the depth and along the vertical axis, we
increase the width/wavelength. Thus, we expect the values to go from low to high horizontally
and from high to low vertically. Dark blue is low value and dark red is high value. We further
differentiate the results by using circle dots for the variations from ODOT/SPR800 and triangle
dots for the results from the ODOT/TLM in Table 5.2. The vehicle speeds are 45 mph (left), 55
mph (middle), and 65 mph (right) in these figures.
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Figure 5.3: SPL comparison of conventional designs for the passenger car tire. For each
speed 45 mph (left), 55 mph (middle), and 65 mph (right), circle dots are for variations
to ODOT/SPR800, and triangle dots are for variations to ODOT/TLM. The horizontal

axis shows the depth variation, and the vertical axis shows the width variation.

For the horizontal line of circle dots at a width of 8 inches, we note the deeper groove of the
rumble strip causes higher SPL. The color of the dots changes from dark blue to dark red. A
similar trend is noted for the horizontal line of triangle dots that indicate the variations from
ODOT/TLM for the width at 7 inches. This trend is expected.

For the vertical line for the depth at 0.438 inches, we note the larger width of the rumble strip
causes a smaller SPL. The color changes from orange to light blue. A similar trend is noted for
the vertical line of triangle dots above the width of 7 inches. When the width is at 5 inches, we
observe a low SPL value for all three speeds, i.e., cyan color triangle dots at the bottom of the
three images. We conjecture that our sampling of the groove at this width was not refined
enough as the curvature of this narrowest groove is the highest. In our current studies, we evenly
allocate 7 sampling locations for the half-spacing, which includes the features of the half groove
and flat portion. In future work, we will allocate more sampling for the curved grooves.
Furthermore, the SPL value at 6 inches is slightly lower than that at 7 inches, 1.e., a slightly
lighter orange color for the triangle dot at 6 inches. We expected the SPL value at 6 inches to be
higher. More refined sampling should also alleviate this discrepancy.
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Figure 5.4: SPL comparison of conventional designs for the truck tire. For each speed 45
mph (left), 55 mph (middle), and 65 mph (right), the horizontal axis shows the depth
variation, and the vertical axis shows the width variation.

We compare in Figure 5.4 the truck tire SPL responses over conventional rumble strip designs
with different widths and depths. The dimensions of the designs are the same as those for the
passenger car tire.

Very similar to the passenger car tire, for the horizontal line of circle dots at the width of 8
inches, we note the deeper groove of the rumble strip causes higher SPL. The color of the dots
changes from dark blue to dark red. This trend is also noted for the horizontal line of triangle
dots at the width of 7 inches.

For the vertical line of circle dots at the depth of 0.438 inches, we note the SPL values are
decreasing in general, i.e., the colors change from orange to blue or green. The SPL output for
the width of 10 inches is slightly higher than that of 9 inches by about 0.07 dBA, and the SPL
output for the width of 6 inches is slightly lower than that of 7 inches by about 0.03 dBA. For the
vertical line of triangle dots at the depth of 0.5 inches, the SPL decreases as the width increases
except slightly increasing when the width is at both 5 and 6 inches. Again, these slight
discrepancies are likely due to insufficient sampling for the narrow grooves in our current
schemes.

In addition, we observe that the differences in SPLs for the truck tire over the dimensions are
lower than those for the passenger car tire (Figure 5.3). The SPL difference range for the truck
tire is [0.0, 1.89] dBA while it is [0.0, 3.28] dBA for the passenger car tire. We conjecture the
reason is due to the higher rigidity of the truck tires, which contain more steel cords, and the
features from the rumble strip patterns become less effective on the truck tires.

5.2 SPL COMPARISON OF DIFFERENT DIMENSIONS FOR
SINUSOIDAL DESIGNS

In this subsection, we focus on sinusoidal designs. Each circle dot is a variation of the reference
ones in ODOT/SPR800, and each triangle dot is a variation of the reference ones in ODOT/TLM
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as described in Table 5.2. We compare in Figure 5.5 the passenger car tire SPL responses over
21 sinusoidal designs with different wavelengths and depths.

For the horizontal line of circle dots for the wavelength at 16 inches, we note the SPL increases
with the depth increasing. The color of the dots changes from blue to green. A similar trend is
noted for the horizontal line of triangle dots that indicate the variations from ODOT/TLM for the
wavelength at 12 inches. The color changes from yellow to orange. There is one slight exception
at depth of 0.4 inches for the speed of 65 mph.

For the vertical line of circle dots for the depth of 0.375 inches, we note the SPL decreases as the
wavelength increases. The color of the dots changes from yellow to dark blue. For the vertical
line of triangle dots that indicate variations from those dimensions used in ODOT/ TLM for the

depth at 0.5 inches, the trend is the same. The color of the dots changes from dark red to blue.
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Figure 5.5: SPL comparison of sinusoidal designs for the passenger car tire. For each speed
45 mph (left), 55 mph (middle), and 65 mph (right), the horizontal axis shows the
depth variation, and the vertical axis shows the wavelength variation.

Similarly, we compare in Figure 5.6 the truck SPL responses. For the horizontal line of circle

dots for the wavelength at 16 inches, we note the SPL slightly increases as the depth increases.

The color of the dots is almost the same color (cyan). A similar observation is noted for the
horizontal line of triangle dots for the wavelength is 12 inches (yellow), which indicates little
sensitivity to the depth change for the truck tire. Along the vertical lines, the SPL decreases as
the wavelength increases.

As for conventional designs, the above plots in general indicate that as the depth increases the
SPL values become larger (darker red colors), and as the wavelength increases the SPL values
become smaller (darker blue colors). Furthermore, we observe that the differences in SPLs are
smaller than those for the passenger car tire, similar to our observations for conventional designs.
This implies that the tire size and material matter. For designs at different depths, the range of
minimum and maximum differences in SPL responses for the passenger car tire is [0.01, 1.91]
dBA compared to [0, 0.11] dBA for the truck tire. Overall, we see more consistent trends for

sinusoidal designs than for conventional designs.
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Figure 5.6: SPL comparison of sinusoidal designs for the truck tire. For each speed 45 mph
(left), 55 mph (middle), and 65 mph (right), the horizontal axis shows the depth
variation, and the vertical axis shows the wavelength variation.

5.3 SPL COMPARISON OF CONVENTIONAL AND SINUSOIDAL
DESIGNS

To further contrast conventional and sinusoidal designs, we only select the 55-mph speed. In
Figure 5.7, we present the passenger car tire and truck tire SPL outputs over the range of
frequencies [0 250] Hz. The top row compares conventional (gray) and sinusoidal (dark blue) for
the passenger car tire, and the bottom row compares for the truck tire. The conventional design
has a depth of 0.2628 inches, a width of 8 inches, and a spacing of 12 inches with 84.90 dBA for
the passenger car tire and 97.61 dBA for the truck tire. The sinusoidal design dimension has a
depth of 0.375 inches, and a wavelength of 22 inches with 82.89 dBA for the passenger car tire
and 94.86 dBA for the truck tire. These SPL values are the lowest among our simulations for
each tire type and each rumble strip design, respectively.

We note that the differences between the two designs are more pronounced over relatively higher
frequencies for the passenger car tire and over both low and high frequencies for the truck tire.
The maximum difference is higher for the passenger car tire than the truck tire. These SPL
responses over the frequencies indicate that tire noises vary with respect to the geometry of the
rumble strips and the tire types.
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Figure 5.7: SPL comparison between conventional and sinusoidal designs. Over the
frequency range [0, 250] Hz, the SPL outputs at 55 mph are shown for the passenger
car tire (top) and truck tire (bottom).

5.4 SPL COMPARISON OF SAWTOOTH AND SINUSOIDAL DESIGNS

As the rumble strips are both aural and tactile devices to alert the drivers, we have considered a
sawtooth design that has an asymmetric profile. We project drivers would feel climbing and
falling differently due to the different lengths of these two segments. In addition, if the falling is
short, then it can potentially be strong tactile feedback. Conventional and sinusoidal designs are
currently the most common rumble strips used in practice. Both conventional and sinusoidal
designs have symmetric profiles with respect to the centers of the grooves.

We have developed 2 sawtooth designs: the sawtooth-long-climb-quick-drop scenario (Figure
5.1), and the sawtooth-short-climb-slow-drop scenario (Figure 5.2). In this section, we examine
the SPL differences between the sawtooth designs and the reference sinusoidal design from
ODOT/SPR800. We have chosen the same depth, 0.375 inches for all designs, and varied the
wavelengths among three values: 16 inches, 20 inches, and 25 inches for the sawtooth designs to
contrast to the sinusoidal design at 16 inches only. We have observed that the same depth but a
longer wavelength of the sawtooth can be quieter than the reference sinusoidal.

The contact areas between the tires and the rumble strips directly influence the SPL output
levels. In this subsection, we visualize the mechanical stress values, the contact areas, and the
displacements for the sawtooth and the reference sinusoidal design. We first present comparisons
between the sawtooth-long-climb-quick-drop scenario and the sinusoidal design over Von Mises
stresses for the tread and sidewall, and the displacements in three directions: rolling, lateral, and
loading for the air elements. We then show comparisons between the sawtooth-short-climb-slow-
drop scenario and the sinusoidal design. These different visualizations provide a comprehensive
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understanding of the distribution of the deformation in the tire elements and the air elements
caused by the rumble strip geometries.

In Figure 5.8, we show Von Mises stresses in the tread and the sidewall. Both designs have a
depth of 0.375 inches and a wavelength of 16 inches. We note that the stresses are higher in
sawtooth-long-climb-quick-drop at the peaks of this design than in sinusoidal. Also, the
sinusoidal smooth design has a stress distribution that is uniform in the contract area while the
sawtooth design has isolated high points.

S, Mises

(Avg: 75%)
+2.163e+06
+1.983e+06
+1.803e+06
+1.623e+06
+1.443e+06
+1.263e+06
+1.083e+06
+9.035e+05
+7.235e+05
+5.436e+05
+3.637e+05
+1.837e+05
+3.792e+03

S, Mises

(Avg: 75%)
+1.727e+06
+1.583e+06
+1.440e+06
+1.296e+06
+1.153e+06
+1.009e+06
+8.654e+05
+7.218e+05
+5.783e+05
+4.347e+05
+2.911e+05
+1.476e+05
+3.990e+03

Figure 5.8: Von Mises Stress comparison. For the passenger car tire tread and sidewall, the
Von Mises Stresses are shown for the sawtooth-long-climb-quick-drop design in the
top image, and the reference sinusoidal design dimension in the bottom image.

Next, we show the displacement of the air elements for the rolling, lateral, and loading directions
respectively in Figure 5.9, Figure 5.10, and Figure 5.11.
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Figure 5.9: Displacement magnitude comparison in the rolling direction for the air cavity
inside the passenger car tire. The sawtooth-long-climb-quick-drop design (top), and
the reference sinusoidal design dimension (bottom).

We note that in the rolling direction, both designs have a similar distribution of high (red) and
low (blue) values. The location of the medium (yellow) values at the contact area (the flattened
portion of the tire) correspond to the peaks of the two designs. The sawtooth-long-climb-quick-
drop design, the top image of Figure 5.9, has this location to the left in the contact area while the
reference sinusoidal design has it at the center of the contact area as expected. Due to the
different distributions of high displacement air elements, these two designs produce different tire
SPL responses. Furthermore, this visualization again confirms that the tire treads transmit the
forces from the rumble strips to the air inside the tire.
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Figure 5.10: Displacement magnitude comparison in the lateral direction for the air cavity
inside the passenger car tire. The sawtooth-long-climb-quick-drop design (top) and the
reference sinusoidal design dimension (bottom).

For this lateral direction, we note that both designs have regions that are caving inward (blue
color). The sawtooth design has a larger region but at a smaller value than the sinusoidal design.
This visualization shows that the air volume inside the tires is not expanding uniformly during

rolling.

35



U, us
+1.104e-02
+1.011e-02
+9.177e-03
+8.243e-03
+7.309e-03
+6.375e-03
+5.441e-03
+4.508e-03
+3.574e-03
+2.640e-03
+1.706e-03
+7.719e-04
-1.621e-04

U, us
+1.421e-02
+1.301e-02
+1.181e-02
+1.062e-02
+9.418e-03
+8.221e-03
+7.023e-03
+5.825e-03
+4.627e-03
+3.429e-03
+2.231e-03
+1.033e-03
-1.651e-04

Figure 5.11: Displacement magnitude comparison in the loading direction for the air cavity
inside the passenger car tire. The sawtooth-long-climb-quick-drop design (top), and
the reference sinusoidal design dimension (bottom).

In the loading direction, it is obvious that the sawtooth design has a larger high displacement
(red) region but at a slightly lower magnitude than the sinusoidal design. This larger area is due
to the sharp peak in the sawtooth design.

Next, we quantify the differences in the acoustic outputs between these two designs. We use the
same scheme in our verification against the CalTrans/CTHWANP-RT-18-365.01.2, 2018 report,
i.e., we accumulate the SPL levels over 0.1 seconds. For the sawtooth design, we use three
wavelengths: 16 inches, 20 inches, and 25 inches, and just 16 inches for the reference sinusoidal
design.

In the top image of Figure 5.12, we compare for the passenger car tire, and in the bottom image
the truck tire. The reference sinusoidal design with a depth of 0.375 inches and a wavelength of
16 inches is in purple at the far right for each speed. The other three bars are the sawtooth-long-
climb-quick-drop at wavelengths of 16, 20, and 25 inches, respectively. We observe that 1) The
SPL decreases with increasing wavelength for the sawtooth design and 2) The SPL of the
sawtooth design is lower than that of the sinusoidal design.
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Figure 5.12: SPL comparisons for sawtooth-long-climb-quick-drop and sinusoidal designs.
The SPLs are shown for the sawtooth-long-climb-quick-drop designs and the reference
sinusoidal design dimension for the passenger car tire (top) and truck tire (bottom).

We observe that for both passenger car and truck tires, the sawtooth-long-climb-quick-drop
design can have comparable SPL values at the same depth and the same wavelength. When the
wavelength of the sawtooth design increases to 20 inches and 25 inches, these dimensions
produce lower SPLs than the sinusoidal design at a wavelength of 16 inches.

Next, we make similar comparisons for the sawtooth-short-climb-slow-drop scenario with a
depth of 0.375 inches and a wavelength of 25 inches and the reference sinusoidal design at the
same depth and a wavelength of 16 inches. In Figure 5.13 we show the stress in the loading
direction instead of the Von Mises stress and we analyze the tire tread rather than the air element.
On these treads, we show in Figure 5.14 the air displacement in the rolling direction (top), the
lateral direction (middle), and the loading direction (bottom).
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Figure 5.13: Stress in the loading direction. For the passenger car tire tread, stresses in the
tread are shown for the sawtooth-short-climb-slow-drop design (left) and the reference
sinusoidal design dimension (right).

We note that the distributions of the high (orange) and low (blue) values are different for these
two designs. The sinusoidal design has a more symmetric distribution than the sawtooth design
as expected.

Similarly, the difference between the two designs is visible in the air displacement along with the
rolling, lateral, and loading directions (Figure 5.14). We note that the sawtooth design has a
smaller value than the sinusoidal design in all three directions. Especially, in the loading
directions, the sawtooth design has a larger region (red) but at a smaller value than the sinusoidal
design.
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Figure 5.14: The displacement in rolling, lateral, and loading directions. The displacement
in rolling (top), lateral (middle), and loading (bottom) directions for the air cavity in
the passenger car tire are shown for the sawtooth-short-climb-slow-drop design (left)

and the reference sinusoidal design dimension (right).
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In Figure 5.15, we compare for the passenger car tire (top) and for the truck tire (bottom). The
reference sinusoidal design with a depth of 0.375 inches and a wavelength of 16 inches is in
purple at the far right for each speed. The other three bars are the sawtooth-short-climb-slow-
drop at wavelengths of 16, 20, and 25 inches, respectively. We have observed that the SPL
decreases with increasing wavelength and that the SPL of the sawtooth design at the wavelength
of 20 or 25 inches is lower than the sinusoidal design.
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Figure 5.15: SPL comparisons for sawtooth-short-climb-slow-drop and sinusoidal designs.
The SPLs are shown for the sawtooth-short-climb-slow-drop designs and the reference
sinusoidal design dimension for the passenger car tire (top) and truck tire (bottom).

Furthermore, we note that the two sawtooth designs have comparable performances when
compared to the reference sinusoidal design. At 20 inches wavelength, both designs are about 1
dBA lower than the sinusoidal design at 16 inches for all three speeds. We conjecture using the
20 inches as the wavelength can potentially incur less road change during construction.
Furthermore, between the two sawtooth designs, the long-climb-quick-drop has a higher SPL
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output of about 0.3 dBA than the short-climb-slow-drop for the passenger car, but a lower output
of about 0.2 dBA for the truck tire. When traffic volume distributions of the car and truck tires
are included in future work, these two designs can be further customized to meet the required
noise levels.

5.5 VISUALIZATION FOR SPL RANKING OVER RUMBLE STRIP
DIMENSIONS

Finally in this subsection, we focus on presenting the designs along with their simulated SPLs so
that a selection of a particular rumble strip dimension can be easily made in practice. We present
two visualizations, heatmap and tree, to facilitate the selection of a rumble strip dimension that
has a required SPL level. We use color to indicate high (red) and low (blue) values. In the
heatmap visualization, each block contains the SPL (dBA), depth (D), spacing (S), width (W),
and speed; and in the tree visualization, these numbers are written next to the tree nodes and the
speed is omitted as the 3 speeds are averaged. Furthermore, in the tree visualization, the width of
the edges increases with the SPL differences. In the heatmap visualization, we present all the
dimensions that we have simulated and mark the geometric dimensions in the report of
ODOT/TLM and ODOT/SPR800 with dashed red boxes. In the tree visualization, we only show
the dimensions that have lower SPLs than those used in ODOT/TLM and ODOT/SPR800. The
colored nodes represent the SPL values, and from light to dark color, the SPL value decreases.

The heatmap visualization is a global look-up table while the tree visualization is to enable local
search. These visualizations when enlarged can be read easily to select a rumble strip dimension
at some required SPL dBA levels.
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Sound Pressure Level (dBA) of Conventional Designs for the Passenger tire (D: Depth, S: Spacing, W: Width, Unit: inches)

Figure 5.16: Heatmap visualization and tree visualization in passenger car tire over the
chosen set of conventional designs for the dimensions listed in Table 5.2.

Next, we show the same visualizations for the truck tire.
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Sound Pressure Level (dBA) of Conventional Designs for the Truck tire (D: Depth, S: Spacing, W: Width, Unit: inches)
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Figure 5.17: Heatmap visualization and tree visualization in truck tire over the chosen set
of conventional designs for the dimensions listed in Table 5.2.

In this tree visualization, the leftmost node is slightly lower, by 0.01dBA, than the top node.
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Sound Pressure Level (dBA) of Sinusoidal Designs for the Passenger tire (D: Depth, W: Wavelength, Unit: inches)

Figure 5.18: Heatmap visualization and tree visualization in passenger car tire over the
chosen set of sinusoidal designs for the dimensions listed in Table 5.2.

Next, we show the same visualizations for the truck tire.
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Sound Pressure Level (dBA) of Sinusoidal Designs for the Truck tire (D: Depth, W: Wavelength, Unit: inches)
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Figure 5.19: Heatmap visualization and tree visualization in truck tire over the chosen set
of sinusoidal designs for the dimensions listed in Table 5.2.

We note that for conventional designs, the tree visualization shows two levels. The maximum
SPL difference is around 0.64 dBA for the passenger car tire, and 0.11 dBA for the truck tire.
Over our simulated sinusoidal designs, the tree visualization shows three levels of the SPL
differences, and the maximum SPL difference is around 1.61 dBA for the passenger car tire, and
1.41 dBA for the truck tire. The different number of levels for the two designs demonstrates that
choices over conventional dimensions will likely produce similar noise levels but different noise
levels for the sinusoidal dimensions.
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6.0 ADDITIONAL RESULTS: SPL COMPARISON FOR ZERO-
DEGREE AND 10 DEGREES ANGLE OF LANDING

In this section, we examine the influence of rumble strips on the SPL outputs when the tire is
rolling along the rumble strip at an angle. We have conducted simulations where the rumble strip
has a 10 degrees angle of landing. In Section 5.0, we created the set of variations of the
dimensions defined in ODOT/SPR800 and ODOT/TLM and we defined these variations in Table
5.2. Some of the dimensions have the lowest and highest depth, width/wavelength that can be
implemented in practice. These dimensions are of interest in this section to contrast how the 10
degrees angle of landing differs from the zero-degree. We have selected the 4 cases that have the
lowest and highest depth and width/wavelength from the variations to ODOT/SPR800 and
similarly 4 cases from the variations to ODOT/TLM for each rumble strip design, i.e.,
conventional, and sinusoidal. For each case, we have simulated both passenger car and truck tires
and included all three speeds: 45 mph, 55 mph, and 65 mph. Overall, we have simulated 96
scenarios. We only present visualizations for some of the simulated cases in the following
sections.

In the next subsection, Section 6.1, we will show the displacement magnitude in the treads of the
passenger car tire and the truck tire. In Figure 6.1 and Figure 6.2, we demonstrate how the
landing at a non-zero angle creates asymmetric displacement distribution in the tire treads. After
that, we will focus on demonstrating the contribution of the 10 degrees angle of landing on one
single rumble strip dimension at a time for the passenger car tire and then for the truck tire,
respectively. Through our simulations, we observe that the 10 degrees angle of landing
influences the SPL outputs differently with respect to the dimensions of the rumble strip design,
e.g., shallow vs. deep depth, in addition to the tire type. In Section 6.2, we focus on the passenger
car tire as the changes to the truck tire are similar but less noticeable. In Section 6.2.1, we
contrast a shallow and a deep groove for both the conventional and sinusoidal designs. In
Section 6.2.2, we show a low width and a high width comparison for one conventional design
dimension, which is one of the 4 cases selected for this section. In Section 6.2.3, we show a low
wavelength and a high wavelength comparison for one sinusoidal design dimension. In

Section 6.3, we evaluate the differences between the zero-degree and the 10 degrees angle of
landing in the SPL outputs for the 96 scenarios for both the passenger car tire and the truck tire.
The displacement in the tire is evaluated in the following three directions: rolling, lateral, and
loading. We show how the air cavity is influenced by the 10 degrees angle of landing at the
beginning of this section. We use just one rumble strip dimension, and one tire at one speed to
illustrate the change incurred. The latter part of this section provides a summary over the chosen
sets of highest and lowest depth and width/wavelength.

6.1 DISPLACEMENT MAGNITUDE COMPARISON IN THE TREADS
OF THE PASSENGER CAR TIRE AND TRUCK TIRE

In Figure 6.1, we compare the zero-degree angle of landing (left) and the 10 degrees angle of
landing (right) for the passenger car tire. The first row shows the tire contacting the rumble strips
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and the bottom row shows the displacement magnitude, i.e., a combination of the displacement
in the rolling, lateral, and loading directions, of the tread. We note the high displacement regions,
colored from yellow to red colors, have different sizes and shapes, and using this information we
conclude that the contact areas are different for these two landings. In the subsequent sections,
we term contact areas as the regions of the high displacements, i.e., the warm colored portions at
the contact areas between the tires and the rumble strips.

Figure 6.1: Displacement magnitude comparison for passenger car tire tread. Zero-degree
(left) and 10 degrees (right).

We note that at the chosen rumble strip dimensions the high displacement regions can be
disjointed. The 10 degrees angle of landing creates a more disjoint warm color region. We
project the air displacements will be more non-uniform than that for the zero-degree angle of
landing.

Figure 6.2: Displacement magnitude comparison for truck tire tread. Zero-degree (left)
and 10 degrees (right).
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In Figure 6.2, we show the zero-degree angle of landing (left), and the 10 degrees angle of
landing (right) for the truck tire. We note the high displacement regions have different sizes and
shapes, and at the chosen dimensions, the high displacement regions are also disconnected. The
10 degrees angle of landing creates an asymmetric distribution, i.e., the red regions are not
symmetric about the shoulder-to-shoulder axis of the tread.

6.2 CONTACT AREA COMPARISON OF DIMENSIONS FOR 10
DEGREES ANGLE OF LANDING

In this subsection, we visualize the high displacement regions in the contact areas for the
passenger car tire under 10 degrees angle of landing.

6.2.1 Shallow and deep grooves under 10 degrees angle of landing

Figure 6.3 presents two depths: 0.2826 inches (left) and 0.625 inches (right). This design
dimension has a length of 9.5 inches and a width of 8 inches. We display the tire treads. Both
contact areas, warm colored regions, are slanted with respect to the rolling direction as expected.
The shallow groove (left) has a higher value and a larger connected region than the deep groove
(right), which has two disconnected regions.

U, Magnitude
+1.063¢-02
+9.7488-03

1 +8.8626-03

1 +7.976e-03
+7.0000-03
+6.21

1772003 1143
+8.8620-04
+0.0000 +60 1%

Figure 6.3: Displacement magnitude comparison of the passenger car tire for one
conventional design at two different depths.

Next, we examine the tread deformation over sinusoidal designs. Figure 6.4 shows again for the
same tire over one sinusoidal design dimension at depths of 0.225 inches (left) and 0.625 inches
(right). This sinusoidal design dimension has a length of 14 inches and a wavelength of 16
inches. For this design, we note the shallow groove creates a smaller but with a higher value
warm color region than the deep groove. Contrary to the conventional design in Figure 6.3, the
high displacement regions are connected at the deep groove revealing the effect of the rounded
wavy profile of the sinusoidal design.
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U, Magnitude

Figure 6.4: Displacement magnitude comparison of the passenger car tire for one
sinusoidal design at two different depths.

6.2.2 Short and long widths of conventional design under 10 degrees angle of
landing

In this subsection, we focus on conventional designs for the same passenger car tire. Figure 6.5
shows widths: 6 inches (left) and 10 inches (right). This conventional design dimension has a
length of 9.5 inches and a depth of 0.438 inches. The short width has a similar effect as the deep
groove in the previous subsection (Figure 6.3) and incurs two disjointed high displacement
regions, i.e., warm color regions. The long width is in full contact with the tire and incurs a
higher displacement magnitude.

U, Magnitude U, Magnitude
+1.133

Figure 6.5: Displacement magnitude comparison of the passenger car tire for one
conventional design at two different widths.

6.2.3 Short and long wavelengths of sinusoidal design under 10 degrees angle
of landing

Next, we focus on sinusoidal designs for the same passenger car tire. Figure 6.6 presents two
different wavelengths: 12 inches (left) and 22 inches (right). This sinusoidal design dimension
has a length of 14 inches and a depth of 0.375 inches. Both displacement magnitudes have
connected regions in the contact areas. The short wavelength has a smaller high displacement

50



region at a slightly higher magnitude. The long wavelength is closer to being flat and incurs a
larger high displacement region. There are no disconnected warm colored regions as seen from
conventional designs.
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Figure 6.6: Displacement magnitude comparison of the passenger car tire for one

sinusoidal design at two different wavelengths.

These displacement results indicate that the 10 degrees angle of landing is also sensitive to the
depth, width, and wavelength variation in the rumble strip designs just like the zero-degree
landing. In the next section, we examine the acoustic effects of the passenger car tire and truck
tire caused by the contact areas of different depths, widths, and wavelengths for both
conventional and sinusoidal designs. We continue to include the different speeds.

6.3

10 DEGREES ANGLE OF LANDING

SPL COMPARISON OF DIMENSIONS FOR ZERO-DEGREE AND

To determine whether the 10 degrees angle of landing produces a higher noise level, we compare
it to the results from the zero-degree angle of landing. The geometric dimensions of the
conventional and sinusoidal rumble strips are in Table 6.1 and Table 6.2, respectively.

Table 6.1: Geometric Dimensions of the Chosen set of Conventional Designs for the Angle
of Landing Simulations.

L (inches) | W (inches) D (inches) S/W (inches) | Landing(degrees) Type
9.5 8 0.2628 12 0,10 Conventional
9.5 8 0.625 12 0,10 Conventional
9.5 6 0.438 12 0,10 Conventional
9.5 10 0.438 12 0,10 Conventional
8 7 0.3 12 0,10 Conventional
8 7 0.625 12 0,10 Conventional
8 5 0.5 12 0,10 Conventional
8 9 0.5 12 0,10 Conventional
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Table 6.2: Geometric Dimensions of the Chosen set of Sinusoidal Designs for the Angle of
Landing Simulations.

L (inches) | W (inches) D (inches) S/W (inches) | Landing(degrees) Type
14 N/A 0.225 16 0, 10 Sinusoidal
14 N/A 0.625 16 0,10 Sinusoidal
14 N/A 0.375 12 0, 10 Sinusoidal
14 N/A 0.375 22 0,10 Sinusoidal
8 N/A 0.3 12 0, 10 Sinusoidal
8 N/A 0.625 12 0,10 Sinusoidal
8 N/A 0.5 8 0,10 Sinusoidal
8 N/A 0.5 18 0, 10 Sinusoidal

We have chosen one representative design from a set of simulations of different designs to
visualize the air displacements in the rolling, lateral, and loading directions of the tires. We include
zero-degree and 10 degrees angle of landing side by side in our figures. We summarize all the
results in Table 6.3 for passenger car tires over conventional designs, Table 6.4 for truck tires over
conventional designs, Table 6.5 for passenger car tires over sinusoidal designs, and Table 6.6 for
truck tires over sinusoidal designs.

52



U, u1 U, U1

+2.688e-03 +2.780e-03
+2.240e-03 ! ) +2.317e-03
+1.792e-03 . +1.853e-03
+1.344e-03 +1.390e-03
+8.959e-04 +9.267e-04
+4.479e-04 - +4.634e-04
+2.328e-10 +3.551e-09
-4.479e-04 -4.634e-04
-8.950e-04 -9.267e-04
-1.344e-03 -1.390e-03
-1.792e-03 -1.853e-03
-2.240e-03 -2.317e-03
-2.688e-03 -2.780e-03,
u, U2
+3.686e-03 U, uz
+3.072e-03 +4.184e-03
+2.457e-03 +3.486e-03
+1.843e-03 +2.789e-03
+1.229e-03 +2.092e-03
+6.144e-04 +1.395e-03
-6.985e-10 +6.973e-04
-6.144e-04 +8.149e-08
-1.229e-03 -6.972e-04
-1.843e-03 -1.394e-03
-2.457e-03 -2.092e-03
-3.072e-03 -2.789e-03
-3.686e-03 -3.486e-03
-4.183e-03
u, U3 u, U3
+7.443e-03 +8.593e-03
+6.811e-03 +7.865e-03
+6.180e-03 +7.138e-03
+5.549e-03 +6.410e-03
+4.917e-03 +5.682e-03
+4.286e-03 +4.954e-03
+3.655e-03 +4.227e-03
+3.023e-03 +3.499e-03
+2.392e-03 +2.771e-03
+1.761e-03 +2.043e-03
+1.129e-03 +1.316e-03
+4.980e-04

-1.334e-04

Figure 6.7: Air displacements in rolling, lateral, and loading directions for the passenger
car. The top row shows the rolling direction, the middle row shows the lateral
direction, and the bottom row shows the loading direction. Zero-degree (left) and 10
degrees (right) angle of landing.
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In Figure 6.7, we show the displacements in the air cavity of the passenger car tire when rolling
over the conventional design at 0.625 inches depth, 8 inches width, and 12 inches spacing. In the
rolling direction, both zero-degree and 10 degrees have a similar distribution of high (red) and
low (blue) values; however, the 10 degrees angle of landing has a higher value than the zero-
degree. For this lateral direction, we note that both zero-degree and 10 degrees have regions that
are caving inward (blue color). The zero-degree has a larger region but at a smaller value than
the 10 degrees. In the loading direction, the displacement area of zero-degree is symmetric.
However, the 10 degrees has a more disjointed displacement (red) region and higher magnitude
than the zero-degree. The asymmetric disjointed displacement area is due to the tire contacting
the rumble strip at a non-zero angle.
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Figure 6.8: Passenger car tire SPL differences of the angle of landing for one conventional
design dimension.

By comparing the SPL outputs in Figure 6.8, we observe that the 10 degrees angle of landing has
a higher SPL than the zero-degree angle of landing at all speeds. The SPL of 10 degrees is also
increasing with the increasing speed like the zero-degree angle of landing. The SPL difference at
55 mph and 65 mph is slightly higher than that at 45 mph. Thus, we conclude this difference is
consistent over the speeds for this rumble strip dimension.

Next, we compare the same conventional design dimension for the truck tire. Figure 6.9 shows
that in the rolling and lateral directions, both zero-degree and 10 degrees have a similar
distribution of high (red) and low (blue) values, and the 10 degrees has a higher value than the
zero-degree. In the loading direction, the 10 degrees has an asymmetric pattern (red) caused by
the tire contacting the rumble strip at a non-zero angle and has a higher value than the zero-
degree. The zero-degree also has a disjointed red region, and it is more connected than the 10
degrees.
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Figure 6.9: Air displacements in rolling, lateral, and loading directions for the truck tire.
The top row shows the rolling direction, the middle row shows the lateral direction,
and the bottom row shows the loading direction. Zero-degree (left) and 10 degrees
(right) angle of landing.
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Figure 6.10: Truck tire SPL differences of the angle of landing for one conventional design
dimension.

As we observe from Figure 6.8 for the passenger car tire, the 10 degrees angle of landing has a
higher value in air displacements than the zero-degree, as shown in Figure 6.10. However, the
differences between the zero-degree and 10 degrees are much smaller than the corresponding
passenger car tire measurements shown in Figure 6.8. The SPL differences at 45 mph, 55 mph,
and 65 mph are all 0.06 dBA. This is expected due to the truck tire being more rigid and
conforming to the rumble strips less than the car tire. Furthermore, the rumble strips at the given
lengths from ODOT/TLM and ODOT/SPR800 are partially covered by the truck tire that we
have purchased.

Next, we examine the sinusoidal design at a depth of 0.625 inches, and a wavelength of 16
inches. Figure 6.11 shows the passenger car tire SPL differences between the zero-degree and 10
degrees angle of landing. By comparing the magnitude of air displacement, we note that the
zero-degree has a smaller value than the 10 degrees in the rolling and loading directions but has a
higher value in the lateral direction. There are no disconnected high displacement regions, i.e.,
disconnected red regions, again revealing the effect of smooth and wavy sinusoidal designs.
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Figure 6.11: Air displacements in rolling, lateral, and loading directions for the passenger
car tire. The top row shows the rolling direction, the middle row shows the lateral
direction and the bottom row shows the loading direction. Zero-degree (left) and 10
degrees (right) angle of landing.
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sinusoidal design dimension.

From the SPL outputs in Figure 6.12, we observe that the 10 degrees angle of landing has a
higher SPL than the zero-degree angle of landing at all speeds. The SPL of 10 degrees is also
increasing with the increasing speed like the zero-degree angle of landing. The SPL differences
are around 0.5 dBA for all three speeds.

We examine the same sinusoidal design dimension for the truck tire. In the rolling and lateral
direction, the zero-degree has a slightly higher value than the 10 degrees but is lower in the
loading direction. Both zero-degree and 10 degrees have a similar distribution of high (red) and
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Figure 6.13: Air displacements in rolling, lateral, and loading directions for the truck tire.
The top row shows the rolling direction, the middle row shows the lateral direction,
and the bottom row shows the loading direction. Zero-degree (left) and 10 degrees
(right) angle of landing.
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Figure 6.14: Truck tire SPL differences of the angle of the landing for one sinusoidal design
dimension.

In Figure 6.14, we show that the 10 degrees angle of landing has a slightly higher SPL than the
zero-degree angle of landing at all speeds. More specifically, the SPL difference at 45 mph is
0.02 dBA, at 55 mph is 0.05 and at 65 mph is 0.06 dBA, which is one magnitude lower than the
SPL difference for the passenger car tire.

Next, we summarize all the cases that we have simulated to evaluate the 10 degrees angle of
landing. We organize the cases over rumble strip designs and tires. The cases that have been
visualized in earlier subsections have been marked with a dashed boundary. We first show the
SPL differences for conventional designs at speeds of 45 mph, 55 mph, and 65 mph: Table 6.3
for passenger car tires and Table 6.4 for truck tires. Next, we show the SPL differences for the
sinusoidal design at the same speeds: Table 6.5 for the passenger car tire and Table 6.6 for the
truck tire.
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Table 6.3: Passenger Car Tire SPL Differences for the chosen set of Conventional Designs

Dimension 45 mph 55 mph 65 mph
D: 0.2628 W:8 S:12 L:9.5 0.40 0.41 0.43
D: 0.625 W:8 S:12 1.:9.5: |0.46 0.50 0.50
D: 0.3 W:7 S:12 L:8 0.05 0.03 0.02
D: 0.625 W:7 S:12 L:8 0.36 0.39 0.40
D: 0438 W:6 S:12 L:9.5 0.33 0.32 0.33
D: 0.438 W:10S:12 L:9.5 0.21 0.22 0.29
D: 0.5 W:5 S:12 L:8 0.21 0.23 0.25
D: 0.5 W:9 S:12 L:8 0.46 0.48 0.51

Note: For the three vehicle speeds, the SPL differences (dBA) between zero-degree and 10
degrees angle of landing are calculated for the dimensions listed here and also in Table 6.1.

Table 6.4: Truck Tire SPL Differences for the chosen set of Conventional Designs

Dimension 45 mph 55 mph 65 mph
D: 0.2628 W:8 S:12 L:9.5 0.14 0.13 0.12
D: 0.625 W:8 S:12 L:9.5: [0.06 0.06 0.06
DI03TTWITTSTIZULEST | 0.07 0.04 0.02
D: 0.625 W:7 S:12 L:8 0.06 0.07 0.06
D: 0438 W:6 S:12 L:9.5 0.03 0.04 0.06
D: 0.438 W:10S:12 L:9.5 0.03 0.01 0.02
D: 0.5 W:5 S:12 L:8 0.10 0.07 0.08
D: 0.5 W:9 S:12 L:8 0.04 0.06 0.05

Note: For the three vehicle speeds, the SPL differences (dBA) between zero-degree and 10
degrees angle of landing are calculated for the dimensions listed here and also in Table 6.1.

Table 6.5 Passenger Car Tire SPL Differences for the chosen set of Sinusoidal Designs

Dimension 45 mph 55 mph 65 mph
D:0.225 W:16 L:14 0.21 0.26 0.28
'D:0.625 W:16 L:14 @ ]0.48 0.47 0.52
DYy Wi 2 T8 0.20 0.23 0.23
D:0.625 W:12 L:8 0.38 0.38 0.54
D:0375 W:12 L:14 0.14 0.16 0.15
D: 0375 W:22 L:14 0.32 0.36 0.36
D: 0.5 W: 8 L:8 0.08 0.13 1.64
D: 0.5 W:18 L:8 0.49 0.46 0.44

Note: For the three vehicle speeds, the SPL differences (dBA) between zero-degree and 10
degrees angle of landing are calculated for the dimensions listed here and also in Table 6.2.
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Table 6.6 Truck Tire SPL Differences for the chosen set of Sinusoidal Designs

Dimension 45 mph 5SS mph 65 mph
.D:0.225... W..16... L: 14, 0.05 0.00 0.00
i D:0.625 W:16 L:14 @ [0.02 0.05 0.06
D: 0.3 W:12 L:8 0.14 0.11 0.08
D:0.625 W:12 L:8 0.14 0.04 0.01
D: 0375 W:12 L:14 0.00 0.03 0.04
D: 0375 W:22 L:14 0.02 0.01 0.01
D: 0.5 W:8 L:8 0.11 0.11 0.07
D: 0.5 W:18 L:8 0.08 0.05 0.02

Note: For the three vehicle speeds, the SPL differences (dIBA) between zero-degree and 10
degrees angle of landing are calculated for the dimensions listed here and also in Table 6.2.

From these tables, we observe that in general, the SPL responses under the 10 degrees angle of
landing are higher than those under zero-degree. There are 10 exceptions among that 96 cases
simulated, except for the 10 cases shown in Table 6.3, Table 6.4, and Table 6.6. For these 10
cases, seven of them are for the truck tire, and the average SPL difference is 0.025 dBA. In
addition, the truck tire SPL difference is lower than the passenger car tire SPL difference.

Among the chosen set of conventional designs, the average SPL difference for the shallow
groove (0.17 dBA) is lower than that for the deep groove (0.25 dBA). The average SPL
difference for the short width (0.16 dBA) is also lower than the long width (0.20 dBA). This
implies that the deep groove and long width can be slightly more sensitive to the 10 degrees
angle of landing.

Among the chosen set of sinusoidal designs, the average SPL difference for the shallow groove
(0.15 dBA) is lower than that for the deep groove (0.26 dBA). This implies that the deep groove
can be slightly more sensitive to the 10 degrees angle of landing.
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7.0 CONCLUSIONS AND LIMITATIONS

In this report, we utilized finite element simulations to estimate the tire noise produced by the
interaction between the tires and rumble strips. Our results can facilitate finding a geometric
design of rumble strip that meets a desired sound pressure level (SPL) numerically. Through our
experiments and analyses, we observe trends known from existing literature regarding the depth
and width/wavelength change in the rumble strips. We have examined three families of rumble
strip designs: conventional, sinusoidal, and sawtooth. We have tested two tires: passenger car tire
and truck tire at three speeds: 45 mph, 55 mph, and 65 mph. We have conducted over 276
experiments to ensure successful simulations and to examine different rumble strip designs.
Among our experiments, there are 114 simulations on conventional designs, 126 on sinusoidal
designs, and 36 on sawtooth designs.

Our simulated results agree in general with roadside measurements from the
CalTrans/CTHWANP-RT-18-365.01.2 report and ODOT/SPR800 report for the dimensions used
in our verification study. For conventional designs, we observe low SPLs for shallow designs. In
particular, the dimension with a depth of 0.2628 inches and a spacing of 12 inches produces the
lowest SPL among the 19 conventional design dimensions that we have simulated. For sinusoidal
designs, we observe low SPLs when the wavelength is long, or the depth is low as expected. In
particular, for the dimension with a wavelength of 22 inches and a depth of 0.375 inches, the

SPL is the lowest among the 21 sinusoidal dimensions that we have simulated. Using the depth
and wavelength values of the sinusoidal dimension from ODOT/SPR800 report (a wavelength of
16 inches and a depth of 0.375 inches), sawtooth groove designs at wavelength of 20 inches can
produce similar levels of SPL responses.

In addition, we have investigated the angle of landing to present differences between driving
along the rumble strip and at an angle to the rumble strip as the latter is more realistic. Our
results show that the different depths, spacings, and wavelengths can cause different SPL outputs
when the angle of landing is non-zero. Overall, the SPL responses from 10 degrees angle of
landing are higher than zero-degree angle of landing. We tested 96 cases, and 89.6% of the
results show this trend.

As our method depends on the numerical accuracy of the digitized model, when the resolution of
the digitization is not fine enough, the computation can stop. In our simulation, there are two
stops (5% of the total simulated cases) that cause us to refine our digitization or manually adjust
the initial contact between the tire and the rumble strip. Our adjustment is small, i.e., up to 1% of
the wavelength. We made this adjustment for 2.2% of the total simulated cases. Also, at the free
rolling stage, the angular velocity of the tire is an important factor in successfully extracting the
frequencies. We adjust this velocity up to 5% of the theoretical value to better approximate the
tire radius under the loading. We made this adjustment for 2.8% of the total simulated cases.

We conclude that our simulations can differentiate the performances of the three families of
rumble strip designs, our simulations can analyze the non-zero angle of landing for which the
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roadside measurement is hard to replicate, and our visualization of the simulation results can
indicate the increase and decrease of SPL as the rumble strip dimensions change.
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APPENDIX A






As rumble stripes and rumble strips are effective devices to enhance driving safety, there are
published reports from different transportation agencies documenting on-vehicle or roadside
measurements. We have collected 224 roadside measurement data on sound level differences
(SLDs) from different reports created in the span of 2007 to 2019. Some of the reports studied
multiple vehicles and multiple vehicle speeds to compare the performances of conventional and
sinusoidal designs. In addition, we have surveyed over 97 retroreflectivity measurements from
2003 to 2018. In this appendix: Review of Published Reports on Roadside Measurements, we
first analyze the retroreflectivity measurement on rumble stripes that use white and yellow
markings. We compare the measurements over flat road, conventional rumble stripes and
sinusoidal rumble stripes. Then we focus on rumble strips that alert the drivers with sound level
outputs. We include the interior and exterior SLDs from roadside measurements on both
conventional and sinusoidal rumble strips. The reference sound pressure in the air is

2 X 107°N/m2, or 0.00002 Pascal. The SLD defined in the reports that we have surveyed is the
deviation from this reference value.

Retroreflectivity from Rumble Stripes

When the pavement marking is placed throughout the line of the rumble strip, it becomes a
rumble stripe as shown in the right image of Figure A.1. The retroreflectivity is a particular
functionality of the rumble stripes and provides driving guidance similar to flat pavement

markings (Hawkins et al., 2016). When a vehicle is traveling along the rumble stripe, the amount
of retroreflectivity is provided by the direction of travel along the marking. The marking is either

with white or yellow paint.

Figure A.1: Rumble strips (left); Rumble stripes (right).

To standardize the measurements of retroreflectivity from the rumble stripes, the Federal
Highway Administration (FHWA) recommends using two retroreflectivity measurement
methods: hand-held instruments and mobile instruments. In particular, mobile instruments are
devices placed on vehicles, and on the vehicles that pass next to the pavement markings at
specific speeds (Carlson et al., 2014; Mathew et al., 2018). As a standard, 30 m is the distance to
measure retroreflectivity that is expressed in the units of millicandelas per square meter per lux
(mecd/m2/lux). Depending on paint colors, placement locations and road speed limits, FHWA
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recommends minimum thresholds for pavement retroreflectivity (Carlson et al., 2005). From
state to state, these thresholds are used as guides.

The retroreflectivity results for flat pavement, conventional and sinusoidal rumble stripes using
white and yellow markings are presented in Figure A.2 for the measurements published in a
number of references (Parker and Meja, 2003; Carlson et al., 2005; Lindly and Narci, 2006;
Hawkins et al., 2016; Wehbe et al., 2017; Mathew et al., 2018). We derive a probability
distribution for each pavement and visualize it using a violin plot that includes median and
interquartile information. The boxes inside the violin plots denote the interquartile range of the
retroreflectivity measurements. Moreover, the thick horizontal line in the boxes indicates the
median values.

We note that the plot for the sinusoidal design shows that the upper quartile and lower quartile
ranges are significantly higher than those of the conventional pattern and flat pavement for the
white and yellow markings. This figure shows that yellow markings always have lower
retroreflectivity levels than white markings regardless of the surface they are applied on. Lastly,
we note that we have negative retroreflectivity results (gray shaded rectangular regions) as the
probability density is calculated with a kernel density estimator, which is the Gaussian kernel
(Guidoum, 2015).
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Figure A.2: Violin plots of retroreflectivity results from literature.

In addition, we note that the conventional rumble stripe can provide adequate retroreflectivity
during wet and other inclement weather as the contour of rumble stripes drains the rainwater
effectively and provide a reflective surface to maintain the retroreflectivity (Carlson and Miles,
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2003). Similar quantification of how sinusoidal rumble stripes perform in wet and inclement
weather was not found in our search.

Measurement Locations/Methods for SLDs from Rumble Strips

To obtain sound level measurements from vehicles driven over different rumble strips, each
roadside measurement needs to respect driver safety; thus, the location of the measurement
devices can vary. A report from the Society of Automotive Engineers International (SAE, 2000)
recommends near the front seats for interior noise measurements. In studies where the test
conditions allow, the position is selected to be close to the driver’s ear to achieve the best
agreement between the measurement and the sound that the drivers receive. We present the
commonly used positions for microphones and sound level meters in Figure A.3 (Terhaar et al.,
2016; Tufuor et al., 2017; Mathew et al., 2018; Donavan and Buehler, 2018).

i
e

Figure A.3: Positions for microphones/sound level meters (colored in red) for interior
sound level measurements.

For the measurement of the exterior noise, Donavan and Buehler (2018) apply two methods: on-
board and pass-by. A schematic drawing is included in Figure A.4. The left image shows the on-
board and the right image shows the pass-by. The on-board and the pass-by measurements
include vehicle and environment noises. Likely, the pass-by measurements better approximate
the noise level detected by the nearby residential neighborhoods.
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Figure A.4: Positions for microphones/sound level meters (colored in red) for exterior
sound level measurements.

In 2007, Danish researchers published a seminal study that suggested sinusoidal rumble
strips/stripes could generate lower exterior noise. In 2009, sinusoidal rumble strips/stripes were
tested in California (Bedsole et al., 2017). Since then, multiple studies have shown that the
sinusoidal produces lower exterior SLD than the conventional rumble strips/stripes. To
confidently replace conventional rumble strips with sinusoidal designs, sufficient number of
roadside measurements and rigorous modeling analysis are needed to quantify the sound output
levels to ensure a sufficient loudness is maintained for the drivers while unnoticeable disturbance
is observed by the nearby neighborhoods and wildlife.

Interior SLD for Selected Reports

We first present results from a few selected reports that comprehensively studied multiple
vehicles along with conventional and sinusoidal designs. We describe the exact rumble strip
dimensions. The interior sound level differences from conventional and sinusoidal designs are
contrasted against the recommended range from the National Cooperative Highway Research
Program (NCHRP) 641 report published in 2009 (Torbic et al., 2009).

We display in Figure A.5 the interior SLD measurements collected in Donavan and Buehler for a
sinusoidal pattern that is 0.314 inches in depth and 14 inches in wavelength and for a
conventional pattern that is 0.314 inches in depth, 12 inches in spacing, 8 inches in length, and 4
inches in width.

The magenta boxes represent the urban/rural and freeway interior SLD range suggested by
NCHRP report 641 (Torbic et al., 2009). There are three vehicle types studied: passenger, pick-
up truck and semi-truck. We note that the measurements of pickup trucks and semi-trucks are
missing as only results at 60 mph are given in the literature reviewed (Donavan and Buehler,
2018). When the passenger vehicles investigated are driven at 20 mph, the interior SLD
measurement from the sinusoidal pattern is lower than that from the conventional pattern
(Donavan and Buehler, 2018). Contrarily, when the passenger vehicles are driven over 40 mph,
the sinusoidal pattern generates higher interior SLD than the conventional pattern does and much
higher SLD than what NCHRP report 641 suggested. The high interior SLD can startle drivers
and lead to undesirable results (Torbic et al., 2009).
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Figure A.5: The interior SLD measurements produced by conventional (dark border), and
sinusoidal (no border) rumble strips have different trends (Donavan and Buehler,
2018). The interior SLD measurements are extracted from three types of vehicles
driven at 20 mph, 40 mph and 60 mph.

As shown in Figure A.6, there are 9 interior SLD measurements for the sinusoidal patterns from
Mathew et al. (2018). We note that the interior SLD measurements for the conventional pattern
with 12 inches in spacing for semi-trucks are not reported in the literature. By reducing the
wavelength, the interior SLD increases. We observe when the wavelength and spacing are 12
inches, both conventional and sinusoidal patterns can produce interior SLD in the suggested
range for passenger vehicle at 50 mph, and the sinusoidal pattern generates higher interior SLD
comparatively. We note there are negative interior SLD results, which could be caused by
background traffic noise, radio sound and weather condition.

Passenger
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Figure A.6: The interior SLD measurements are collected from three types of vehicles
driven at 50 mph (Mathew et al., 2018). Our X-axis denotes four different
wavelength/spacing of rumble stripes. The magenta boxes represent the urban/rural
and freeway interior SLD range suggested by NCHRP report 641 (Torbic et al., 2009).
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Furthermore, for conventional designs, the depth of the rumble strip influences the interior SLD
generated, i.e., increasing depth led to increasing of the interior SLD measurements is shown by
Tufuor et al. (2017). Results from Tufuor et al. are shown in Figure A.7, the interior SLD
measurements generated from conventional rumble strips are influenced by depth, when other
dimensions are 6 inches in length, 6 inches in width and 12 inches in spacing. The X-axis
denotes the depth of conventional rumble strips and the vehicle speeds. Moreover, interior SLD
measurement increases as the testing speed increases from 55 mph to 65 mph. We note that for
each depth, there is a different interior SLD for each speed level. This demonstrates the coupled
effect of the vehicle speed and rumble depth. Lastly, the authors suggest that 0.124 inches
reduction in depth of the milled rumble strips/stripes does not result in any lower practical
effectiveness for adequate driver feedback.
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Figure A.7: The interior SLD measurements are based on two types of vehicles driven at 45
mph, 55 mph and 65 mph. The magenta boxes represent the urban/rural and freeway
interior SLD range suggested by NCHRP report 641 (Torbic et al., 2009).

The above selected studies indicate that the vehicle speed and type affect the final sound output.
For the selected vehicles, the conventional and sinusoidal designs produce different levels of
sound outputs. Next, we analyze all the reports that we have collected on interior SLD to provide
an overview of the probabilistic distribution for the rumble strip designs.

Interior SLD for All Reports

These reports contained different measurement methods; thus, analyzing the distribution of the
noise levels is more appropriate than comparing over each vehicle or each rumble strip. Here we
focus on the behavior from the aggregate data. Our analysis currently omits the difference
between centerline and shoulder rumble strips/stripes as there is only a limited number of reports
from 2007 to 2019. The level of refinement regarding pavement condition, driver information,
rumble strip location and measurement methodology can be included once more studies are
performed.

For measurements published in a number of references (Miles and Finley, 2007; Torbic et al.,
2009; Donavan and Rymer, 2015; Terhaar and Braslau, 2015; Terhaar et al., 2016; Kim et al.,
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2017; Tufuor et al., 2017; Mathew et al., 2018; Donavan and Buehler, 2018; Donahue, 2018;
Hurwitz et al., 2019), we present the probability density distribution for some of the SLDs such
as those near the recommendations given by NCHRP 641. The violin plots of interior SLD
measurements for passenger vehicles, pickup trucks and semi-trucks over conventional (light
blue) and sinusoidal (dark blue) rumble strips/stripes are shown in Figure A.S.

The wider sections indicate higher probabilities, and the skinnier sections show lower
probabilities, and for each type of vehicle, the extensive sections indicate the higher probability
density of the interior SLD measurements at a particular value. The black boxes in the violin
plots denote the interquartile range of interior SLD measurements. Moreover, the thick
horizontal line in the boxes indicates the median values.
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Figure A.8: Violin plots of interior SLD measurements. Testing speeds are from 20 to 65
mph. Our solid black curves enclosing the blue areas denote the probability density of
the interior SLD measurements for conventional (light blue) and sinusoidal (dark
blue) design patterns at different values. The magenta boxes represent the urban/rural
and freeway interior SLD range suggested by NCHRP report 641 (Torbic et al., 2009).

For the passenger vehicles, the interquartile ranges and median values are similar for both design
patterns around 15 dBA. As for the distribution density, the lower and upper quartile ranges of
the sinusoidal rumble strips/stripes are slightly lower than that of the conventional rumble
strips/stripes. For the pickup trucks, the higher probability density is around 10 to 13 dBA for the
conventional, and from 5 to 7 dBA for the sinusoidal. Comparing the quartile ranges, the
sinusoidal rumble strips/stripes have a lower range than that of the conventional rumble
strips/stripes for all three types of vehicles. In addition, the median of the sinusoidal is much
lower than that of the conventional. For both designs, inadequate interior SLD for the semi-
trucks are noted. The higher probability density distribution from the conventional rumble
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strips/stripes is around 7.5 dBA, and in contrast, around 3dBA for sinusoidal. Note that all
measurements have been taken in an ideal cabin with no ambient noise.

Recent studies examine the effects of noises from climate control fans and audio equipment and
indicate that a 1-2 dBA background noise increment on average (Hurwitz et al., 2019).
Consequently, this increment causes a further reduction in the interior SLD and fails the
sinusoidal design on meeting the recommended ranges for semi-trucks and possibly also for
some pickup trucks.

Exterior SLD for Selected Reports

We now focus on the exterior sound level differences. Exterior traffic sound emission creates a
negative impact on human health (Soares et al., 2017). Rumble strips/stripes raise the exterior
noise level while providing interior sound level to the drivers (Bahar and Parkhill, 2005; Terhaar
and Braslau, 2015). Currently, there are limited numbers of studies focusing on the exterior
sounds from rumble strips/stripes (Fitzpatrick, 2000; Bucko and Khorashadi, 2001; Torbic et al.,
2009). Only 8 out of 34 rumble strips/stripes designs from 2007 to 2015 have been measured for
their exterior sound levels (Kalathas et al., 2018).

As the traffic types and road conditions vary, different studies implement different exterior sound
measurement methodologies. For instance, in some studies, measurements for centerline rumble
strips/stripes are taken while the vehicles pass from the far lane, and while other studies take
measurements having vehicles pass on both the far and the near lanes. Furthermore, the research
from the Federal Highway Administration states that the exterior sound produced by rumble
strips/stripes is challenging to measure and the sound produced by rumble strips/stripes is more
intermittent than normal traffic noise. Consequently, only the peak sound level is considered
(FHWA, 2015; Himes et al., 2017). Lastly, Horne et al. have concluded that the rumble
strip/stripe SLD measurements from heavy vehicles were complicated because the tire width of
the large vehicle could be larger than the width of the rumble strips/stripes (Horne et al., 2019).

We have collected 37 data sets of exterior SLD measurements created by seven agencies from
2007 to 2019. Multiple studies conclude that exterior SLD is related to the distance to nearby
residential neighborhoods. Karkle has stated that exterior SLD generated by rumble strips/stripes
were reduced to inconceivable levels after 61 m (200 feet) (Karkle, 2011). Parkhill has stated
that in Canada rumble strips/stripes were illegal to be installed at a distance closer than 200 m
(656 feet) from residential communities due to noise complaints. Additionally, the study states
that SLD diminishes after 200 m (656 feet) and can be ignored after 500 m (1640 feet) (Bahar
and Parkhill, 2005).

Terhaar and Braslau have presented the “detectability” level as a potential exterior SLD
threshold. In the study, the authors stated that humans could detect an invasive sound if the
sound level of any invasive frequency with the same frequency as the background sound is 7
dBA higher (Terhaar and Braslau, 2015). Applying this threshold to field measurements, the
authors found that rumble strips/stripes sound could be detectable at distances more than 914.5 m
(3000 feet). However, this is only true when drivers and passengers perform active listening,
meaning that they actively focus on identifying sound differences, which allow higher thresholds
regarding the exterior sound.
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Furthermore, Terhaar and Braslau have compared exterior SLD measurements from two
sinusoidal rumble strips/stripes to that of one conventional pattern. These rumble strips are in
different dimensions: sinusoidal A is 0.624 inches in depth, 14 inches in wavelength, and 8
inches in length; sinusoidal B is 0.013 inches in depth, 24 inches in wavelength, and 8 inches in
length; the conventional pattern is 16 inches in length, 0.013 inches in depth, and 12 inches in
spacing. In Figure A.9, our X-axis denotes the design pattern grouped by speed range:
conventional, sinusoidal A (Sin A), and sinusoidal B (Sin B). The magenta line represents the
“detectability” level given in (Terhaar and Braslau, 2015). There are 13 out of the 18 SLDs that
are in the suggested range for the sinusoidal rumble strips/stripes, and 1 out of the 6 results is in
the suggested range for the conventional pattern. The SLD for the sinusoidal B at 45 mph is 0
dBA for semi-trucks. At 30 mph, sinusoidal A and B have negative SLD for semi-trucks which
means not noticeable. We note that the exterior SLD measurements for the conventional rumble
strips/stripes at 45 mph and 60 mph are missing as they are not reported in the literature.
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Figure A.9: The exterior SLD are affected by rumble strip design pattern at different speed

levels for three types of vehicles.

Comparing the two sinusoidal designs, the sinusoidal B strip has less depth and longer
wavelength resulting in lower exterior SLD at 30 mph, 45 mph, and 60 mph. Data collected in
Donavan and Buehler are shown Figure A.10 for 3 types of vehicles driven at 20 mph, 40 mph
and 60 mph (Donavan and Buehler, 2018). The sinusoidal pattern is 0.314 inches in depth and 14
inches in wavelength, and the conventional pattern is 0.314 inches in depth, 12 inches in spacing,
8 inches in length, and 4 inches in width. The magenta boxes represent the urban/rural and
freeway interior SLD range suggested by NCHRP report 641 (Torbic et al., 2009). Three vehicle
types: passenger, pick-up trucks and semi-trucks were considered. We note that results at 60 mph
are the only data given for pickup trucks and semi-trucks (Donavan and Buehler, 2018). Overall,
the sinusoidal pattern produces lower exterior SLD for all vehicle types at different testing speed
levels than the conventional pattern does in the study.
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Figure A.10: The exterior SLD measurements produced by conventional and sinusoidal
rumble strips have different trends. The SLD results are extracted from three types of
vehicles driven at 20 mph, 40 mph and 60 mph.

The exterior SLD measurements from Mathew et al. are based on three different
wavelength/spacing dimensions: 12 inches, 18 inches, and 24 inches. The experiment speed was
50 mph (Mathew et al., 2018). As shown in Figure A.11, the SLD generated by the conventional
pattern are higher than those from the sinusoidal patterns. Our X-axis denotes four different
wavelength/spacing dimensions. We note that the exterior SLD measurements on semi-truck
from the conventional pattern with 12 inches in spacing are missing as they are not reported in
the literature. These three sinusoidal patterns can produce SLD within the suggested range.
Furthermore, as the wavelength increases, the SLD decreases for the sinusoidal pattern.
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Figure A.11: The exterior SLD measurements are affected by the magnitude of the

wavelength/spacing. The SLD results are collected from three types of vehicles driven
at 50 mph.

Figure A.12 indicates that when the length is 14 inches, rumble strips/stripes with shallower
depths generate lower exterior SLD for all types of vehicles (Terhaar et al., 2016). The exterior
SLD generated by rumble stripes with 0.374 inches in depth is lower than that from the rumble
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stripes with 0.4 inches in depth for all testing vehicle types. When the depth is 1/2 inches, as the
length increases from 14 inches to 20 inches, the SLD increases. On the other hand, when the

depth is 3/8 inches, the SLD for the passenger decreases as the length increases from 14 inches to
20 inches.
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Figure A.12: The exterior SLD measurements for three types of vehicles driving at 50 mph
are affected by the length and depth of the rumble stripes when their wavelengths are
fixed at 14 inches.

Exterior SLD for All Reports

We now analyze all the reports that we have surveyed on the exterior SLD measurements for
passenger vehicles, pickup trucks and semi-trucks over conventional (light green) and sinusoidal
(dark green) rumble strips/stripes. As shown in Figure A.13, we include measurements from a
number of references (Donavan and Rymer, 2015; Terhaar et al., 2016; Mathew et al., 2018;
Donavan and Buehler, 2018; Donahue, 2018; Hurwitz et al., 2019). In the above figure, we have
marked 7dBA with a purple line as it is recommended. The higher probability density
distribution of exterior SLD measurements for the conventional is observed around 13 dBA, and
around 5 dBA for the sinusoidal. For the interquartile ranges, the sinusoidal rumble strips/stripes
have a lower range than the conventional rumble strips/stripes do. Moreover, the median value of
the sinusoidal is significantly lower than that of the conventional rumble strips/stripes. For the
pickup trucks, the highest probability density of SLD measurements is from 10 to 15 dBA for the
conventional, and around 2.5 dBA for the sinusoidal. Comparing the interquartile range, the
sinusoidal rumble strips/stripes have lower first and third quartile values than the conventional
rumble strips/stripes do. For the semi-trucks, we observe the similar trend, but we note that the
conventional does not have a regular quartile range due to insufficient data.

From the interior and exterior SLD measurements, we have found that as the depth increases
where other parameters remain fixed, the interior SLD increase for the sinusoidal design. Also,
as the wavelength of sinusoidal increases while keeping other parameters fixed, the interior and
exterior SLD decrease. Similarly, for the conventional design, as the depth increases where other
parameters remain fixed, the interior SLD increase; however, we do not have enough data points
for the exterior SLD for the depth.
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Figure A.13: Violin plots of exterior SLD measurements. The testing speeds are from 20 to
65 mph.

We have surveyed over 97 retroreflectivity and 224 sound output measurements. Yellow and
white markings on rumble stripes outperform those on the flat road as a guiding device.
Furthermore, some of the measurements indicate that sinusoidal rumble strips/stripes produce
lower exterior noise levels than the conventional patterns do for passenger vehicles, pickup
trucks and semi-trucks while inconclusive findings exist for the interior acoustic signals.

In this appendix, to aid the search for optimal rumble designs and minimize trial-and-error
during in-situ experimentation, we have presented analysis over existing roadside measurements
along with recommendations from published national and state reports, international standards
and third-party studies.
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Vehicle sound is a significant contributor to traffic noise (Yang, 2010). Sounds such as those
from the engines and aerodynamics are small when the driving speed is lower than 75 mph
(Rasmussen et al., 2007). In this appendix: Review of Relevant Numerical Simulation Results,
we review recent publications on quantifying the tire-pavement noise that is essential to
determine the effectiveness of the rumble strip/stripe designs. Tire-pavement contact depends on
the geometry, material and surface texture of the tire and the pavement. The Finite Element
Method (FEM) has been used for tire-pavement noise modeling since the 1980s. The geometries
of the objects are discretized into small unit elements and the material behaviors are described
using linear and nonlinear models. Balance of energy and momentum for the structures under
loading conditions is solved using high performance computing algorithms.

There are multiple components in tires including the interior air cavity, tire carcass, belt
reinforcement and tire tread. Each contributes to the overall noise output when the tires are
rolling over the rumble strips. Accurate descriptions of the tire components are crucial to valid
FEM simulations (Kropp, 1989; Pinnington and Briscoe, 2002; Muggleton, Mace, and Brennan,
2003; Yum and Bolton, 2007). The noise from the tire-pavement contact can be classified into
two categories: structural and aerodynamic (Dare, 2012). Capturing both types requires the
consideration of how the tire structure vibrates during rolling and how the tire interior air cavity
resonates with this vibration. In addition, sound propagation is a complex process that involves
not only the source but the environment and the distance to the neighborhood. Correct modeling
of the tire-pavement interaction depends on the correct modeling of the tire deformation which
involves calculating the distribution of displacement and stress among the multiple materials and
interfaces in the tire.

FEM has found wide use in the automotive industry. Product design, analysis and prototyping
are increasingly done with this method. In this appendix, we first discuss some relevant work on
the modeling of tire deformation and tire-pavement mechanical interaction. Then we review
several selected publications that include the tire interior air cavity in the noise generation.
Lastly, we review some publications on the coupled structural-acoustic modeling for the tire-
pavement interaction and on sound propagation in the exterior field of the tire.

Tire Deformation

As the tire material is not just linear elastic, which means that the stiffness of the material is not a
constant with respect to the level of loading, the tire behavior can be linear or nonlinear under
different boundary conditions.

First, we introduce two studies that used linear elastic models for the tire and the pavement. In
the first study, how the loading is applied to the tire was investigated. A predefined vertical load
was gradually applied from the tire axle then to the rim (Wang and Roque, 2011a;2011b).
Observations on the contact stress distribution at the pavement was made. The second study
included tire tread patterns and improved the prediction of the tire footprint on the pavement
(Moazami et al., 2011). In addition, in this study, the pavement was modeled as layers of linear
elastic materials.

There are other studies that attempted to confirm the influence of the thickness of the pavement
on the contact area between the tire and the pavement. One such study is (Hernandez et al.,
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2016), in which the authors defined thin and thick pavements as three layers: asphalt concrete,
granular base, and subgrade. As linear models for the tire might not be sensitive enough to the
pavement thickness, the authors used hyperelastic models which is a common nonlinear elastic
family for the tire. To model the pavement, they used linear models and added linear elastic
springs on its bottom and side faces. Between the thin and thick pavement that they tested; their
results showed that the highest change was around 3% of the contact area when the elastic
moduli for these pavements were given at their lowest values.

Truck tires are also a focus in the literature due to their complexity and economic value. To
overcome the computation cost, some research adopted the strategy of sub-modeling which
assumes symmetric or periodic boundary conditions. A quarter-vehicle model was created to
anticipate not only the tire responses but also the sprung mass responses to the irregular road
surface input (Chae, 2006). In their modeling, the vertical displacement of the tire spindle was
measured. There are the longitudinal, lateral and vertical contact forces; vertical moment and
overturning moment applied at the spindle during rolling and the ditch runs (Figure B.1).

S~ | 4 80mm
690 mm

Figure B.1: Initial tire position and ditch dimension (Figure created by Chae, S. (2006).
Nonlinear finite element modeling and analysis of a truck tire, page 125).

Tire-pavement Interaction

The modeling of the tire-pavement interaction using FEM over the past decades is
comprehensively surveyed in (Ghoreishy, 2008). The report focused on the different techniques
of FEM for a rolling tire in contact with the pavement. The pavement is modeled as either a rigid
surface or a deformable body. The typical framework, Arbitrary Lagrangian and Eulerian, that
enables the coupling of solids and fluids is reviewed in this survey. The Lagrangian formulation
is for solid deformation (tire and pavement) and the Eulerian formulation is for fluid flow (air).
Some of the publications surveyed focus on steady-state rolling (Kennedy et al., 1987; Futamura
et al., 2004; Lin et al., 2004; Han et al., 2004) and some on transient dynamic responses
(Kamoulakos et al., 1998; Liu et al., 2003, 2007; Brinkmeier et al., 2007). Characterizing the tire
footprint on the pavement was achieved in six articles that were included in the survey.
Discussing the roughness of the pavement surface was seen in five articles. Furthermore, the
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author documented successful commercial FEM packages such as SMITH, M, ANSYS and MSC
that have been used for reliable tire-pavement simulations.

In particular, a static three-solid-truck-rib-tire model was constructed in (Wang, 2009). The
author applied the Lagrangian formulation and used a commercial finite element software to
evaluate the stress distribution of the contacting surface on the pavement. The work was
restricted to radial truck tire models and static loading condition. In this report, the induced
stresses in the tires by the pavement are studied. These stresses describe the normal and shearing
directions. Analyzing each type of stress enables the understanding of the different tire motions
in the rolling, lateral and loading directions. Furthermore, an air-inflated 3-D tire model was
constructed with the structure of polymers and reinforcements in (Wang, 2011). The author
applied the Arbitrary Lagrangian-Eulerian formulation to simulate the steady-state rolling and
demonstrated the capability of their modeling to differentiate stress distributions in the tread of
the tire while varying the loading conditions.

Tire Interior Air Cavity

The tire interior air cavity is an important component of the tire. The tire cavity noise is
generated by the phenomenon of vibrating air inside the tire. In this section, we have reviewed
the papers (Richards 1991; Molisani et al., 2003; Mohamed and Wang 2015), which analyzed the
mode and mode shapes of the tire with the interior air cavity to evaluate the acoustic response of
this cavity. These studies applied FEM and conducted experiments to verify that the air cavity
inside the tires also influenced the creation of tire-pavement noise.

Furthermore, both FEM modeling and laboratory experiments were conducted to evaluate the
impact of the interior air cavity structure (Mohamed and Wang, 2015). The authors implemented
a cavity model with a tread plate that was assumed to be flexible and an additional sidewall that
was assumed to be rigid. Then the resonating effect by the tire interior air cavity was added to
the wave equation that solved for the modal responses of the tire. By comparing the numerical
results with a moving impact test on a tire, the study showed that the rim material could be
adjusted to reduce the sound pressure level of structure-borne noise, which was caused by
resonating with the tire cavity.

Lastly, a half of the tire was simulated in the finite element model to save the computational cost
and to analyze the structural-acoustic coupling effect (Richards, 1991). The acoustic resonance
of the tire interior air cavity was noted to be important (Molisani et al., 2003). The authors found
the analytical solution of the modal analysis for both the tire structure and the tire interior air
cavity. The tire was modeled as an annular cylindrical shell where only the outside shell was
flexible. The tire sidewalls and wheel were set as rigid. The study then compared the simulated
mode (frequency) and amplitude of the mode shape response with and without acoustic coupling
of the tire interior air cavity. These authors also concluded that the acoustic resonance of the tire
interior air cavity needs to be included in the analysis of tire-pavement noise.

Coupled Structural-acoustic Modeling for Tire-pavement Noise

We have reviewed twenty three papers on the coupled structural-acoustic modeling for the tire-
pavement noise. Some research results focus on the novel models to capture nonlinear behavior
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in the tire-pavement interaction and some on the sound field generated around the tire. Not all
research results include validations against experimental measurements. Only a few studies focus
on the influence of the geometry of the pavement surface, e.g., Li (2018).

Sound propagation away from the tire is also a topic that we have surveyed, and those research
results are summarized in the next section. In particular, consideration of both the structural-
acoustic modeling of the interior air cavity and the tire structure, and the propagation of the tire
noise in the exterior field was achieved in (Kruntcheva, 2006).

One of the earlier modeling efforts included estimating sound intensity level and pressure for a
stationary tire under a point force excitation. This study first generated the velocity field on the
tire. Modal analysis was conducted on the FEM results of the excited tire on the pavement.
Using the modes and mode shapes of the vibrating tire, a sound field around the tire was created
using a mathematical formulation, i.e., Helmholtz-Kirchhoff formulation. This study further
demonstrated that the far field sound pressure levels were in close agreement with experimental
measurement taken in an anechoic chamber (Wright and Koopmann, 1986).

Advances in the theoretical development for the finite element method solidified the use of
Arbitrary Lagrangian-Eulerian formulation that originated in the 1970s on coupled physics
analysis on solids and fluids. The decrease in the computation cost from using this method is also
noted. Consequently, this method has been incorporated into commercial tools such as SIMULIA
(SMITH, M, 2016). We list here two research products that have used this method. In the first
one, 3-D tread patterns were first added to a rolling tire that was modeled as in steady-state in
FEM. Then a sound field was modeled as an ideal homogeneous fluid medium with small-
amplitude waves. This study also verified the modeling results against a modal measurement test
and found small differences (Tong et al., 2013). The second research product also modeled the
rolling tire and transferred the tire vibration data to the Eulerian mesh of the tire. Comparison
between the measurements and simulation results showed that their approach provided
reasonable predications of the noise of the rolling tire (Wei et al., 2016).

Lastly, we note that including the tire interior cavity has an effect on the frequency range
detected near the tire. One research product reported that some tire modeling for simulating
structure-borne noise was only valid up to 200Hz, which was limited by the lack of the interior
air cavity modes, the wheel center area and the tire/rim interface (Beniguel et al., 2012). These
researchers proposed a new model containing the mechanical behavior of the tire, the wheel, and
the interior air cavity and found the structure-borne noise up to 400 Hz.

Sound Propagation in Exterior Field

As we mentioned earlier, some researchers concentrated on the sound propagation in the exterior
field (Wright and Koopmann, 1986; De Roo and Gerretsen et al., 2000; Brinkmeier et al., 2004,
2008; Hong et al., 2005; Tong et al., 2013; Yang et al., 2013; Wei et al., 2016). Some of them
noted the large Eddy flow near the vibrating tire during rolling.

For simulating the sound propagation in the exterior airfield of the tire, the modeling method can
be grouped into three types: wave, energy, and geometric acoustic (Crocker, 2007). The wave
approach uses FEM or finite difference method to solve the wave equation for a small simple
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enclosed space with well-defined boundary conditions (Richard, 1991; Takagi and Takanari,
1991; Brinkmeier et al., 2008; Wang, 2011). The energy method uses the statistical method
based on the measured data to predict the noise intensity (Beckenbauer et al., 2008). Lastly, the
geometric acoustic method applies the ray-tracing method to simulate the reflection and
diffraction of the sound propagation (Chung, 2002; Wilcox, 2006; Seo et al., 2008; O’Boy and
Dowling, 2009). Most of the current tire-pavement noise generation models use one or two of the
models we have described above.

A method using FEM to simulate the tire rolling tire-pavement interaction and the Large eddy
turbulence model for the near-field sound propagation was proposed in (Yang et al., 2013). A
tire-pavement intersection sub-model and a noise propagation sub-model coupled with a fluid-
structure interface were included (Figure B.2). For the tire-pavement interaction sub-model, the
tire was smooth without the tread. The simulated result was validated against experimental data.
For the noise transmission sub-model, the large eddy simulation was used to simulate the sound
propagation in the airfield near the noise source, where the airfield was modeled by an Arbitrary
Lagrangian-Eulerian formulation. Lastly, the equilibrium condition of displacement and stress
was fulfilled to combine the sound generation and propagation.

Figure B.2: Tire-pavement interaction sub-model and sound propagation sub-model
(Figure created by Yang et al. (2013). In Advanced Materials Research (Vol. 723, pp.
105-112). Trans Tech Publications, page 2).

Recently, a novel method combined Boundary Element Analysis (BEA) and Energy Boundary
Element Formulation (EBEF) to obtain the acoustic sound pressure of a vehicle (Hong et al.,
2005). As the analytic frequency increased, the number of elements required in the model of the
vehicle increased for BEA. Due to the limitation of the resolution for the model, BEA was
applied for the computation in the 1/3 octave bands below 500 Hz and EBEF was applied for 500
Hz to 2000 HZ. They applied the acoustic detection range prediction model to evaluate the
corresponding detectable distance between the vehicle and the location of the specific sound
pressure level. As shown in Figure B.3, the left image shows the boundary element modeling, the
middle image shows the field point surface applied for acoustic sound pressure computation and
the right image shows the acoustic sound pressure level evaluation for 160 Hz in the 1/3 octave
band.
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Figure B.3: Acoustic result from one vehicle (Figure created by Hong et al. (2005). A
Computational Approach for Evaluating the Acoustic Detection of a Military Vehicle
(No. 2005-01-2337). SAE Technical Paper, page 4).

In conclusion, our review on recent advances of modeling tire-pavement interaction that includes
both mechanical and acoustic behaviors using FEM indicates vast applications in research and
industrialization. As the computation requires complex mathematical models and sophisticated
numerical schemes, the cost can still be a limitation.
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