Aerodynamics of Highway Sign Structures:
From Laboratory Tests and Field Monitoring
to Structural Design Guidelines
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Abstract: Field- and model-scale experiments were conducted to quantitatively assess the effects of wind loading on Rural Intersection
Conflict Warning System (RICWS) highway sign structures. A field-scale RICWS was instrumented with acceleration and linear dis-
placement sensors to monitor unsteady loads, dynamics, and displacement of the sign under various wind events classified by cup
and vane wind velocity measurements. To complement the field-scale results, tests on a 1:18-scale model were conducted under controlled
laboratory conditions in the St. Anthony Falls Laboratory towing tank and wind tunnel facilities. Aerodynamic effects on the sign structure
were identified through analysis of the mean and oscillating drag and lift forces. Vortices periodically shed by the structure induced forces
at a frequency governed by the Strouhal number. The shedding frequency overlapped with the estimated natural frequency during strong
wind events, leading to possible resonance. Amplified oscillations were additionally observed when the wind direction was parallel to the
structure, possibly due to an aeroelastic instability. The findings highlight the relevance of aerodynamic effects on roadside signs or similar

complex planar geometries under unsteady wind loading. DOI: 10.1061/(ASCE)ST.1943-541X.0002798.

Introduction

Highway signs are inherently exposed to significant environmental
wind-loading events such as natural wind gusts, which can cause
failures when fatigue-loading and aerodynamic effects are not con-
sidered in the design of the structure (Chen et al. 2005; Chang et al.
2009; Solari 2017; Kareem et al. 2019). Roadside structures are
critical to the safety of travelers and the uninterrupted flow of traf-
fic, making the reliability of the signs a serious priority (Hong
et al. 2014). As a result, the AASHTO Specification for Structural
Supports for Highway Signs, Luminaires, and Traffic Signals
(2017) addresses fatigue design under wind loading for overhead
sign and signal structures and high mast light towers.
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One recognized contribution to the instability of sign supports is
vortex shedding caused by wind loading (Hosch and Fouad 2009;
Connor et al. 2012; Sherman and Connor 2019). A solid structure
immersed in a fluid flow generates vortices in its wake. These wake
vortices, known as Kdrmén vortex streets, are ubiquitous in aero-
nautical, urban, and geophysical environments (Roshko 1954;
Berger and Wille 1972). The vortices form along the side of the
structure and detach in the wake in a periodic manner, leading
to unsteady forces and displacements known as vortex-induced vi-
brations imposed on the structure by the flow (Norberg 2001;
Williamson and Govardhan 2004; Kareem and Wu 2013; Wu
and Kareem 2013; Simiu and Yeo 2019). The frequency of the peri-
odic vortex shedding is described by the dimensionless Strouhal
number, which depends on the flow speed and the structure geom-
etry (Roshko 1954; Lienhard 1966; Levi 1983; Bokaian and
Geoola 1984). Studies have been conducted to understand and
model the vortex shedding of flat plates, which are representative
of many roadway signs exposed to wind loads (Yang et al. 2012;
Rai 2013). In particular, examination of vortex shedding of yawed
(not perpendicular to the mean flow) flat plates has revealed the
asymmetric behavior of vortices when the flow is not normal to
the face of the plate (Lam and Wei 2010). These findings are
especially relevant for road signs because outdoor structures are
exposed to wind loading from all directions and must be designed
bearing this in mind.

Fatigue design for roadside signs due to wind loading, particularly
vortex shedding, is currently not addressed due to their relatively
smaller scale (AASHTO 2017; Garlich and Thorkildsen 2005).
However, among the many modifications and attachments comply-
ing with updated regulations, the usage of large, electronic roadside
signs mounted on supports designed for lighter sign structures is in-
creasing and deserves further study. These structures may be suscep-
tible to instability of the supports and fatigue under wind loading.
Inclusion of modern electronic signage often increases the mass
and thickness of the sign. These increases, along with construction,
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Fig. 1. Setup of the instrumented RICWS highway sign: (a) front view
showing (1) the cup and vane anemometer and (2) string potentiometer;
(b) rear view showing (3) the accelerometers; and (c) model sign struc-
ture scaled 1:18 for laboratory testing, including the two top light
plates, diamond-shaped center panel with side length L, and lower
rectangular plate.

geometry, and site variability, can alter the critical stability conditions
and vibration response of signs (Williamson and Govardhan 2004;
Amy et al. 2009). The structural support of the sign must therefore be
reevaluated following changes to the sign design.

One example of a sign recently updated with electronic compo-
nents is the Rural Intersection Conflict Warning System (RICWS),
which was first introduced by the Minnesota DOT (MnDOT) in
Spring 2013 (MnDOT 2014). The purpose of the RICWS sign
is to communicate live information to drivers about oncoming traf-
fic. Specifically, drivers on the minor road of a rural intersection are
informed of whether vehicles are approaching on the major road-
way. By providing this information, MnDOT hopes to reduce the
number and severity of collisions at such intersections (MnDOT
2014). To display this information, the RICWS sign has an elec-
tronic diamond face with the message “Traffic Approaching” as
well as two lights above the diamond face which flash when there
is traffic on the main road [Fig. 1(a)]. The electronic sign is six
times heavier than the traditional diamond face. As a result, the
response of updated RICWS signs to wind loading is different than
previous versions of the sign, and structural failures have occurred
with the new RICWS sign structure (MnDOT 2016). An additional
concern is the requirement for structures within the clear zone of
the road to have breakaway supports unless the sign is otherwise
protected by guardrails (AASHTO 2017). The breakaway supports
are weak by design as a driver safety measure to ensure a vehicle
would break the sign support and safely pass beneath the sign with-
out obstruction in the case of a collision. Given the usage of the
same breakaway connections for the heavier electronic RICWS
sign, the response of the sign structure to wind loading was reas-
sessed in this study.

The main purpose of this work was to investigate the loading
phenomena that may lead to premature failure of electronic RICWS
signs. The investigation included both laboratory- and field-scale
components. At the laboratory scale, a 1:18 geometric scale model
of the RICWS sign structure was fabricated at St. Anthony Falls
Laboratory (SAFL) to characterize the vortex shedding pattern
and the drag and lift forces on the sign. At SAFL, the model RICWS
drag properties were determined using a hydraulic channel facility
as a towing tank, and the wake properties were measured in the wind
tunnel facility. At the field scale, measurements of displacement and
acceleration of the sign and the corresponding wind conditions were
collected from an instrumented, full-size RICWS sign structure. The
field data were used to characterize the natural and shedding
frequencies of the system under various wind-loading conditions.

The integration of laboratory- and field-scale results allowed for
(1) a thorough understanding of how unsteady wind loads affect the
RICWS sign structure, and (2) a determination of the key design
features leading to these effects. Based on the findings, adjustments
to the design of the RICWS sign structure are proposed to help
mitigate the effects of unsteady loads. The following section de-
scribes the experimental setup, including the field site, full-size
and model-scale RICWS sign structures, and laboratory facilities.
Results of the laboratory- and field-scale experiments follow with
conclusions that generalize the results into a framework extending
beyond the specific geometry of the RICWS sign.

Experimental Setup

RICWS Sign Structure, Field Conditions, and In Situ
Measurements

The RICWS sign structure selected for the field campaign is shown
in Figs. 1(a and b). The sign is located at the southwest corner of the
intersection between Highway 7 and County Road 1 in McLeod,
Minnesota (MnDOT 2015). The sign location was chosen due to
the alignment of the sign with the prevalent wind direction and
fairly undisturbed fetch along the same direction. The wind direc-
tion is reported relative to the face of the sign to account for
the orientation (e.g., northerly winds corresponding to 0° were nor-
mal to the sign face). The mass of the main diamond-shaped elec-
tronic panel was approximately 35 kg. The total frontal area of the
sign structure was 1.92 m?, which included the diamond panel
(1 x 1 m), rectangular plate (0.76 x 0.6 m), two light plates (each
0.46 x 0.46 m), and support posts (5 cm width). The sign was
instrumented with two accelerometers attached to the back of the
diamond face at a height of 3.6 m and two string potentiometers
attached to the support posts from a separate post directly south
of the sign at a height of 1.4 m. The accelerometers measured hori-
zontal acceleration for the left and right side of the sign, and the
potentiometers measured the position of the support posts relative
to a fixed point 0.9 m in front of the sign structure. In addition, a
cup and vane anemometer to measure wind speed and direction was
situated west of the sign at a height of 2.5 m. The instrumentation is
identified in Figs. 1(a and b).

Field data collection began in November 2017 and continued
through August 2019. Acceleration and position data were col-
lected continuously at a sampling frequency of 100 Hz, while wind
speed and direction data were collected at a rate of 1 Hz. Under
typical conditions, the only information saved from the raw data
was average, maximum, and minimum measured values for each
sensor in 5-min intervals. The 5-min data are referred to as low
frequency (LF). When the wind speed at 2.5 m was above a speci-
fied threshold—above 7 ms™! for this study—the measurements
were saved at the prescribed sampling frequency of 100 Hz (sign
sensors) or 1 Hz (wind sensor). The purpose of the threshold for
saving full-frequency data measurements was to reserve the limited
data storage space for wind speed events more likely to cause large
accelerations and displacements. The 7 ms™! threshold is approx-
imately 1.5 times the average wind speed at 10 m in the region
(Draxl et al. 2015), meaning it is an above-average wind speed with
a high probability of occurring numerous times within the multi-
year measurement campaign. The triggered, full-frequency events
are referred to as the high-frequency (HF) data.

The position of the sign, as reported by the string potentiome-
ters, did not always return to 0 when the sign was at rest. Over time,
the resting position varied and slowly shifted to negative values,
suggesting the sign was leaning increasingly toward the south



(from 4 mm in November 2017 to 12 mm in April 2018). Possible
explanations for the shift include the effects of wind loading on the
RICWS causing progressive displacements within the breakaway
connection, or plowed snow and the frozen ground inducing
seasonal variability and history effects. To account for the zero-
displacement drift, a time-dependent resting position was used
in place of a constant reference resting position. The estimated rest-
ing position was updated based on the measured sign position each
time the wind speed was persistently close to zero. Displacements
related to wind loading were then estimated as changes in the po-
sition from the most recent resting position.

Laboratory-Scale Model and Measurements

The laboratory-scale model RICWS sign structure, shown in
Fig. 1(c), was fabricated using stainless steel components. The 1:18
scale with respect to the full-size sign was selected to allow the use
of 6.4 mm (1/4-in.) rods as the model support posts. The model
components, except for the two top light plates, were connected
by welds. The light plates were attached with set screws which al-
lowed them to be removed and reattached. The model was used in
two types of laboratory experiments described below.

The SAFL main channel facility was used to investigate the drag
and lift force characteristics of the RICWS sign structure. The
channel was filled with quiescent water and used as a towing tank.
The towing tank setup, designed by engineers at SAFL, is shown in
Fig. 2(a). The RICWS model was mounted upside-down to a rod
attached to five load cells which were calibrated prior to the experi-
ment. Three cells measured force in the direction of the towing
(Fy), and two cells measured in the transverse direction (Fy).
The redundancy and positioning of the sensors were required to
discriminate the forces from the moments. The load cell assembly
was fixed to a motorized data acquisition carriage such that the
RICWS model was only connected to the carriage through the load
cells. The carriage was programmed to lower the mounted RICWS
model into the water, tow the model through the channel at a pre-
scribed velocity, and trigger acquisition of force measurements
from the cells at 50 Hz during towing. Further details of the cart
and instrumentation, including a diagram of the load cell assembly,
are provided in the supplementary material of Musa et al. (2018).
Given the immersed sign moving through the quiescent water at
constant velocity, this experiment featured spatially uniform and
laminar incoming flow conditions.
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Fig. 2. Laboratory experiments using the model RICWS sign structure:
(a) towing tank experiment to measure drag and lift forces; and (b) wind
tunnel experiment to measure wake characteristics.
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The SAFL atmospheric wind tunnel was used to investigate the
behavior of the RICWS sign structure under turbulent boundary
layer inflow conditions that are more representative of the field site
as compared to the uniform inflow of the towing tank facility. In
this experiment, the model RICWS sign structure was mounted on
the floor of the wind tunnel. The wind tunnel test section has a
cross section of 1.7 x 1.7 m and 16 m of fetch downwind of the
inlet. The tunnel fetch allows for fully-developed, zero-pressure-
gradient, turbulent boundary layer flow conditions within the test
section. An 8-cm picket fence was used at the inlet to increase the
boundary layer thickness such that the boundary layer exceeded
the RICWS model height and the entire model was exposed to
the mean shear of the turbulent inflow, consistent with field con-
ditions. Flow velocities were measured using hot-wire anemometry
at a frequency of 10 kHz. A traverse system was used to position
the hot-wire sensor at specific points in the wake of the RICWS
model along the vertical direction and aligned with the horizontal
center of the sign (i.e., y = 0). The hot-wire anemometer and
traverse system are shown downstream of the RICWS model in
Fig. 2(b). See Chamorro and Porté-Agel (2009) and Howard et al.
(2015) for more details on the SAFL wind tunnel facility and meas-
uring system.

Laboratory-Scale Results

Drag and Lift Coefficients

Towing tank force measurements were acquired for a range of
towing velocities from U = 0.3 to 1.0 ms™' and various orienta-
tions of the sign with respect to the towing direction. The orienta-
tions resulted in effective flow directions @ varying from 0° to 180°.
Consistent with the field measurements, § = 0° corresponds to a
flow direction normal to the sign face. Selected experiments were
also conducted with the two light plates removed from the model.

The force that a fluid imparts on an immersed solid area is de-
fined by the relationship F, = (1/2)C,pAU?. The relationship can
be rearranged to determine the force coefficients of the model
RICWS sign structure:

2 (1)

C =
T pAU?

where C, = coefficient for drag C, or lift C;; F, = corresponding
measured drag or lift force; p = fluid density; A = total frontal area
of the sign; and U = inflow (towing) velocity. Contributions to the
area A include the diamond face, rectangular plate, and two light
plates shown in Fig. 1(c). The support posts were assumed to have a
negligible effect on the area.

The force coefficient C, is expected to depend on the sign
geometry and the Reynolds number (Munson et al. 2012). The
Reynolds number is defined using a characteristic velocity and
length, and in this case is

UL
Re;, = — 2
er y ( )

where L = length of the diamond face as shown in Fig. 1(c); and v =
kinematic viscosity of the fluid. For general bluff bodies immersed
in a uniform flow, when the Reynolds number is sufficiently high,
C, becomes independent of Re; and is only a function of the geom-
etry in relation to the flow direction (Munson et al. 2012). Fig. 3
shows the measured drag force F; and calculated drag coefficient
C, for the cases when the flow was perpendicular (f = 0°) and par-
allel (0 = 90°) to the sign face. The average drag coefficient values



4 o
x 0=0 x 1.5 XX % X X X x X
—3lo6=090 x
Z N L1
= 3
s 2 x
. X . 0.5
O O0O0OO0OO0O0
0 x000? 0
0 02 04 0.6 0.8 1 1 2 3 4 5 6
(a) U (ms™") (b) Rer, x10*

Fig. 3. Drag force parameters of the model RICWS sign structure for
flow direction § = 0° (perpendicular to the sign face) and 90° (parallel):
(a) drag force F,; and (b) drag coefficient C,.

were C; =1.344+0.07 for # =0° and C,; = 0.30 £0.05 for
0 = 90°. The uncertainty ranges are the result of 2% uncertainty
in the calibration of the force sensors and of the difference in
C, values between the tested U cases. As seen by the constant
values in Fig. 3(b), the drag coefficient was independent of the
Reynolds number for the range of Re; investigated.

Fig. 4 shows the drag and lift parameters of the model RICWS
sign for a range of flow directions. The greatest drag force occurred
for # = 0° and 180° when the flow was perpendicular to the sign
face, which was expected due to the largest projected sign area nor-
mal to the flow. The drag coefficient is maximum for the same flow
directions due to the largest pressure difference between the front
and back of the sign resulting in the strongest form drag contribu-
tion. The lift coefficient, corresponding to the force perpendicular
to the flow direction, is negligible at & = 0°, 90°, and 180° and larg-
est in the ranges 0 = 45°-60° and 6 = 120°-135°. The drag and lift
relationships in Fig. 4 are consistent with previous studies of forces
on flat plates (Ortiz et al. 2015).

The effect of the two square light plates on the RICWS drag
response was tested by comparing forces with and without the
plates removed. Removing the light plates decreased the drag force
by an amount comparable to the area removed from the structure.
The small increase in the drag coefficient to C; = 1.40 &= 0.07 was
within the experimental uncertainty of the estimates. Efforts to re-
duce the sign area such as by removing the lights can be expected to
lead to a proportional decrease in the drag force and to lessen the
dynamic response of the sign.

Frequency Response

In general, the oscillatory behavior of the RICWS sign structure
was expected to reveal two primary frequency components associ-
ated with the elastic characteristics of the structure, i.e., the natural
frequency and an aerodynamic forcing mechanism such as vortex
shedding. The natural frequency is a function of the structural
stiffness and mass and is independent of the external forcing.
As described in the introduction, the vortex shedding frequency
is governed by the Strouhal number
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where f, = vortex shedding frequency; L = length of the diamond
face of the sign; and U = incoming flow velocity. The selection
of the diamond side length L as the key characteristic length scale
in the Strouhal and Reynolds numbers was a posteriori in order to
match later results to the vortex shedding frequency St = 0.2-0.3
observed for a wide range of geometries and applications (Lienhard
1966; Lam and Wei 2010; Heisel et al. 2018). The length scale can
be determined a priori for simple geometries, e.g., the diameter is
the relevant length for a cylinder. For more complex cases with
multiple individual geometries such as the RICWS sign structure,
the vortex shedding length scale likely corresponds to the largest
blockage element and can be confirmed experimentally. Similar to
the drag coefficient, the Strouhal number is typically independent
of the Reynolds number (Berger and Wille 1972; Heisel et al.
2018). It was therefore expected that the shedding frequency iden-
tified at the laboratory scale would be representative of the field site
with the Strouhal scaling applied. Note that using the vertical extent
of the diamond plate for L instead of the side length would increase
the observed Strouhal value but would not affect the estimated
field-scale shedding frequency f, due to the geometric consistency
of the model, i.e., St/L would be the same.

Oscillations of the sign structure resulting from the natural and
vortex shedding frequencies can be detected in the temporal signal
of the forces. The energy spectral density ®, also known as the
power spectrum, was used to investigate the frequency response
of the force measurements. The power spectrum & represents the
energy of fluctuations as a function of the frequency, where the
fluctuations are deviations from the mean value. Frequencies rep-
resenting the primary oscillations of the structure appear as peaks in
the spectrum. The peaks may correspond to either the natural fre-
quency f, or the shedding frequency f,. The fast Fourier transform
was used to estimate the power spectrum of the force fluctuations
®r, where the power spectrum is the square of the transform.
Welch’s method was used to reduce noise in the estimated spec-
trum; separate spectra were calculated on segments of the data
series, and the spectra were averaged to produce the final estimate
(Welch 1967). The integral of the spectrum is equal to the variance
of the signal such that normalizing by the variance yields a spec-
trum with an integral of unity.

Fig. 5(a) shows a sample normalized drag force spectrum ®.
To determine whether the energy peaks near f =4 and 10 Hz
were the natural or shedding frequencies, ¢ must be estimated
for a range of velocities as shown in Fig. 5(b). The plot in Fig. 5
(c) depicts @ as a function of both frequency and velocity, with the
tone (or shade) corresponding to the @ value. The smaller peak
near f = 10 Hz is independent of the flow velocity U, indicating it
is the natural frequency of the model RICWS sign structure. Note
that the natural frequency of the model is not expected to be equal
to that of the full-size RICWS sign structure.

2

) oooo 15t x U=05ms"!
— () _ -1
\Z_/ 0 < X X X y - 1 oU=1ms
l'.rj ><><><><>< © @@@ « X

-1 0.5 X

® B X x
-2 0 ®
0 45 90 135 180 0 45 90 135 180

(c) 0 (°) (d) 0 ()

Fig. 4. Drag and lift parameters of the model RICWS sign as a function of flow direction # for two inflow speeds: (a) drag force F; (b) drag

coefficient C,; (c) lift force F;; and (d) lift coefficient C;.
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frequency is normalized as the Strouhal number St = fL/U.

The stronger peak in the range f = 2—4 Hz in Fig. 5(c) changes
with velocity. When the frequency is normalized as the Strouhal
number as in Fig. 5(d), the stronger peak becomes invariant at a
value centered at St = 0.19. The spectral signature near St =
0.2 confirms the presence of vortex shedding governed by the
Strouhal number and validates the choice of L. The weaker shed-
ding signatures at St = 0.33 and 0.55 correspond to the rectangular
plate and the two light plate geometries, respectively. This is
confirmed by achieving St = 0.2 for each peak when redefining
St using the heights of the rectangular and light plates as the char-
acteristic lengths in Eq. (3).

The effect of the flow direction on the resulting force oscilla-
tions is demonstrated in Fig. 6. The primary vortex shedding at
St = 0.19 induces forces in the flow direction as seen in Fig 6(b),
but based on the lack of a spectral signature in Fig. 6(c) the shed-
ding does not result in transverse force oscillations. Rather,
the transverse force spectrum indicates excitation at the natural
frequency around f =9 Hz. The small differences in natural
frequency between Figs. 5 and 6 (and in the later wind tunnel
testing) may be due to minor changes in the height of the support
posts when the posts were secured for the various experimental
runs. To assess forces in the same reference frame as the field
measurements, a rotation matrix was used to calculate the forces
perpendicular to the RICWS sign structure face as shown in
Fig. 6(d). Vortex shedding was responsible for the force fluctua-
tions when the flow was perpendicular to the structure (i.e., = 0°
or 180°), but a separate mechanism which excites the natural fre-
quency is more relevant for parallel flow conditions (6 = 90° or
270°). These direction trends are further discussed in the section
on field-scale results.

According to aerodynamic theory, vortex shedding should
induce force oscillations with frequency f, in the transverse y di-
rection and frequency 2f, along the flow direction x. These
frequencies were first observed experimentally for simple geom-
etries such as a cylinder (McGregor 1957; Surry 1972), and they
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result from vortex pairs alternately detaching from opposite sides of
the geometry. In the case of the more complex RICWS geometry,
the flow was expected to accelerate between the two square light
plates at the top of the structure such that the primary vortex likely
formed at the top point of the diamond face [see, e.g., Zhu et al.
(2020)]. The rectangular plate below the diamond prevented a cor-
responding vortex on the opposite (bottom) point of the diamond.
The lack of a vortex pair led to drag force oscillations along the
x-direction at frequency f,, as seen in Fig. 5, rather than 2f,.
The orientation of the vortex in the streamwise-vertical x — z plane
explains the lack of a vortex shedding signature in the spanwise
force F in Fig. 6(c). The following wind tunnel analysis was used
to confirm the shedding frequency f,.

Power spectra were estimated for the wind tunnel experiment
with turbulent inflow conditions using the streamwise velocity sig-
nal in the wake of the model RICWS sign structure. The vortices
shed by the structure result in the same spectral signature in the
wake velocity as in the drag forces. The wake velocity was mea-
sured for three cases: a high velocity of the free-stream region
above the boundary layer U, a lower free-stream velocity U,
and a low sign height (at the higher U ). The free-stream velocity
was controlled by the fan speed of the wind tunnel. The height of
the model support posts scaled with the full-size RICWS sign struc-
ture in the first two wake cases and the towing tank test, and
the third wake case assessed the effect of shorter support posts.
Figs. 7(a and b) show the inflow and wake velocity profiles, with
the sign height included for reference. From the profiles, the veloc-
ity deficit in the RICWS sign structure wake is evident, as is the
boundary layer inflow condition.

Power spectra of the velocity fluctuations ®,, for the wake cases
and inflow are shown in Fig. 7(c). The wake spectra are based on
measurements at a single point 2L downstream from the center of
the diamond-shaped panel. The inflow spectra are from measure-
ments at the same height. Compared to the laminar inflow condi-
tions for the towing tank test, the turbulent boundary layer inflow
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Fig. 6. Force power spectrum ® as a function of flow direction 6 for U = 0.5 ms™': (a) top view of the model structure showing the force notation;
and spectra for forces (b) in the flow direction F,; (c) transverse to the flow F; and (d) perpendicular to the structure face F', .
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Fig. 7. Wake properties of the model RICWS sign structure: (a, b) mean wake velocity profiles U for the three experimental cases; and
(c) premultiplied power spectrum of the velocity fluctuations @, for the three cases.

already had significant (kinetic) energy in the velocity fluctuations.
Turbulent fluctuations across a wide range of scales in the inflow
conditions lead to more complex fluid-structure and wake interac-
tions and a broader spectral peak centered at St = 0.23. A small
increase in the Strouhal number is expected when the inflow con-
ditions change from nonturbulent to turbulent (Knisely 1990; Sun
et al. 2014). The Strouhal number of the full-size RICWS sign
structure was therefore expected to be closer to the value observed
in the wind tunnel than in the towing tank. Note that the spectral
peak identified for the wake velocity is a direct estimate of the vor-
tex shedding frequency f,, thus supporting the assumptions regard-
ing both the choice of L and the frequency of the unsteady drag
force component F, induced by vortex shedding.

To analyze the vibrations of the model RICWS sign structure
in the wind tunnel, 120 Hz video was captured of the side of the
model. By detecting the position of sign features in each video
frame, a time signal of the sign displacement Ax was constructed
as shown in Figs. 8(a and b). Power spectra of the displacement ®,
for the three wind tunnel cases are shown in Fig. 8(c). The detected
spectral peak in each case corresponded to the natural frequency of
the sign. The peak for the higher sign height above f = 8 Hz was
close to the natural frequency detected from the towing tank test. As
expected, higher wind velocity leads to larger displacements.
Reducing the sign height increased the stiffness, which led to a like-
wise increase in the natural frequency.

Field-Scale Results

Because the drag coefficient and Strouhal number were observed to
be invariant of the Reynolds number, the values determined through

laboratory-scale testing were directly applied in the analysis of the
full-size RICWS sign structure. The drag coefficient was used to
approximate the average wind load under different measured wind
velocities. The unsteadiness of the wind load resulting from the
vortex shedding frequency was estimated from the Strouhal rela-
tionship. The natural frequency f, of the model-scale RICWS sign
structure could not be used to predict the field-scale value. The
natural frequency depends on the sign materials, mechanical prop-
erties of the structural supports and joints, mass distribution, and
soil conditions. These properties were not all consistent between
the model-scale and full-size RICWS sign structure. The natural
frequency was instead estimated using the HF field measurements
as described later in this section.

The average sign response was determined for a range of wind
conditions measured by the cup and vane anemometer. Fig. 9(a)
shows the average horizontal displacement Ax as a function of
the relative wind direction # for both the 5-min averaged LF data
and the triggered HF wind event data. The largest magnitude dis-
placements corresponded to flow perpendicular to the sign face,
i.e., § = 0°and 180°. This was expected due to the drag force being
largest in these directions (Fig. 4) and the assumed relationship be-
tween the drag force and displacement. Figs. 9(b and c¢) show wind
roses of the wind events responsible for the largest class of negative
and positive displacements, respectively. The wind roses represent
the distribution of wind speed and direction associated with the
high-displacement events. Consistent with Fig. 9(a), the positive
displacement events are due to winds primarily from the south
of the sign (# ~ 150°), and northerly winds (6 ~ 20°) are respon-
sible for the negative displacement events. Higher wind speeds oc-
curred for winds from the north, which explains the larger average
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Fig. 8. Vibration analysis of the model sign structure in the wind tunnel: (a) example video frame indicating the detected reflection centroid,
(b) example time series of centroid displacement Ax; and (c) power spectra of the displacement fluctuations P,.




r x LF
2t 0 HF 0o © 9
. O x x x xO —~
g 3 X Q Tm
= 0 270 90 270 7 g
8 (o) =
< o © (¢] S
o
-2 x O 5
- x x x
-4 L . L
0 90 180 270 360 180 180
0 () 0 () ()
@) (b) (©)

Fig. 9. Relationship between wind direction 6 and horizontal displacement Ax of the field-scale RICWS sign structure: (a) average displacement for
the LF and HF data; and wind roses for wind events corresponding to (b) Ax < —3 cm and (c) Ax > 1.5 cm.

displacement for northerly winds in Fig. 9(a). Based on the wind
rose distributions, analysis of the field data focused on the northerly
and southerly wind events responsible for the largest horizontal
displacements.

Stiffness Determination

The simplest physical model to predict the natural frequency re-
quires the structural stiffness, which can be estimated in the field
assuming a linear elastic force-displacement constitutive equation.
The main assumption is static equilibrium between the drag force
and the elastic response of the sign structure. The force and stiffness
k are then related as

1
Fa =5 CapAU? = kAAx (4)

where C,; = drag coefficient estimated in the laboratory experiment
and shown to be independent of Reynolds number (Fig. 3); p =
density of air; A = total frontal area of the RICWS sign structure;
U = measured wind speed; and Ax = horizontal displacement at
the centroid of the diamond plate. The centroid of the diamond
plate was chosen as the representative location at which the
wind drag force would be applied, because it corresponded to
the region of maximum velocity deficit from the wind tunnel ex-
periment and was the blockage element responsible for the largest
vortex shedding response in the towing tank test. The displace-
ment at the centroid of the diamond plate was extrapolated
linearly from the displacement measured at the height of the string
potentiometers. To estimate k from the LF displacement data, only
events with wind speeds greater than 6 ms™' and northerly
(—40° < 0 < 40°) or southerly (140°< 6 < 220°) direction were

considered. Fig. 10 shows the relationship between the measured
(squared) wind velocity U? and displacement Ax for the wind
events meeting these criteria. The slope of the relationship in
Fig. 10 can be expressed as (1/2)CypA/k from Eq. (4), with k
being the only unknown in the slope expression; the stiffness
was determined from linear fit of the points in Fig. 10.

The displacement data of Potentiometer Sensor 2 appeared to
estimate a slightly smaller stiffness as compared to Sensor 1, which
might be due to slightly different string mounting on the two posts.
Also, relatively short-term variations in the zero-displacement po-
sition of the potentiometer sensors may have occurred due to
changes in the temperature and water/ice content of the soil and
possible backlash or slop at the base of the breakaway connection.
Due to uncertainty in the resting position under the varying con-
ditions, the linear fit of the data did not impose the intercept to
be at the origin. The difference in reference displacement is evident
in Figs. 10(b and d) with the vertically offset linear trends in the
clusters of displacement data from southerly winds. The two clus-
ters were analyzed separately, resulting in two southerly and one
northerly datasets. For each of the three datasets, an individual
linear fit was determined for the two sensors using both the scat-
tered data and binned averaging, leading to 12 estimated values of
the stiffness. The mean stiffness resulting from the fits was k =
3,300 N - m~! and the standard deviation was o, =370 N - m!
(excluding one outlier at 8,300 N - m~"). The mean and standard
deviation of the stiffness were used in the following section to
estimate a range of expected natural frequencies.

Frequency Response

Spectral analysis of the HF (100 Hz) displacements and accelera-
tions measured during triggered wind events was used to determine
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Fig. 10. Horizontal displacement Ax of the field-scale RICWS sign structure used to estimate the stiffness : linear fits to northerly wind events using
(a) scattered data and (b) binned averages; and (c, d) same as a and b, but for southerly wind events. Displacement Ax was estimated using the LF data
of two string potentiometers (i.e., Sensors 1 and 2). Southerly wind events in ¢ were separated into two data clusters characterized by different residual
displacements and each cluster was individually fitted (i.e., dashed and solid line).
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Fig. 11. Estimated power spectra of acceleration @, for the field-scale RICWS sign structure: (a) for varying wind speed and northerly wind direc-

tion; and (b) for varying wind direction and similar wind speed.

the natural frequency of the full-size RICWS sign structure and
understand the role of vortex shedding. The effects of wind speed
and direction were investigated by comparing spectra for a combi-
nation of wind events with varying wind speed and direction. The
spectra were estimated using Welch’s method in the same manner
as the laboratory case. Fig. 11(a) shows the power spectrum of
acceleration fluctuations ®, for seven wind events with varying
wind speed (U = 4.1-10 ms™") and direction within 40° of normal
to the sign face (i.e., § = 0° +40° or § = 180° 4 40°). Conversely,
Fig. 11(b) shows @, for seven wind events with varying wind di-
rection (6 = 10°-283°) and similar speeds (U = 6.1-7.2 ms™!).
Both plots reveal a primary spectral peak near f = 1 Hz and a sec-
ondary peak around f =5 Hz regardless of the wind conditions.
The invariance of the peaks with respect to wind speed and direc-
tion supports the interpretation of the peaks as natural vibrational
modes of the sign.

The primary peak can be compared to the anticipated natural
frequency by considering the system as a mass m attached to
a spring with stiffness k. The natural frequency of this simplified

system is
1 |k
Y i 5
fo ZW\/; )

Using the average stiffness determined from the LF displace-
ment data and the total mass of the sign m = 40 kg, the expected
natural frequency was f, = 1.4 £0.13 Hz, which corresponded
closely with the primary peaks in Fig. 11. Note that the simplified
model of Eq. (5) assumes that the force and the mass have the same
centroid through which the single degree of freedom is defined,
implying that the displacement location used to estimate the stiff-
ness is not arbitrary. The drag force is inferred to apply where the
pressure difference between the two sides of the sign is highest.
This is located at the center of the diamond panel based on the ob-
served maximum velocity deficit in the wake of the diamond panel
seen in Figs. 7(a and b). In the specific case of the RICWS geom-
etry, the drag contribution of the lower panel was likely balanced by
the higher wind velocity on the diamond and light panels.

The second peak at f =5 Hz corresponded to the dominant
torsional mode. The accelerometers were out of phase at this fre-
quency, which indicated twist of the electronic sign panel. Based on
a finite element model of the system (Zhu et al. 2020), this mode
likely also included lateral deformations.

The frequencies of the most prominent spectral peaks are rep-
resented in Fig. 12 for both the acceleration spectra from Fig. 11
and the horizontal displacement spectra (not shown) based on the
same wind events. Fig. 12 shows the frequency peaks for each wind
event as a function of the average wind speed U and the average
wind direction 6. Based on the frequency peak in the wake

experiment results (e.g., Fig. 7), the vortex shedding frequency
[, at the field scale was estimated using St = 0.23 and Eq. (3).
Fig. 12(a) includes f, estimates based on the diamond plate size
L and the recorded wind speed for each event. The plot reveals
significant overlap between the vortex shedding frequency and
the apparent natural frequency. From a structural perspective, the
alignment of the frequencies allows the forcing frequency from the
unsteady wind loads to excite the natural frequency of the structure,
leading to resonance, fatigue, and potential failure.

The overlap of frequencies occurs for high wind speeds
(U = 6-8 ms™!) which corresponds to larger unsteady wind loads
(F ~ U?) and more energy in the frequency response. In Fig. 11(a),
the spectral peak increased from ®,,, =2 cm*s™ for U=
4ms! to @, =80 cm?s™ for U =7 ms™'. Along with the
overall acceleration variance, the peak frequency response in-
creased considerably with wind speed due to the increased drag
force and the alignment of the vortex shedding frequency.

In addition to the wind speed, the energy in the frequency re-
sponse was also dependent on the wind direction. Fig. 13 shows the
standard deviation of the horizontal displacement o, and the peak
amplitude of the acceleration spectra @, as functions of the wind
direction. While the largest average displacements occurred with
winds perpendicular to the sign face (Fig. 9), the trends in Fig. 13
suggest that oscillations at the natural frequency increased when the
wind was close to parallel to the sign face (i.e., § = 90° or 270°).
This effect is consistent with the laboratory-scale direction trends in
Fig. 6, in which the natural frequency response was particularly
relevant under parallel flow conditions. The increased displacement
oscillations for parallel wind events may be due to backlash in
the structural support bases, which was observed during visits to
the instrumented sign; the supports provided limited resistance
to displacement when the RICWS sign structure was nearly
vertical, which was more likely to occur for parallel wind events.
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Fig. 12. Observed peak energetic frequencies for acceleration f, and
displacement f, of the field-scale structure compared with the uncer-
tainty range of the natural frequency f, and the estimated vortex shed-
ding frequency f,.
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Fig. 13. Standard deviation of the oscillating displacement o, and ac-
celeration spectrum peak ., for the field-scale RICWS sign struc-
ture as a function of the wind direction 6.

Under perpendicular flow conditions, the mean drag force displaces
the structure until the support bases provide greater resistance to
further displacements. In addition to the backlash, a forcing mecha-
nism is required to induce the observed displacements. The towing
tank results suggested that the forcing mechanism must act trans-
verse to the flow direction, indicating a possible relationship to the
lift force. These characteristics—Iift force oscillations self-excited
at the natural frequency—are consistent with an aeroelastic insta-
bility such as flutter (Simiu and Yeo 2019), but there is insufficient
evidence here to conclusively confirm the nature of the mechanism.
The displacements during parallel wind events may also have been
induced by atmospheric turbulence, which has energetic velocity
fluctuations in all directions (Raupach et al. 1991). Turbulent veloc-
ity fluctuations transverse to the flow and short-term variability in
the wind direction can both produce lift force (F,) oscillations,
leading to periodic displacement of the structure, which may be
amplified if they are close to the natural frequency.

Discussion and Conclusion

Laboratory experiments and field monitoring were used to study
the mechanical behavior of the RICWS sign structure exposed
to a representative range of wind conditions observed during a full
year of measurements. The field observations included measure-
ments of strain, acceleration, and wind speed. The laboratory ex-
periments comprised wind tunnel testing for the sign model wake
unsteadiness and towing tank testing for the estimates of the drag
coefficient and the oscillations of the drag and lift forces.

By comparing the unsteady drag forces on the sign with the
measured peak of the wake velocity spectrum, we confirmed stat-
istically that vortices shed into the wake of the sign are responsible
for the primary unsteady forces on the structure. The frequency of
this vortex shedding is governed by the flow velocity and the sign
geometry, which together are described by the dimensionless
Strouhal number. The Strouhal number for the RICWS sign struc-
ture, based on the size of the largest sign panel, is St = 0.23. This
value is consistent with simpler geometries such as a cylinder, sug-
gesting that the shedding frequency for complex-shaped structures
such as roadside signs can be predicted based on the geometry of
the largest blockage element and the incoming wind speed.

The invariance of the Strouhal number with respect to the
Reynolds number, for the laboratory conditions tested, allowed ex-
tending the predicted vortex shedding frequency to the full-size
RICWS structure. At the field scale, for high wind speeds (i.e., U =
6-8 ms~! at 2 m above the ground, compared to the average wind
speed U = 2 ms™!), the vortex shedding frequency matched the
natural frequency of the sign identified based on the primary

energetic peak in the acceleration spectra. The matching frequen-
cies suggest resonance conditions and potential structural failure.
Vortex shedding is not typically addressed in the standard design
of roadside sign supports. Our findings demonstrate the need for
these standards to consider vortex shedding, particularly as the in-
clusion of electronic signage makes the structures heavier and more
expensive.

While most of our measurements were focused on the sign
structure configuration perpendicular to the wind, our field obser-
vations on wind directionality suggest that the vibrational behavior
of the sign changes drastically when the wind is almost parallel to
the planar structure. We confirmed the directional change in behav-
ior in the towing tank testing. In such a specific case, the out-of-
plane lift force oscillations and associated displacements may be
predominantly governed by the spanwise variability of the turbu-
lence flow, rather than by vortex shedding, thus making resonance
prediction more uncertain. It is therefore necessary to test the vibra-
tional response across a range of directions in experiments or sim-
ulations to fully characterize the unsteady forces on such structures.

By approximating the structure as a single degree of freedom
system, and by equating the vortex shedding and natural frequency
expressions, the following estimate is reached for the wind speed
corresponding to resonant conditions: U,,, &~ Ly/k/m/(27St).
Several design constraints of the RICWS sign structure cause the
resonant wind speed U,,, to overlap with frequently occurring,
above-average wind conditions. Visibility requirements include the
two flashing lights and the sign height. The two flashing lights in-
crease the total frontal area, total mass, and height of the center of
mass of the sign. The electronic signage of the diamond plate also
increases the sign mass. The sign face must be more than 2.5 m
above the road level for visibility purposes, which decreases the
stiffness compared to shorter signs. The stiffness is also constrained
by the breakaway supports required for driver safety during a
collision.

Despite the aforementioned restrictions, design options exist to
mitigate the overlap of the vortex shedding and natural frequencies
within the operating wind speed range. Affordable retrofitting op-
tions, which are applicable to any roadside sign design, include:
(1) reducing the blockage area without compromising the visibility
(e.g., reduce area of flashing lights and material surrounding the
lights); (2) including vibration dampers common to larger struc-
tures (Christenson and Hoque 2011; Giaralis and Petrini 2017);
(3) reducing backlash in the base supports; and (4) implementing
aerodynamic modifications to mitigate vortex shedding or dilute
the range of the excited frequencies (Zhu et al. 2020).

Regardless of the engineering solution, there is a need for vortex
shedding and similar unsteady aerodynamics to be addressed in the
standard guidelines for increasingly complex roadside structures.
Using the RICWS sign structure as an example, we outlined here
several experimental procedures to help better understand these un-
steady aerodynamics for other roadside signs or complex geometries.

Data Availability Statement

Data and code generated or used during the study are available from
the corresponding author by request.
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