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Abstract
In 2003, the states involved in the Midwest Smart Work Zone Deployment Initiative identified
portable rumble strips (i.e., rumble strips that require no adhesive or fasteners, making them
applicable for very short term work zones) as a high priority and solicited vendors for products to
be evaluated by the study. Recognizing that no existing product strictly met the requirements
cited in the solicitation, this research was proposed to develop a design for such a device based
on aerodynamic and static exploration. The work began with wind tunnel and computational
fluid dynamics (CDF) analyses to identify and estimate the critical forces acting on the roadway
in the wake of a tractor-trailer. Vehicle simulation packages were used to examine the horizontal
(i.e., sliding) force applied to the device by vehicle tires. Prototypes were developed and tested
using a sound meter to monitor the sound levels inside the vehicle and both accelerometers
mounted to a prototype strip and a high-speed video camera to monitor the interaction between
the tires and the strips and to record the strip’s response to the impact during traversal.
Based on the analyses conducted in this work, a strip can be constructed that will resist the lifting
forces in a truck wake, will not slide down the pavement, and resist tipping even during heavy
braking. The most significant unknown is whether the bounce that occurs following traversal
can be sufficiently controlled (i.e., damped) to prevent the strip from walking down the roadway.
A segmented design was developed to address the issue of bounce, and this design will be
prototyped and tested in Phase 2 of this work.
In order for the strip to resist the lifting forces and the tipping forces, it must be fabricated from
solid steel (or something with an equal or greater specific gravity), and needs to be at least 1”
high in order to avoid requiring excessive widths. A 1.25” height is recommended, yielding a
recommended breadth of 4 to 6 inches. A 4” breadth prototype and a 6” breadth prototype will
be fabricated and tested during Phase 2.
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Introduction
Transportation agencies are continually considering how to make highways safer and more
efficient. In particular, safety in work zones garners special attention because of the necessity of
disrupting normal highway conditions and the frequent need for personnel to work in close
proximity to moving traffic. The most effective tool in preventing vehicle-worker collisions is
positive separation, such as a Jersey barrier between the work area and the traffic flow. In
situations where positive separation is not possible because of geometric issues or is infeasible
because of the scope of the work being done, numerous devices are utilized to make sure the
driving public clearly understands how they are to navigate the work zone.
Rumble strips are devices widely used in advance of work zones to enhance the effectiveness of
other devices such as flaggers, static signing, or temporary traffic signals. Drivers who are not
expecting a work zone will respond more slowly than those who have been alerted in advance.
Rumble strips act as a generic warning that road conditions merit special attention. The intention
is that the sound and vibration will capture the attention of drivers—particularly those who may
be inattentive for whatever reason—and increase the likelihood that they will see and observe the
warning signs and other traffic control devices associated with the work zone.
Studies provide strong evidence that continuous rumble strips along the shoulder reduce roadway
departures. (e.g., FHWA, 1998; Carlson and Miles, 2003) Rumble strips in the traveled lane in
advance of work zones, however, are more difficult to conclusively prove effective. Accident
studies are not feasible because the nature of work zones is that they are temporary, and
durations are rarely long enough to observe statistically significant patterns with respect to
crashes. Although there are many studies suggesting that rumble strips in the traveled lane are
effective, (e.g., Noel et al, 1989; Harwood, 1993; FHWA, 2000; Zaidel et al, 1986; Owens,
1967) there are also studies that find rumble strips to be ineffective. Studies of rumble strips
used in work zones are commonly found in both categories. (e.g., Noel et al, 1989; Harwood,
1993; Richards et al, 1985; Benekohal et al, 1992; Fontaine et al, 2000) Nonetheless, the
intuitive perception of the value of this type of device has led to very widespread use.
However, there are many work zones for which rumble strips might enhance safety, but for
which the duration is so brief that the installation and removal time required to use conventional
rumble strips is prohibitive. Recognizing that rumble strips are only an incremental
improvement, the safety benefits gained for very short duration work zones is likely offset by the
extra worker exposure incurred during installation. To address the need for a rumble strip that
can be installed and removed quickly enough to merit use in very short term work zones, the
Federal Highway Administration (FHWA), through the Strategic Highway Research Program
(SHRP), funded research to develop a portable device to provide audible and tactile warning to
drivers. (Stout et al, 1993)
The SHRP-funded research resulted in the development of a rumble mat, a heavy rubber mat
with ridges on the upper side that could be set in the roadway to provide rumble and vibration for
passing vehicles. Regretfully, the device was only applicable at low speeds (e.g., 40 mph or
less). At higher speeds, the wake of tractor trailers is strong enough to lift the mat from the
pavement, creating an unsafe condition. These mats are used for low-speed situations by many
6

transportation agencies, but those who have tried them in situations where highway speeds are
prevalent have all found that they will not reliably stay on the pavement. Stout et al affirmed the
value of the concept and the need for additional research.
In 2003, the Midwest Smart Work Zone Deployment Initiative (now called Smart Work Zone
Deployment Initiative, or SWZDI) issued a solicitation asking vendors to provide products for
testing that might fill the role of portable rumble strip. Since 1999, the study has funded several
studies of products billed as temporary rumble strips, or strips that can be applied and removed
more easily than conventional asphalt strips. The intent was to reduce risk to workers by
reducing exposure during rumble strip installation and to provide contractors with a convenient
alternative to asphalt strips. Applicable work zones include those expected to be in place for
several days to several months. In the 2003 solicitation, portable rumble strips were
distinguished from temporary strips by several characteristics. They must be reusable,
preferably use no adhesives or fasteners, and must be appropriate for work zones of duration of a
day or less. Figure 1 shows an excerpt from the solicitation.

PROBLEM STATEMENT:
The Midwest Smart Work Zone Deployment Initiative seeks proposals for products to be
evaluated as portable rumble strips for use in work zones with durations of less than a day.
These products must be reusable, and it is anticipated that they will install without adhesives.
Products to be evaluated will be selected on the following criteria.

1. Ease of installation and removal
2. Ability to remain in place under traffic, including heavy trucks at highway speeds
3. Ability to generate perceptible noise and vibration (though not egregiously severe so
as to alarm drivers)

Figure 1. Problem Statement.

Approach
In the absence of any commercial products that strictly meet the criteria outlined in the
solicitation, this study was proposed to design such a device. While the originally proposed
approach was modified slightly in response to early analysis results, the fundamental
components have remained the same. First, wind tunnel analysis and computer modeling were
used to identify and quantify the critical pressures existing in the wake of a tractor trailer.
Vehicle modeling software was then employed to examine the forces involved in the interaction
between the tire and the strip. Finally, a full scale prototype was tested. A second project has
7

now been funded by the SWZDI to revise the design based on the results of the testing and
fabricate and test a second generation prototype.

Aerodynamic Study
The primary issue prompting the SWZDI’s search for a portable rumble strip was the SHRP
Rumble Mat’s tendency to lift off the pavement in the wake of trucks traveling at highway
speeds. Such a condition results when the force exerted by the negative air pressure above the
mat is greater than the weight of the mat. Once leaving the pavement, the “flight” of the device
is much more complicated to predict, but conditions associated with the initial departure from the
pavement are fairly simple. With that in mind, if the negative pressures associated with a truck
wake are known, then a device can be designed to possess sufficient mass per unit area to
prevent its lifting off the pavement. If a height for the device can be established, then the
necessary density of the material can be calculated and a fabrication material selected
accordingly.
To determine the negative pressures associated with a truck wake, a 1/16 scale model of a
Kenworth T600 Tractor-Trailer was secured inside a wind tunnel. Figure 2 shows the model on
the right and an actual version of the truck on the left.

Figure 2. Actual Kenworth T600 (left) and 1/16 scale model (right).

A false floor was fabricated from a thin metal sheet and secured to the wind tunnel at a height of
0.8 inches above the original floor with the aid of transverse wooden stiffeners. Four-degree
ramps were attached to the false floor at the forward and aft section. Aluminum tape was used to
seal all sides and gaps to prevent air from entering under the false floor. The model itself was
bolted rigidly to this false floor. Figure 3 shows the model mounted on the false floor within the
test-section of the tunnel.
The false floor was designed to also accommodate the mounting of pressure transducers on the
floor, under and in the vicinity of the model. A total of 14 pressure transducers were flush
8

mounted to the false floor. The relative locations of the pressure transducers on the tunnel floor
and bolts used to secure the model are shown in Figure 4. Figure 5 and Figure 6 show the
photographs of the setup with the transducer locations indicated.

Figure 3. View inside wind tunnel showing model, false floor, ramps, and seal tape.

9

Figure 4. Location of pressure transducers relative to model.

Figure 5. Closer view of transducer locations behind trailer
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Figure 6. Centerline transducer locations under model shown without tractor

The orientation of the false floor and the truck represented the basic case of zero yaw and level
surface. All of the measurements taken and the subsequent modeling analyses pertained to the
basic case.
Voltages associated with the various transducers were recorded, and calibration of the
transducers provided for the conversion from voltages to an associated pressure. The timeaveraged (30 sec) values are shown in Table 1. Shaded cells contain the lowest values for each
speed condition.
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Table 1. Time averaged experimental data
Static pressure (psig)
Vwind
(Vinlet)1

1

Kulite no
14
13
12
11
10
1
2
3
4
5
6
7
8
9

63.0 mph
(50 mph)

74.2 mph
(60 mph)

84.8 mph
(70 mph)

-0.079
-0.0954
-0.0783
-0.1008
-0.1011
-0.1224
x
-0.1076
-0.1531
-0.058
-0.0922
-0.1381
-0.1168
-0.1009

-0.1061
-0.1618
-0.1349
-0.1303
-0.138
-0.1912
x
-0.157
-0.2224
-0.095
-0.1806
-0.2018
-0.1699
-0.1115

-0.1332
-0.2356
-0.1595
-0.1451
-0.165
-0.2439
x
-0.2153
-0.2817
-0.1019
-0.2109
-0.2549
-0.2337
-0.1328

Vwind refers to the ambient free flow wind speed in the test section;
Vinlet refers to the nominal wind speed upstream of the diffuser.

Computational Fluid Dynamics (CFD) Analysis
Because of the inherent constraints in physical testing, a computational model was developed to
provide additional detail into the characteristics of the airflow surrounding a tractor trailer. The
data in Table 1 were used to validate the model, and the model provided insights that could not
be drawn from the physical measurements taken.
A three-dimensional computer model of the truck was created using close-range
photogrammetry. The model was cleaned up in Aero CAD and geometry simplified a little. The
model excluded the vertical exhaust pipes on the cab and much of the underbody detail (e.g.,
transmission components, gas tanks, etc.) to reduce the time required to conduct analyses, which
increases with increases in the complexity of the shape being studied. This was deemed an
acceptable generalization given that the primary focus was the dominating flow characteristics of
tractor-trailer, which would not likely be affected significantly by the simplifications.
The model was imported as a wireframe into the preprocessor, GAMBIT 2.0, for generating a
volume grid. A course mesh of roughly 0.6 million tetrahedral elements was generated and then
refined twice to give an intermediate mesh consisting of 0.9 million elements and a fine mesh of
1.7 million elements.
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The grid was then read into the computational fluid dynamics (CFD) solver, FLUENT 5.6, and
various cases were run at a constant zero yaw angle with a stationary ground and non-rotating
wheels. The simulations were designed to model the experimental tests with boundary
conditions being defined from experimental data. FLUENT was also used for post-processing
and analyzing the results. A parametric study was conducted to study grid convergence.
The following sections provide additional detail about each of the steps mentioned above.

Model Development
Stereo images of the cab and trailer were taken and used to generate the initial wireframe model
of each component. The images were imported into PhotoModeler, and object features like
points, lines, curves, edges and cylinders were appropriately marked so that they could be
referenced between photos and their calculated 3-D location. Figure 7 shows the feature marking
in progress within PhotoModeler. Marked features were then referenced between images so that
their three-dimensional spatial relationships could be determined. Figure 8 shows a view of the
resulting wireframe model.

Figure 7. Marking cab features on photograph
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Figure 8. Wire frame model consisting of marked and referenced features

Geometry clean up in Aero CAD
As with any CAD model being used for computational purposes, the accuracy of the tractortrailer wire-frame model must be checked and geometry cleaned up to resolve connectivity
issues that may surface during grid generation (i.e., corners where the ends of wireframe
elements do not coincide precisely). To do this, the completed wire frame model was exported
from PhotoModeler into Aero CAD in IGES format.
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Figure 3.13 3-D CAD model after geometry clean up in Aero CAD

The tractor and trailer were imported separately into different layers for ease in handling. Since
only one half of the tractor was modeled in PhotoModeler, the geometry was mirrored about the
plane of symmetry to complete the tractor. Both the tractor and trailer geometry were cleaned up
and any discontinuities corrected. Tractor-trailer alignment was checked and gap distance fixed.
Finally a rectangular box was created around the vehicle with dimensions of the wind-tunnel test
section. The exact test section cross-section and floor ramps were modeled later on in GAMBIT.
The height of the vehicle chassis from the tunnel floor was adjusted based on the experimental
setup. Also, the bottom of each tire was cut off so that they sat flat on the floor. The cut-off
height was decided based on an estimated contact surface area.

Boundary Surface Definition
Grid or mesh generation is probably the most critical aspect of a CFD problem and consumes up
to 80% of human resources. Grid generation involves descretizing boundary surfaces of the flow
domain and creating a volumetric grid before a code is used to solve the governing equations.
Generally, a ‘good’ mesh is defined as one that is computationally efficient and possesses
excellent resolution in the regions of interest to capture the pertinent flow characteristics.
The tractor-trailer wireframe was converted into a volumetric model by first creating faces from
the existing edges and then stitching the faces to form two independent volumes, the trailer being
one volume and the tractor or cab portion being the second. The third volume created was the
wind tunnel test-section which represents the flow domain.
15

For GAMBIT to mesh the flow domain, i.e. the volume between the tractor-trailer and the
modeled test-section, the tractor and trailer volumes must be subtracted from the test-section
volume. This was done using the boolean functions for volumes. The resulting volume represents
the fluid zone and is ready to be meshed.
All surfaces were meshed with triangular elements using the pave scheme and by specifying the
node spacing based on an interval size. The pave scheme is the only scheme available for
triangular elements and results in a mesh consisting of irregular triangular elements. The node
spacing can be assigned by either specifying an interval size, interval count, or as percentage of
the shortest edge. Based on the input parameters for the element type, scheme, and spacing,
GAMBIT assigns nodes on the face and creates elements. Finer meshes were created for all the
faces on the under-side of the tractor-trailer including the test-section floor immediately below
the model. The skewness of face mesh elements needs to be kept under check, because highly
skewed elements can prevent meshing of the volume. All faces were checked for highly skewed
and inverted (negative area) elements. The maximum skewness was less than 0.77. Figure 9
shows the cab-trailer face meshes for the coarse grid.

Figure 9. Unstructured triangular surface meshes
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Meshing the volume
The volume was meshed using tetrahedral elements and the TGrid scheme. Since all faces were
previously meshed, no node spacing was specified for the volume. Based on the fine face meshes
on the model and the relatively sparse face meshes on the test-section walls, GAMBIT creates an
optimal unstructured grid with higher grid density in the vicinity of the tractor-trailer. The grid is
most concentrated on the under-side and behind the trailer. The total number of elements for the
coarse mesh was 0.57 million. The volume grid was checked for skewed and inverted (negative
volumes) elements. The maximum skewness was found to be below 0.8. In order to conduct a
parametric study and establish grid independence, this coarse mesh was refined twice to an
intermediate mesh with 0.97 million elements and a fine mesh with 1.77 million elements. Figure
10 displays the tetrahedral elements in the vicinity of the model on a longitudinal plane.

Figure 10. Longitudinal section displaying tetrahedral elements

Defining boundary conditions and continuum
When computational fluid dynamics is used to simulate a real physical system, the boundaries of
the domain in the computational model need to be correctly defined in order to accurately
represent the physical system. The allowable boundary types are decided by the kind of solver
selected in GAMBIT, which is FLUENT 5 for the present case. The physical system being
modeled is the test section of an open wind tunnel, and the associated boundaries are the test
section inlet, outlet, and walls including the tunnel floor. This will be referred to as Case 1.
Subsequently, a diffuser was also added, and the same procedure was followed, as previously
described. This is referred to as Case 2. Figure 11 illustrates the difference between the cases.
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The test section and diffuser sides, roof and floor were defined as walls. The test-section inlet
was defined as a pressure inlet for both cases. The test-section outlet and diffuser outlet were
defined as pressure outlet for Case 1 and Case 2 respectively.

Figure 11. Computational models with and without diffuser

By default, GAMBIT treats all the boundaries surfaces of the tractor-trailer as walls when
exporting the mesh. If necessary, the boundary type for a topological entity can be changed once
the grid file is read by the solver (FLUENT). The continuum was selected to be a fluid. The
mesh was then exported to be read by the solver.
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CFD Analysis Results
At the coarse grid level, three Case 1 simulations were completed for varying inlet speeds of 60,
70 and 80 mph, which were specified via total and static pressure at the inlet. A coarse grid
diffuser case (Case 2) was solved for a pressure-specified inlet speed of 80 mph. To complete the
grid sensitivity study, a fine and ultra-fine grid were solved for Case 1 at a pressure-specified
inlet speed of 80 mph to arrive at an optimal grid. Due to computational resource limitations and
time constraints, this study could not be conducted on Case 2. All CFD and experimental studies
are zero yaw angle cases.
The general trend of the flow remains the same in all cases, Hence, flow visualization and
contour plots are shown only for the coarse grid Case 2 that includes the diffuser with a pressure
specified inlet speed of 80 mph. Figure 12 shows the general flow characteristics around the
vehicle, and Figure 13 shows the general flow associated with the vehicle wake. Figure 14
shows wind velocity detail in the vicinity of the rear of the vehicle.

Figure 12. General characteristics of flow around a tractor-trailer shown by stream tubes.
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Figure 13.Path lines of downstream trailer wake

Figure 14. Velocity vectors on a longitudinal plane on right side of vehicle
20

For the sake of the present study, the characteristics of greatest interest are those pertaining to the
floor (i.e., the pavement surface) and the space immediately above it. Near the ground, Figure
14 shows low velocities in the plane. Twin vortices form immediately behind the trailer,
resulting in the predominant air movement along the ground immediately behind the vehicle
being perpendicular to the plan shown in the figure.
Figure 15 shows the static pressure along the tunnel floor. There are three areas where
concentrations of negative pressure can be observed: in the vicinity of the first and second axles
(nearest the bottom of the figure) and immediately behind the vehicle.

Figure 15. Static pressure distribution on the tunnel floor
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Figure 16 shows the total pressure along a plane coincident with the right side of the vehicle.
The greatest negative pressures adjacent to the ground plane occur behind the vehicle. This
confirms the observations of the performance of the SHRP Rumble Mat, namely that it lifted off
the pavement in the wake of tractor trailers (as opposed to underneath the vehicle).

Figure 16. Total pressure along a longitudinal plane on right side of model
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Figure 17 is a comparison of centerline floor pressures under the trailer measured experimentally
and as predicted computationally for Case 1 and Case 2, at a test-section inlet speed of 80 mph.
The grid resolution is coarse in both cases. It can be seen that centerline pressures between 2 and
20 inches on the X-axis for both Case 1 and Case 2, are in good agreement with the experimental
data in terms of magnitude as well as trend. The predicted values for Case 2 in this region are
more closely matched by the experimental data and fall within the 5 percent error range.
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Figure 17. Comparison of experimental and CFD centerline floor pressures under model
at an inlet speed of 80 mph and zero yaw

The discrepancy in floor pressure at the trailing edge is probably due to the decreased venturi
effect seen by the computational model at the trailing edge of the under-carriage as a result of
geometry simplification. Compared to the computational model, because of the smaller crosssectional area experienced by the flow as it exits the under-carriage in the experimental model,
the velocity of the flow is higher and hence pressure is lower. It is also suspected that the mesh
resolution is not fine enough to resolve the small vortex core and a diffused response is predicted
by the coarse grid.
The reason for the discrepancy in floor pressure at the location just aft of the tractor front bumper
is not as apparent. A uniform profile is assumed at the inlet whereas in reality the flow upstream
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would adjust to the presence of the model and thus, at the inlet the profile would be non-uniform.
Also, in the CFD model, the inlet is a little more than one vehicle length ahead of the tractor and
that may not be enough for the flow to fully develop. The effect of geometry simplification at the
rear of the trailer would also propagate upstream.
A source of error in experimentation could be that the pressure transducer range is 5 psi and the
pressures being measured lie within the lower 10 percent of that range. Although a steady
independent power supply was used to excite the transducers, even a small voltage drift would be
sufficient to cause a significant error. Hence, the experimental data must be verified to eliminate
possible error in data acquisition.

Vehicle Modeling Analysis
Another issue encountered with devices intended to serve as portable rumble strips has been
longitudinal creep, the tendency of the device to move down the highway in response to the
impact force between the strip and vehicle tires. Direct measurement of the forces acting in the
tire-strip interaction would be very difficult and beyond the scope of this work. However, as
with the aerodynamic modeling, computer models can provide insight where empirical
measurement is infeasible.
Two companion computer simulation packages, CarSim and TruckSim, were used to examine
passenger cars and heavy trucks, respectively, with respect to the motion and forces involved in
the tire-strip interaction. Three vehicles were selected to use in simulation runs, a typical
passenger car, a large SUV, and a tractor-trailer. Figure 18 shows the maximum horizontal loads
observed between the tires and the strip for both passenger vehicles at various speeds. The
maximum vertical loads—2,600 lbs for the hatchback and 5,300 lbs for the SUV—were nearly
constant for all speeds examined.
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Figure 18. Horizontal load for passenger cars.

Figure 19 shows the maximum horizontal loads between the tires and the strip at various speeds
for each axle of the tractor trailer cab. The maximum vertical loads associated with the tire-strip
contact were nearly constant with speed, and were 9,892 lbs for the front axle, 26,977 lbs for the
most forward of the rear tandem pair, and 25,177 lbs for the rearmost axle. Note that empirical
validation of the simulation data is beyond the scope of this project, and thus the values obtained
from the simulation packages must be considered estimates only.
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Figure 19. Horizontal loads on cab axles of a tractor trailer.

Speed-Force Relationship
For both the passenger car and for the truck, a phenomenon was observed in the simulation data
that seemed counter-intuitive. At highway speeds, the peak horizontal force decreased as speed
increased. Previous studies considering sound and vibration have cited a parallel phenomenon in
which the sound and vibration from rumble strips as perceived by the driver is less at higher
speeds. Other studies have observed the exact opposite. To examine this phenomenon further,
the data from a previous study was reprocessed. In the previous study, the focus was on the
difference between the peaks and the ambient noise (or vibration, as the case may be). In the
reprocessing, the absolute magnitudes of the peaks were considered along with the duration of
the peaks and the area under the peaks (i.e., sound level times duration), as a surrogate for energy
imparted to the vehicle through the impact with the strips. For both the sound data and the
vibration data, the peak values generally increased with increases in speed. When the area under
the peaks was taken into consideration, however, the opposite pattern emerged. As speed
increased, the total energy of the event (as represented by the sound level times time) decreased.
No hard conclusions can be drawn from these observations, but they do provide some external
evidence that the results obtained from CarSim and TruckSim with respect to the relationship
between speed and forces is valid. A more complete discussion of this data is provided in
Appendix A.

Sliding Forces
The forces acting to push the strip horizontally are large, explaining why creep has been
observed in past studies, sometimes even when adhesives were used. The vertical forces
involved are even larger, though, begging the question of how to utilize these vertical forces to
help keep the strip from moving during the traversal. In addition to that peak magnitudes of
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these forces, two other aspects of the system must be considered: the coefficient of friction
between the strip and the tire, and the relationship between the instantaneous vertical force and
the instantaneous horizontal force throughout the traversal. If the coefficient of friction of the
strip on the pavement is high enough, perhaps the vertical force can keep the strip from sliding
under the horizontal loading.

Estimating Frictional Resistance to Sliding
Regardless of the material comprising the strip itself, the lower surface could be lined with a
different material with a higher coefficient of friction. Given that, the assumption was made that
some material with characteristics similar to tire rubber would be appropriate, since the demands
are very similar (i.e., provide good traction and be durable). Typical values used by
transportation professionals for the coefficient of friction of automobile and truck tires are
between 0.40 (20 mph) and 0.28 (70 mph). These values represent wet pavement, because
highways must be designed to accommodate a wide variety of circumstances, including wet
weather. The device under development, however, is unlikely to be in use under adverse weather
conditions, and it could be stipulated that additional means be used to secure the device if it must
be used on wet pavement. Thus, a coefficient representing dry pavement could be used. Values
for the coefficient of friction of rubber vary widely based on composition. Some values are
shown in Table 2.
Table 2. Values for the Coefficient of Friction for Rubber
Contacting material and condition
wet pavement (20 mph) (green book)
wet pavement (70 mph) (green book)
concrete (Center for Advanced Frictional Studies, NSF)
steel (Center for Advanced Frictional Studies, NSF)

Coefficient
0.40
0.28
1.0-4.0
1.6

A conservative value appears to be 1.0, and this value was selected for use in design analyses.
Given that value, the vertical loads from the vehicle would generate sufficient friction between
the pavement and the strip to prevent slippage, based on the maximum loads reported by
TruckSim and CarSim.

Temporal Relationship of Forces
The second aspect of the problem is the temporal relationship between the vertical and horizontal
loads. When the tire initially impacts the strip, the horizontal load will be at a maximum,
decreasing as the tire mounts the strip, while the vertical load will increase to a maximum
occurring some time after the initial impact.
A close examination of the data output by CarSim and TruckSim showed that horizontal force of
the tire on the strip did peak before the vertical force reached its maximum value. But it also
showed that the maximum ratio of vertical to horizontal force remained below 1.0, providing
evidence that a rubber liner may be sufficient to prevent sliding. The value was high enough,
however, that the concern remained, especially in less than ideal conditions.
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Design and Testing
The design process comprised a combination of empirical observation and mathematical
analysis. The initial focus was the resistance to lifting, which seemed to be the primary
shortcoming of other devices tried in this context. A design was developed based on the lift
analysis and other anticipated issues, such as the potential for the device to slide. Empirical
observations revealed other issues that needed to be addressed, such as the device tipping under
braking loads or bouncing after impact with the tire. The testing also confirmed that sliding was
not a critical problem, even without the use of flanges (a potential remedy to sliding, discussed
later). Based on the testing, three mathematical analyses—lift analysis, tipping analysis, and
stress analysis—were used to identify design specifications that would satisfy the respective
criteria. The final design will be tested in the second phase of this study.
A total of three design concepts have been developed, each based on characteristics of and
addressing problems identified in the previous conceptual design. Resistance to lift was the
primary motivating factor driving the initial design. This is the design that was used in all
empirical tests as well as in the vehicle simulations (rumble strips were not modeled in the
aerodynamic or CFD analyses). The initial design was modified to address the problem of
tipping, as observed in the video taken during testing. The final design concept was then
developed to address concerns pertaining to bounce. The following sections present a
chronological account of empirical and analytical observations and resulting design decisions.

Design 1
The design described in the original work plan (shown in Figure 20) was quickly abandoned
when the wind tunnel data showed that the weight of such a device would have to be exorbitant
in order for it to resist the lifting forces in a truck wake. The design concept shifted to focus on
an individual strip. If multiple strips were desired, several could be deployed together, but for
design and analysis purposes, they would be treated independently.
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A side view and a top view of a draft design are shown in Figure 1 and Figure 2,
respectively. This will serve only as a starting point for applying the results of the
various analyses.

Figure 1. Side View

Figure 2. Top View
Dimensions:
• Height: 0.25” < H < 0.75”
• Width: 1.0” < W < 4.0 “
• Spacing: 1.0” < S < 20.0”
Part A (strips) comprises strips with a semi-ellipse cross section. Each strip must be
either 4-ft long (one unit for each wheel path, or 10-ft long (one unit for both wheel
paths). Strips may be made of rubber.
Part B (joiners) comprises a joining rod or cable, approximately ¼” in diameter.

Figure 20. Conceptual design described in the original work plan.
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Profile
The semi-elliptical shape of the initial conceptual design would eventually prove to be viable
conceptually, but extremely inconvenient in terms of fabrication, especially for the prototypes.
The most effective shape with respect to maximizing the weight per unit area (i.e., maximizing
the lift resistance) would be a rectangular profile, which makes the entire area of the main bar the
maximum height, whatever that turned out to be. However, concern was expressed that the
presence of a sharp corner on the upper leading edge of the strip might be enough to damage a
car tire under certain conditions (e.g., prolonged high speeds in high heat). A rounded profile
seemed to provide a balance between weight per unit area and a tire-friendly leading edge.
A cursory examination of the geometry of a tire impacting a semicircular strip—shown in Figure
21—revealed that a significant portion of the strip at the leading and trailing edges of the profile
did not come into contact with the tire during traversal.

“unused” portion
of profile

Tire

Strip

Pavement
Figure 21. Sketch of initial tire-strip impact.

To take advantage of this characteristic of the tire-strip interaction, the edges of the profile were
trimmed, thereby increasing the weight per unit area of the strip, since the portion being trimmed
is that with the least thickness. Figure 22 shows a cross-section of a trimmed bar design. The
dashed line represents the surface of the strip without being trimmed. The amount of trim was
expressed in terms of inches measured from the outside surface of the trimmed bar to the outside
surface of a semicircular cross-section with the same height.
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Figure 22. Illustration of a trimmed bar design.

Flange Design
Because the simulation data suggested that sliding may be a problem in any but ideal conditions,
flanges were added to the design. The flanges were intended to allow the weight of the tire itself
to hold the device in place during the initial impact with the strip. Several flange concepts were
examined. The primary difficulty was the conflicting advantages of flexible flanges versus rigid
flanges.
Flexible Flanges
The effective lifting force on the device is determined by the average weight to unit area.
Flanges made of a flexible material would allow them to simply curl upward, reducing the
effective area of the device when negative air pressures were trying to lift it off the pavement.
However, there is also an area of significant negative pressure in advance of the front axle of a
truck. A flexible flange would lift upward and the front axle would push it over top of the strip,
defeating the purpose of the flange.
Rigid Flanges
A flange made of a rigid material would not be pushed over the strip by the front axle, but
because it is rigid, it adds to the area of the strip. While it also ads a little weight to the strip, the
net effect is a significant reduction in the overall weight to unit area. The reduction would vary
with the dimensions and composition of the strip, but would be likely to be at least a factor of 2.
Such a reduction could not be accommodated with available materials.
A solid rigid flange was infeasible, but it was recognized that the majority of the flange was not
strictly necessary for the purpose of preventing sliding. The need was for some portion of the
flange to be pinned underneath the tire during the initial impact with the main bar of the strip,
which is when the ratio of horizontal forces to vertical forces was expected to be the highest. So,
if the leading edge of the flange were the right distance from the main bar, only that leading edge
would be required to hold the device in place. So a truss flange was developed with two cross
members, one set at a distance from the main bar appropriate for truck tires and the other at a
distance appropriate for passenger car tires. The truss design would contribute to the overall
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device area only a fraction of the area associated with the solid flange, but its effectiveness in
preventing sliding should be equal.
Figure 23 shows the initial conceptual design of the strips using a rigid truss flange.
Simultaneously to the development of the flange design, the overall approach shifted to a
segmented design for several reasons, including easier storage and deployment, and the potential
for the joints to be flexible, thus helping accommodate uneven pavement due to rutting.
The design shown in the figure was refined, adding an additional cross member to the flange to
help guarantee that both truck tires and passenger car tires would hold the flange stationary
during initial impact with the main bar. An initial design for the coupling of the individual
pieces was also developed. The design would allow tool-less installation and disassembly and
secure operation. It would provide one degree of freedom so that the joint placed in the wheel
path could adapt to whatever amount of rutting might be present. The flexible joint would also
help to accommodate some bouncing without displacing the entire strip. Specifications for the
refined design were developed, and renderings of the CAD model are shown in Figure 24.
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Vehicle
Motion

Figure 23. Conceptual design using segmented strip and rigid truss flanges.
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Figure 24. Initial fully specified design.

Using data collected during the first field test, it was determined that a single cross bar on the
flange could be located so as to be effective for both passenger cars and for heavy trucks. The
tapered corners were removed to ensure that a tire could not hit right on the gap and not be
properly resting on the flange during impact with the bar. The resulting design is shown in
Figure 25.
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17.0 in

5.0 in
1.9 in

14.0 in
Figure 25. Flanged design with single cross member.

Composition
Identifying the most appropriate material composition for the strip began by setting several
restricting parameters. It is worth noting that the number of parameters affecting the design that
are unknown (and undeterminable under the scope of this work) is substantial. Consequently,
many of the parameters must be initially set based on subjective assessment of the related issues.
The numbers can be expected to need adjustment when the results of the field testing are
considered, but some starting value was needed.
First, a nominal height of 1 inch was chosen. Heights of 0.75 inches are acceptable (i.e., do not
generate so much noise and vibration that a driver might be alarmed and respond erratically).
(Meyer, 2003) The upper limit for an acceptable height is unknown, but it is likely greater than
0.75.
The flanges were set to be ¼-inch thick. The competing goals associated with the flange
thickness were minimizing the thickness to minimize the horizontal forces involved in the initial
contact with the flange (i.e., make sure the strip doesn’t slide when the tire impacts the flange)
and maximizing the thickness so that the flange would add as much weight as possible and (more
importantly) to increase resistance to bending, such as during installation and transport. If a
flange were to become bent, it would present a safety concern significant enough that the
affected unit would have to be taken out of service immediately. The thickness chosen was a
subjective balance between these two issues.
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The third parameter to be established was the design value for the negative pressure responsible
for the lifting force on the strip. The wind tunnel data was extrapolated to a wind speed of 100
mph (representing a truck traveling 70 mph into a 30 mph headwind), and the corresponding
pressure taken from the graph shown in Figure 26. A value of 0.36 psi was used as the preferred
design value. A poll of the agencies involved in the SWZDI suggested that a combined wind
speed of 90 mph (0.31 psi) would likely be acceptable for this device. Thus the design value of
0.36 psi should be considered as being conservative.

Critical Pressure and Wind Speed from Wind Tunnel
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Figure 26. Plot of critical pressures from wind tunnel data.

The addition of flanges—even truss flanges—reduced the average weight per unit area of the
device substantially. Given the restrictions, if the device were fabricated entirely from steel, it
would still have a weight per unit area less than the needed 0.36 psi. A denser material (e.g.,
lead) would have to be employed to provide the necessary lift resistance. The device must also
be durable, however, and lead is far too soft a material to withstand the magnitude of stresses
that would be associated with the forces indicated by TruckSim. So the steel bar would have to
be hollowed out and filled with lead. The lead would provide the needed weight and the steel
would provide the structural strength.
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Field Test 1
The initial field test (3/25/2005) was conducted at the Lawrence Municipal Airport using a
taxiway that had been closed to all aircraft. The primary goal of this test was to determine the
height of the strip that would be used in further study. The two competing requirements that
pertain to the strip height were 1) the strip should be perceptible by drivers of heavy vehicles
(e.g., tractor trailers), and 2) the strip’s effect on passenger cars should not be so severe as to
prompt erratic maneuvers. The strip must also not be so large as to cause physical damage (e.g.,
tire failure), but it was thought probable that the driver perception would be more restrictive than
the physical considerations. If both requirements cannot be satisfied, preference must be given
to Requirement 2 because of the greater safety implications. The initial test was to identify the
largest height of strip that would be acceptable with respect to Requirement 2. In subsequent
tests, the perceptibility for drivers of heavy vehicles would be examined.
Sixteen 2-ft long strips were fabricated from wood, with heights between 0.75” and 1.50”. Each
strip was fabricated with a semi-octagonal cross-section intended to emulate a semi-circular
cross-section. A sample is shown in Figure 27. Figure 28 shows a sample of each size of the
prototype rumble strips. From left to right, the strips shown have radii of 1.50”, 1.25”, 1.00”,
and 0.75”, respectively.

Figure 27. Cross-section of a 1.50”-radius prototype.
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Figure 28. Section view of four sizes of prototype rumble strips, 1.50” to 0.75” (L to R).

Two of any given size—one in each wheel path—allowed a subjective evaluation of driver
perception for each size of strip. Beginning with the smallest size, the strips were traversed in a
typical passenger car (1992 Honda Accord), first at slow speeds, and then at higher speeds up to
about 30 mph. Subjective evaluation was done by each of the 5 researchers present and
conclusions reached by consensus. Several important observations were made.
The strips with heights of 0.75” and 1.00” were obviously not egregious in their effect.
The strips with a height of 1.25” were also deemed acceptable, although closer consideration and
additional passes were necessary to reach consensus.
The strips with height of 1.50” were questionable for all observers with respect to the
acceptability of the strips effects. The consensus was that they should not be ruled out, but
everyone was much more comfortable selecting 1.25” for the radius of the working design.
The strips bounced significantly, especially at speeds of 30 mph or more.

Field Test 2
The second test occurred the following week (3/28/2005), at the same location as the first test.
The purposes of this test were as follows.
1. Examine the relationship between various parameters and speed for both a passenger car
and for a truck.
2. Collect data that could help quantify the forces active in the interaction between the tire
and the strip.
3. Determine if the strip slides during impact.
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4. Compare the performance of the strips with and without flanges.
5. Observe the perceptibility of the strips for a truck driver.
Numerous parameters were monitored during the tests. Inside the vehicle were two researchers.
One was responsible for driving and providing subjective assessment of the perceptibility of the
strips. The other researcher operated a sound meter connected to a laptop computer. The peak
sound level for each pass was recorded as read from the sound meter. The signal from the
meter’s line out port was sent to the laptop computer’s microphone jack so that the entirety of
each pass could be recorded for later spectral analysis. Special software was used to ensure the
computer’s recording system (including the sound meter and its integrated microphone) was
properly calibrated.
The speed of the vehicle was monitored by the driver using the vehicle’s speedometer and also
measured by a researcher outside the vehicle using a Kustom Signals ProLaser III LIDAR speed
gun.
Another researcher was posted on the closed taxiway in case any aircraft inadvertently made
their way onto it.
One of the test strips was outfitted with two accelerometers, one tracking vertical movement and
the other tracking horizontal movement in the direction of the test vehicle’s travel. No
significant transverse movement was expected, and none was observed. The data from the
accelerometers was recorded on a computer stationed nearby.
The strips were also monitored by a high-speed video camera so that the tire and the strip could
be tracked visually during traversal. At 30 mph, the duration of the contact between a vehicle’s
tire and the rumble strip is only a little over two hundredths of a second. Standard video captures
30 frames per second (fps), or about one frame every 3 hundredths of a second, meaning it would
provide at most one image during traversal. The video system used operated at 1000 fps, or
about one frame every thousandth of a second. This provided about 25 images during traversal
at 30 mph, varying inversely proportional with the speed of the test vehicle. One researcher was
dedicated to operating the video and accelerometer systems. Two additional researchers assisted
with these systems as necessary and made sure the strips were properly positioned at the outset
of each run.
The wooden strips were outfitted with flanges made from a piece of flexible rubber (cut from a
floor mat). In an earlier section it was pointed out that flexible flanges present several problems.
Those issues are not applicable in this circumstance because the test was not intended to examine
the issue of lift. The rubber flange was glued to a strip of sheet metal. The metal strip was
centered on the bottom of the wooden strip (metal toward the wood). Holes were drilled through
the rubber and metal into the wood, and the flange assembly was attached with screws. This
technique (i.e., using the metal strips), permitted the flanges to be removed and reattached as
needed, either to test a different size of strip, test a different width of flange, or replace a failed
flange. Figure 29 shows one of the rumble strip assemblies in place for testing.
In order to collect useful data with the accelerometers and video system the strips had to be free
to move. However, if movement were more dramatic than expected, a 24-in long strip turned
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end up under a passing vehicle could cause significant damage to the vehicle and pose a safety
risk for the driver. To ensure that such a scenario could not occur, a strap of nylon webbing was
positioned over each end of each strip. The webbing was secured at each end by a 2” concrete
nail driven into the pavement. The nails were driven through rubber pads to facilitate easier
removal with a crowbar after the testing was completed. As shown in Figure 30, the straps were
placed so that the rumble strips were free to move, but the range of their motion would be limited
to approximately an inch in any direction.

Figure 29. Wooden prototype rumble strip in place for testing.
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Figure 30. Nylon restraining strap.

Stepping through the video afforded several observations. First, the tire does deform
significantly, but does not envelope the strip (i.e., during part of the traversal, the tire is not
touching the pavement at all). Figure 20 shows several frames from one run, demonstrating that
the tire rests entirely on the strip for a significant portion of the traversal.
Second, the strip did not slide, even when no flanges were present. The rubber was trimmed to
within an inch of the strip, leaving the rubber lining the bottom of the strip. The truck traversed
the strip several times, and the video clearly shows that no sliding occurred.
The video also revealed that the strip bounced significantly shortly after impact. Bounce may be
from three sources: compression and expansion of the material, flexure of the bar, and lateral
tipping of the bar (i.e., a see-saw action resulting when the bottom of the strip does not sit flush
on the pavement). It is expected that the latter two causes are of greater concern than the first.
Because of the complexity of modeling these actions mathematically, they must be considered
conceptually, a design developed, and in Phase 2, the prototype will be manufactured and tested
empirically.
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Figure 31. Key frames from video of truck tire on strip.
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Touch Pavement, frame 197
Distance to inside of dark ring: 7 units
(1.75”)

Last contact, frame 207
Distance to outside of dark ring: 8 units
(2.0”)—comparable to frame 2

First Contact, frame 182
Begin lift, frame 192
Distance to inside of dark ring: 10.75 units Distance to inside of dark ring: 7 units
(2.7”)
(1.75”)

Vertical, frame 194
Distance to inside of dark ring: 7 units
(1.75”)

The video also enabled the identification of the initial and departure contact angles. Figure 32
shows the angles associated with the frames in Figure 31. The chronological order of the angles
is from right to left, following the action in the video. The initial contact with the strip was at an
angle of 24 degrees from vertical, measured perpendicular to the features (i.e., rings) of the tire,
intended to represent the line from the center of the tire to the center of the strip.

+29

+11

+3 -2

-24

Figure 32. Angle of contact (in degrees) at time of each image.

Establishing Design Values
For subsequent analyses and design decisions, several values had to be identified. Values were
intended to be conservative wherever possible. Assumed values include the following.
•
•
•
•
•
•
•
•
1

Density of steel = 0.283 lb/in3
Density of lead = 0.409 lb/in3
Design deceleration rate = 0.5G
Yield strength of steel (tension) = 36 ksi
Yield strength of steel (shear) = 21 ksi
Total Height of Strip = 1.25 in
Design vehicle = tractor trailer
o Max axle weight = 20,000 lb
o Incident angle = 70 deg
Desired Speed = 100 mph combined vehicle speed + headwind1

Derived from an informal poll of traffic engineers from states associated with the SWZDI.
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Field Test 3
The third test (4/4/2005) was conducted at the Lawrence Municipal Airport. The wooden
prototypes were used, and the test vehicle was a full-size sedan. The purpose of the test was to
obtain a more complete set of runs at various speeds and to examine the effect of braking on the
response of the strip. Test procedures followed were identical to those of the previous test. The
same equipment was used and the same measurements taken.
In the passenger car, the sound inside the vehicle was clearly perceptible at all speeds. Figure 33
shows a spectrogram of the sound inside the passenger car as it traveled over the rumble strip.
The sound from the front and rear tires hitting the strip can be clearly identified and
distinguished. Most of the rumble strip-related noise occurred in the frequencies below 1 kHz.
Other studies have cited 400 Hz and even 100 Hz as the upper end of the sound generated by
rumble strips. Perhaps the difference is that previous measurements have been taken on strips
with significantly lower profiles. After passing the rumble strip, the ambient sound levels
tapered off as the vehicle slowed at the end of the run.

SPL (dB) by Time and Frequency
Passenger Car, 19 mph
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Figure 33. Spectrogram for passenger car at 19 mph.
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Figure 34 shows the spectrogram for the passenger car at 39 mph. The recording does not show
very much prior to the rumble strip, but an increase in the baseline noise is evident relative to the
data taken at 19 mph. It can be easily seen in the 400 Hz to 600Hz values. As with the lower
speed, the noise from the rumble strip occupies primarily the frequencies below 1 kHz. The data
shows graphically and numerically what was sonically evident to the observers in the vehicle:
the rumble strips are clearly distinguishable from the ambient noise.

SPL (dB) by Time and Frequency
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Figure 34. Spectrogram for passenger car at 39 mph.
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The perceptibility of the rumble strip for drivers of large trucks has been a major consideration of
this study from the outset. The truck used in Test 2 was a dump truck provided by KDOT.
Figure 35 shows the spectrogram for one of the runs with the truck at 20 mph. The rumble strip
noise can be seen, and the two axles are somewhat distinguishable, but not nearly so well defined
as with the passenger car, even though the time separation between the axles of the truck is 60%
greater than that of the car. Nonetheless, the strips were perceptible inside the dump truck.
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Figure 35. Spectrogram for dump truck at 20 mph.
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At 37 mph, the sound from the lead axle’s contact with the strip persists past the contact with the
rear axle, making the two indistinguishable from each other. Together, they can be clearly seen
in the spectrogram shown in Figure 36. The sound is discernable from the ambient noise inside
the truck cab, but it is not very conspicuous. That is to say, if someone is listening for the sound,
they will easily be able to hear it, but if they are unaware of the strips in advance, they would be
unlikely to identify the noise as an intended warning device.
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Figure 36. Spectrogram for Dump Truck at 37 mph.

The same phenomena can be observed by looking at the raw wave forms, shown in Figure 37
and Figure 38. The noise generated by the strips is clearly identifiable, although for the truck the
two strips cannot be distinguished from one another. In Figure 37, the car data has been
amplified to show a level of detail similar to that of the truck data. Figure 38 shows the raw (i.e.,
unamplified) wave forms, illustrating the difference in both the strip noise and the ambient noise
preceding and following the strip.
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Dump Truck, ~20 mph

Dump Truck, ~30 mph

Dump Truck, ~40 mph

Passenger Car, ~20 mph

Passenger Car, ~30 mph

Passenger Car, ~40 mph
(No valid data
available)
Approximate time of contact

Figure 37. Wave forms for passenger car and dump truck at 20, 30, and 40 mph.

Dump Truck

Passenger Car

Figure 38. Wave forms for truck (top) and car (bottom) at 20 mph.
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Design 2
The video from Test 2 revealed that the strip did not slide, even without the flanges, so they were
not necessary for the sake of their originally intended purpose. However, under moderate
braking in a passenger car, the strip tipped, rotating about its long axis (i.e., the top of the strip
moved in the direction of vehicle travel). The tipping was restricted by the restraining straps,
demonstrating the displacement would have otherwise been significant (i.e., the strip would have
flipped, possibly leaving the pavement). Given that this strip was made of wood, the specifics of
the strip’s reaction are of limited interest because an actual model, which will be made of steel,
will respond differently. However, because any tipping of the strip is unacceptable, further
analysis was merited.
The design was revised to include shorter flanges intended specifically to help prevent tipping.
The field tests showed that a flange could extend up to about 2 inches from the strip and not
come into contact with the tire. The significance is that the thickness of the flange can be greater
if the tire is not going to be contacting it. The conceptual design including the short flanges is
shown in Figure 22. The ring-style flanges were later replaced by wedge-shaped flanges in order
to provide the necessary strength.

Figure 39. Conceptual design—top view.

The flanged design was still unable to fully satisfy all of the design criteria (e.g., tolerable
combined vehicle+headwind speeds were less than 100 mph). To improve the lift resistance
without reducing the tipping resistance, the weight per unit area of the strip had to be increased
while the breadth of the strip was maintained. This was accomplished by modifying the semicircular cross-section. Essentially the cross-section was split down the middle and a rectangular
section inserted between the halves. The breadth of the box in the center, or centerbox, could be
adjusted as needed. This allowed the width of the main bar to be increased sufficiently to
prevent tipping without the use of flanges, which reduced the average weight per unit area of the
design. Two caveats remained. First, the strip would be much heavier and would have no
flanges to serve as handles for lifting and carrying the device during installation and removal.
Second, it is unknown how the added breadth would affect the sound and vibration. It may have
a negligible effect, but there is a possibility that it will increase the effect, in which case the
acceptability of the height-breadth combination must be reconsidered. The effect of breadth on
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sound and vibration generated will require the fabrication of a new prototype, which will occur
in the next phase of this project, and will be discussed in the associated report.
The introduction of the centerbox provides some control over the weight per unit area of the
overall device. By increasing the width of the centerbox, flanges could be added back into the
design primarily for use as handles. They would also provide an additional safety factor with
respect to tipping. Figure 40 shows renderings of a model of this design. The connector design
was also refined. Renderings of those portions of the overall model are shown in Figure 41.
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Figure 40. Renderings of CAD model with centerbox and flanges.
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Figure 41. Renderings of the connector models.
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Given that the 1.25-in strip height is considerably more than typical rumble strip heights (0.5 to
0.75 inches is typical for Kansas), the decision to make the strip broader is cause to re-evaluate
the height, as well. Much of the displacement represented by the strip is absorbed by the tire,
shocks, and suspension of the vehicle. When the duration of the displacement is greater, the time
response of the vehicle’s components will transfer more of the displacement to the chassis (and
on to the driver). The relationship between strip height, width, and driver perception is largely
unknown. However, the relationship between height, width, and lift resistance is fairly easily
described, so the issue can be examined from the perspective of lift-associated criteria.
Figure 42 shows curves representing two values for the tolerable combined wind speed (vehicle
speed plus headwind). As the height of the strip decreases, the needed breadth of the strip must
increase to compensate in terms of overall weight per unit area. For a tolerable combined wind
speed of 100 mph, heights below about 1 inch require very broad strips. If the design wind speed
were reduced to 90 mph, the analogous thickness would be a little over 0.8 inches. In addition,
as the breadth increases, so does the overall weight of the strip. A 1.25-in x 4-in cross-section
results in a total weight for a 4-ft long segment of just over 90 lbs, while a 4-ft segment of a 1.0in x 10.3-in cross-section would weigh over 200 lbs, more than double the weight of the thicker
strip. A recommended deployment of 2 strips, each comprising 2 4-ft segments with a 2-ft gap
between them would weigh over 800 lbs. A segmented design would make it possible for the
installation to be done by two workers, but such weight would at least reduce if not eliminate any
advantages the strips might otherwise offer in terms of easy installation, removal, and transport.
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Breadth Needed to Resist Lift for Various Combined Wind Speeds
(trim = 0.4 in, spacing = 0 in)
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Figure 42. Relationship between the bar height and the breadth needed to resist lift.

It is also possible that a strip 20% thinner but 2.5 times broader may actually have a more severe
effect in terms of driver perception, rather than less severe.
Given these considerations, the height of the strip could be reduced, but not by more than about
¼ inch, and the tradeoffs in terms of weight and of effect severity cast doubt on the wisdom of
such a change. The 1.25-in height remained the design team’s preference.

Conclusions and Final Design
This study supported the premise that a portable rumble strip (i.e., a rumble strip deployed
without any physical attachment to the pavement) could be designed that would neither slide
under the lateral loads during impact with a vehicle nor lift from the pavement in the wake of a
truck. Following the third test, the primary concern still unresolved was that of bounce.
Displacement due to bounce could prove negligible if it is small and the strip returns to its
original position (i.e., does not creep down the highway or rotate about the vertical axis from
bounce). However, even small displacements could be very significant when considered
cumulatively (i.e., for 1000 vehicles, for example). The segmented design was developed in part
to reduce the effects of bounce, reducing the degree to which they are transferred from one piece
to the next. When it was developed, the length of each piece was a balance of three
considerations.
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1. The weight of each piece should not be so large that they are difficult to handle.
2. The length should not be so great that one piece might span a wheel rut, creating a
situation in which the piece may behave as a spring rod.
3. The length should be long enough to ensure that the lift resistance is conservative. (The
connectors have a small weight per unit area, so the longer each piece is, the fewer
connectors that are necessary, and the higher the overall weight per unit area.)
With the knowledge gained from the testing done in this study, the design was revisited to
consider what could be done to minimize bounce. The segmented design was introduced in part
to reduce bounce. By segmenting the strip further (i.e., making the pieces smaller), the bounce
would be further damped. The effect of the connections on lift resistance was the primary reason
the piece length was not shortened previously, but with the addition of the centerbox in the crosssection, the breadth of the piece could be extended to compensate for whatever lift resistance
might be lost in the spaces between the pieces. If the pieces were not autonomous (i.e., if they
can be semi-permanently connected), the distance between the pieces can be reduced, further
minimizing the effect on lift resistance.
With this line of thinking, the design was modified to incorporate smaller pieces strung together
with two cables and separated by rubber spacers. Figure 43 illustrates the modified design
concept. Two cables are used to help control torsional displacement either during handling or
during use. Rubber spacers are used to maintain a set separation distance between pieces. Each
piece has a square footprint, guaranteeing that its resistance to tipping does not decrease when
the contact angle is other than perpendicular, for whatever reason (i.e., the vehicle path is not
perpendicular to the strip). 8 to 12 pieces would be strung together to form a 2-ft strip. The ends
would be outfitted with appropriate connectors so that two strips can be joined to create longer
strips. Five 2-ft units could be attached for one continuous strip across the lane, or two 4-ft
sections could be set in the wheel paths, leaving room in the center or on the edge of the lane for
motorcycles and bicycles. A 2-ft section would weigh between 40 and 70 lb, depending on the
spacing and piece size.
Steel washer
Keeper ring or spring
clip (one end each)

Spacers

Direction
of vehicle
travel

Figure 43. Proposed Assembly
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For ease of fabrication, the rounded portions of the cross section were approximated with straight
edges, much as was done with the wooden rumble strips. Figure 44 shows a typical crosssection.
0.66”
0.465”

17 deg

0.20”
0.32”

34 deg

Figure 44. Corner treatment specifications.

For the initial data collection in Phase 2, two prototypes are being fabricated, one with a breadth
of 4 inches and the other with a breadth of 6 inches. The prototype design will allow spacers to
be added and removed in order to examine the effect of spacing on performance. While this
design should help to minimize bounce, it will not be eliminated entirely. The severity of the
bounce that occurs will have to be observed in tests conducted in Phase 2 of the study.
The spacing between the pieces affects the performance in two ways. First, the spacing can
decrease the lift resistance of the overall device. If the spacings are sufficiently wide, they will
not be counted in the footprint of the device with respect to the area over which the total weight
is averaged. However, small spacings may behave as part of the unit with respect to
aerodynamics. Air flow can become bound in small spaces such that the negative pressures
responsible for lift act on both the steel pieces and on the spaces filled with bound air. The
spacing threshold beyond which this phenomenon occurs depends on several parameters,
including the wind speed and direction. Since these parameters are highly variable, it has been
conservatively assumed that the spaces between pieces must be included in the overall area of
the device. Figure 45 shows the maximum spacing given the footprint of each individual piece,
assuming the strip is 1.25-in thick and the design combined wind speed is 100 mph.
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Maximum Spacing for combinations of L and W (100 mph)
6.5
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0.75-1
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0.5-0.75
0.25-0.5
0-0.25

Spacing
4.5

5.5

4.5
6.5

Length

Figure 45. Maximum Spacings for Exterior Dimensions

The second effect of the spacing is on the damping properties of the device. When bounce
occurs, how much displacement is transferred to adjacent pieces depends on the spacing, as well
as other parameters including the stiffness and size of the spacers and the tension on the cable.
Another factor that may play a significant role is whether or not each piece is rigidly connected
to the cables or free to slide along the cable. These issues will be investigated in Phase 2 of this
study.
This study has identified a number of key issues that must be considered in the design of a
portable rumble strip, including handling and storage, aerodynamic lift, sliding, tipping, and
bounce. Based on a combination of laboratory study, mathematical modeling, and empirical
observation, various design concepts were investigated, and a single design concept identified as
being the most likely of those considered to meet all of the design criteria and be worthy of
deployment. Phase 2 of the study will include worst-case testing and further refinement of the
design.
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Appendix A: Discussion of TruckSim Results
According to TruckSim, the horizontal peak force decreases with increasing speed above a
threshold. At very low speeds, the opposite is true. The peak force decreases as speed
approaches zero. The inverse relationship between speed and peak horizontal force seems
counterintuitive. In a previous report on some rumble strips work (CTRL+click here2 then select
[Final Report]), on pg 42 of the report (pg 52 of the PDF file) is a listing of some of sound
measurements taken on several rumble strips in several vehicles at several speeds. The numbers
shown are actually the difference between the peak sound level and the baseline (smooth
pavement). While the differences show an inverse relationship with speed, the absolute
measurements increased with increasing speed. Another project funded by this study took
measurements in which noise increased up to the maximum speed tested (47 mph (76 kph)).
Figure 46 shows a plot of the average measured values.
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Figure 46. Sound Pressure Levels (SPL) versus speed for three vehicles and two strip
types.

2

http://meyerits.com/RumbleStrips/index.html
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Figure 47 shows the measured data for a number of strip types and experimental
configurations collected from another site. These measurements are sound levels inside the
vehicle. There is a clear trend of increasing sound levels with increasing speed.3
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Figure 47. Sound Pressure Levels (SPL) versus speed for various strip types and
configurations.

The vibration data is less consistent, probably because the collection methodology was less
than optimal. A single-axis accelerometer was affixed to the center of the vehicle roof
oriented to measure vertical movement. The vibration of the roof panel may have obscured
the vibration of the chassis in the data. Nonetheless, vibration appears to have a positive
relationship with speed in the data. Figure 48 shows the change in vibration with speed for a
variety of strip types and configurations. Figure 49 shows the changes over 10 mph, 20 mph
and 30 mph speed changes. The downward trend of the data points in general may simply be
due to diminishing returns (i.e., the higher the starting speed, the less difference an additional
10 mph makes). The 10 mph ranges are somewhat ambiguous, but as the range increases to

3

The departures from the trend could be due to several issues. For example, (1) vehicles may have harmonic
response to certain frequencies causing a given speed to yield unusually high sound levels for a given vehicle; (2)
while data was to be collected while neither accelerating nor decelerating, small speed adjustments were
occasionally necessary while traversing the strips. It is unlikely this had a significant impact on the data, but it is
possible; or (3) random variation in the data.
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20 mph and then 30 mph, the pattern becomes clearer. When the vibration indices for 30
mph are compared with those at 60 mph, they all show an increase, supporting the trends
send in the sound data.
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Figure 48. Vibration and speed for various strip types and configurations.
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Changes in vibration with speed (Horton)
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Figure 49. Changes in vibration with speed for various strip types and configurations.

Initially, this data appears to contradict the results of the TruckSim software. This assumes
that there is a direct relationship between speed and peak sound and vibration levels
associated with the vehicle. However, when the speed increases, the peak sound and
vibration levels increase, but the duration of the interaction between the vehicle and the strip
decreases. Perhaps the change in duration is more significant a factor than the peak sound
levels, in which case the empirical sound and vibration data may still support the results
obtained from TruckSim with respect to force magnitudes.
Figure 50 and Figure 51 show plots of changes in three characteristics of the peaks associated
with Figure 49. These data were collected with three different vehicles (two passenger cars
and one truck) over an assortment of rumble strip installations with varied strip profiles,
numbers of strips, and strip spacings. In both figures, the bottom left plot shows the changes
with speed in the area under the curve (dB x time) for the respective peak values. The plots
in the bottom right of both figures show the changes in duration associated with each peak
value. Figure 50 shows in the upper left the area of the curve over an estimated baseline
threshold which represent the typical peaks observed while traveling over smooth pavement.
Noise over smooth pavement changes with speed, but a single value was chosen arbitrarily so
that the comparison between speeds would have a consistent floor. The upper left plot in
Figure 51 shows the peak values, analogous to the vibration data shown in Figure 49. The
vibration data in Figure 50 and the sound data in Figure 51 show similar patterns, so we’ll
focus the discussion on the sound data since the patterns are more distinct and the data
collection methodology was more robust.
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The peak sound levels shown in the upper left of Figure 51 show that the overwhelming
number of samples measured higher peak sound levels at 60 mph than at 40 mph. Between
40 mph and 50 mph, the pattern is not so clear, perhaps because there is a transition
occurring in that range or perhaps because the noise in the data (no pun intended) is greater at
lower speeds. This trend seems counter to the TruckSim results that show the maximum
longitudinal force decreases as speed increases in this range.
However, it is possible that the energy being input into the system (i.e., the vehicle) is
decreasing with speed even though the peak sound (and vibration) levels are increasing with
speed. Energy must have a time component, so to further investigate this possibility, a sound
level threshold was selected at approximately the upper limit of the measurements observed
over smooth pavement. From each peak measurement, measurements before and after the
peak were examined until 10 consecutive measurements were observed to be below the
sound level threshold. These 10 measurements were assumed to be baseline data (i.e., not
part of the peak caused by the rumble strip), and the next closest data point to the peak value
was identified as the limit of the peak. The values of the measurements between the peak
limits were summed and multiplied by the time interval to yield the area under the graph of
the peak, which is expressed in units of sound pressure times time, or dB x ms. The
measurement time interval for this data was 3 ms, resulting in an average of about 120
measurements per peak at 60 mph, or just slightly more than a third of a second of data.
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Figure 50. Changes in vibration parameters with speed for assorted strips and vehicles.
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Figure 51. Changes in sound parameters with speed for assorted strips and vehicles.

When the areas under the peaks were compared at various speeds, the relationship between
the area under the curve and speed varied positively with the duration of the peak and
inversely with the peak level and speed. It should be noted that these measurements were for
groups of 6 to 10 strips spaced between 1.5 and 4 ft apart. This may support the results
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obtained from TruckSim, although I don’t think we can positively conclude so just yet. Even
if it does, the question of “why” still stands, but perhaps the TruckSim data is ok after all.

67

