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Abstract.  Tests were conducted at the Florida International University (FIU) Wall of Wind (WOW) to 
investigate the susceptibility of Variable Message Signs (VMS) to wind induced vibrations due to vortex 
shedding and galloping instability. Large scale VMS models were tested in turbulence representative of the 
high frequency end of the spectrum in a simulated suburban atmospheric boundary layer. Data was 
measured for the 0° and 45° horizontal wind approach directions and vertical attack angles ranging from -4.5° 
to +4.5°. Analysis of the power spectrum of the fluctuating lift indicated that vertical vortex oscillations 
could be significant for VMS with a large depth ratio attached to a structure with a low natural frequency. 
Analysis of the galloping test data indicated that VMS with large depth ratios, greater than about 0.5, and 
low natural frequency could also be subject to galloping instability. 
 

Keywords:   aerodynamic drag; galloping; variable message sign; vortex shedding 

 
 
1. Introduction 
 

The increasing advancements in Intelligent Transportation Systems (ITS) and the need for more 

efficient transportation have led to the expanding use of Variable Message Signs (VMS) 

technology. ITS improve safety and mobility by integrating advanced communication technology 

into the transportation infrastructure. Variable message signs are a cornerstone of intelligent 

transportation systems and provide a high tech complement to static flat panel signs. These 

remotely programmable traffic control devices relay to motorists real-time advisories about 

changing highway conditions and hazards such as inclement weather, traffic accidents, 

construction activity, congestion, and public service alerts. Variable message signs are 

substantially heavier than flat panel aluminum signs and have a larger depth (dimension parallel to 

the direction of traffic, see Fig. 1). Numerous research studies have investigated wind loading on 

prismatic rectangular shapes (Bearman and Truman 1972, Laneville et al. 1975, Larose and 

D’Auteuil 2008). However, targeted experimental research to investigate the complex 

aerodynamic and aeroelastic forces on elevated signs and VMS is very limited. Recent field and 

wind tunnel studies conducted by Smith et al. (2014) and Zuo et al. (2014) investigated wind 
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induced forces and torques on VMS. Their results indicated that the geometrical configuration of 

the sign can significantly influence wind loading but their research did not include a dynamic 

analysis. 

The primary load on VMS structures is generally due to wind-induced drag. However, 

aeroelastic phenomena, caused by the interaction between the wind flow and the structure’s 

vibrational characteristics, can lead to significant vertical forces. These forces may be due to the 

phenomena of vortex shedding and galloping instability. The resulting vibrations can lead to 

fatigue damage and ultimately failure of the structure (Kaczinski et al. 1998). Note that vortex 

shedding and galloping responses are characterized by aeroelastic feedback whereby motions of 

the structure normal to the direction of wind flow affect the flow itself and can amplify the 

aerodynamic force fluctuations. Analytical and experimental research conducted by Kaczinski et al. 

(1998) and Dexter and Ricker (2002) investigated fatigue loading including vortex shedding and 

galloping of cantilever VMS support structures. Their results formed the framework for American 

Association of State Highway and Transportation Officials (AASHTO) fatigue design provisions. 

Fouad et al. (2003 and 2011) extended the research to include fatigue loading and design for 

non-cantilever VMS supports structures.  

VMS structures are relatively new additions to transportation infrastructure and until recently 

they have not been the subject of rigorous research. Thus the current literature and design 

specifications do not adequately address the complex aerodynamic and aeroelastic forces on VMS 

structures. Fouad et al. (2003) pointed out that the current Supports Specification (AASHTO) does 

not adequately address VMS or its supporting structure. With the increasing use of VMS, it is 

imperative that future versions of the Supports Specifications include adequate guidance and 

provisions for the design of VMS supporting structures and their foundations. However, very little 

additional guidance has been added to the current design codes. In addition, the current AASHTO 

Specification (2013) does not require overhead cantilever or noncantilever structures to be 

designed for vortex shedding (except during construction and prior to placement of the signs) and 

only requires cantilever structures to be designed for galloping. The current study focuses on 

experimental testing conducted at Florida International University’s (FIU) Wall of Wind (WOW) 

facility and data analyses to investigate the susceptibility of VMS to vortex shedding and galloping 

instability. 

 

 

Fig. 1 VMS on Florida’s Turnpike (photo by D. Meyer) 
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Fig. 2 VMS primary dimensions 

 

 

 

Fig. 3 Force orientation (a) single support configuration (b) double support configuration 

 

 

1.1 Terminology 

 
Fig. 2 is a schematic representation of an elevated VMS illustrating the model’s primary 

dimensions: lateral length b, height c, depth (parallel to highway dimension) d, and the distance 

from the ground to the top of the model h. Geometric ratios used throughout this study were 

 Aspect ratio = b/c                             (1) 

Depth ratio = d/c                               (2) 

Clearance ratio = c/h                            (3) 
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Two model support configurations were used for testing. The models were mounted on 

cantilever support masts which incorporated load cells. Two support masts were used for the 

longer models and a single support mast was used for the shorter models. Fig. 3 shows the axes 

and force orientation for the single and double support configuration used throughout the study. 

Body-axes have been used in this study as shown. The x-axis is positive in the highway 

direction and the y-axis is positive to the right. The z-axis is positive in the upward direction and 

counterclockwise is positive for the twisting moment Mz. The forces and moments measured by 

individual load cells for this study are also shown. Angle θ defines the horizontal wind approach 

direction and 0° is defined as wind normal to the front face of the model. 

 

1.2 Background 

 
1.2.1 Vortex shedding 
Vortex shedding occurs during steady uniform flow when alternating vortices are periodically 

shed into the wake of a structure. The alternating pattern of vortices is commonly referred to as 

von Kármán vortex street. The frequency at which the vortices are shed (fs) is proportional to the 

approaching mean wind speed(�̅�) and inversely proportional to the height (c) of the structure. This 

is expressed non-dimensionally as the Strouhal number 

𝑆𝑡 =
𝑓𝑠𝑐

𝑈
                                   (4) 

The Strouhal number for a circular cross section depends on the Reynolds number of the 

oncoming flow but for sharp edged cross sections like VMS, where flow separation occurs at the 

leading edge, the Reynolds number effects are not expected to be significant. However, the 

Strouhal number for sharp edged rectangular cross sections has been shown to be a function of the 

depth ratio (Taylor et al. 2014, Cao et al. 2014, Liu and Kopp 2010). A relationship between the 

Strouhal number and depth ratio for rectangular cross sections was developed by Dyrbye and 

Hansen (1997). Since VMS are principally rectangular prismatic shapes, their Strouhal number 

should be in the range of 0.06 to 0.15 (Ginal 2003). 

Parkinson (1989) compiled results from Brooks (1960), Hoerner (1965), Nakamura and 

Tomonari (1977), and Washizu et al. (1978) and showed how the Strouhal number is affected by 

the depth ratio. For smooth flow and a depth ratio in the range of 0 < d/c < 1.0, the base pressure 

changes abruptly with increasing d while the Strouhal number only changes slightly. An 

explanation for this is provided by Bearman and Trueman (1972). If d is small enough, the 

downstream edges of the afterbody will not interfere with the inward curvature of the streamlines 

and full strength vortices will form closer to the rear of the cylinder. This lack of interference with 

the shear layers is why the Strouhal number is not significantly affected. When d is sufficiently 

large, the downstream edges of the after body will begin to interfere with the inward curvature of 

the streamlines forcing the vortices to form further downstream and the shear layers to be more 

diffused. This results in a smaller vortex shedding frequency and a drop in the Strouhal number 

(Gerrard 1966). Reattachment of flow along the sides of the after body results in an increase in 

base pressure and a sharp increase in the Strouhal number. The abrupt change arises due to the 

decrease in lateral spacing of the shear layers after separating from the downstream corners. 

Smaller lateral spacing of the shear layers corresponds to a smaller stream wise spacing of vortices 

and therefore a larger vortex shedding frequency (Parkinson 1989). 

The alternating shedding of vortices produce periodic forces that result in oscillations in a plane 
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normal to the direction of wind flow. Significant oscillation can occur when the frequency of 

vortex shedding is close to the natural frequency of a flexible structure. These lateral vibrations 

have a strong organizing effect on the vortex shedding pattern which can increase the strength of 

the vortices and couple the vortex shedding frequency to the natural frequency of the structure. 

This phenomenon is known as lock-in. The critical wind speed (Ucr) at which lock-in occurs can 

be estimated using the Strouhal number relation 

𝑈𝑐𝑟 =
𝑓𝑛𝑐

𝑆𝑡
                                   (5) 

where in this case 𝑓𝑛 is the natural frequency of the structure. The amplitude of the vibrations 

resulting from lock-in is limited by the balance between the energy input into the motion by the 

vortices and the dissipation of that energy by structural damping. Eventually large oscillations of 

the structure interfere with the uniform shedding of vortices and therefore the maximum amplitude 

of vortex induced vibrations may be self-limiting (Blevins 1977). The drag force on a structure 

vibrating at or near the vortex shedding frequency is also a function of vibration amplitude. 

Bearman and Obasaju (1982) showed that drag on a square structure increases at resonance. 

The range of wind speeds at which vortex shedding can occur is bounded by the ability of the 

vortices to stay locked onto the structural motion. According to the commentary in the AASHTO 

Specification (2009), vortices shed at wind velocities below approximately 5 m/s do not possess 

sufficient energy to excite most sign support structures and at wind speeds greater than about 20 

m/s the natural turbulence in the flow disturbs the formation of vortices. This would imply VMS 

structures are susceptible to vortex induced vibrations only for the range of wind speeds between 5 

m/s and 20 m/s.  In fact there is little evidence that the turbulence intensity increases with wind 

speed.  Therefore vortex excitation at speeds above 20 m/s cannot be discounted.  

 

1.2.2 Galloping 
Galloping of a prismatic structure is the self-excited response to natural wind due to the 

aeroelastic instability of the structure. Galloping is typically characterized by predominately 

horizontal wind flow and vertical motion of the structure. To initiate galloping there must be an 

initial displacement of the structure that changes the angle of attack (α) of the wind flow relative to 

the structure. The initial displacement may be due to fluctuations in the wind or vortex shedding. 

The vertical velocity (ż) of the structure results in the angle of attack of the wind being 

𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
ż

𝑈
)                                (6) 

where Ū is the horizontal velocity of the oncoming wind. For ż<<Ū this becomes 

𝛼 = − (
ż

𝑈
)                                  (7) 

Let CL denote the lift coefficient, α the angle of attack, and CD the drag coefficient. The 

equations of motion of the body yield the necessary condition for incipient galloping motion, 

known as the Den Hartog criterion 

*
𝑑𝐶𝐿

𝑑𝛼
+  𝐶𝐷+

∝=0
< 0                             (8) 

where the left-hand side of Eq. (8) is evaluated at α = 0. A small vertical motion of the structure 

results in a force given by 
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𝐹𝑧 =  −
1

2
𝜌�̅�ż𝐴 (

𝑑𝐶𝐿

𝑑𝛼
+  𝐶𝐷)

∝=0
                         (9) 

The force is in the same direction as the body velocity ż if dCL/dα + CD<0 and is proportional 

to that velocity. Therefore it is effectively a negative aerodynamic damping force. The sufficient 

condition for incipient galloping motion is that this force exceed the positive damping force due to 

the mechanical damping. It follows from this condition that the minimum wind speed required to 

initiate galloping is proportional to the mechanical damping of the structure (Novak 1972).  

Parkinson (1963) explained that flow reattachment will occur along side of a prismatic shape 

for sufficiently large values of α. The galloping characteristics of the structure will be affected by 

the resulting asymmetry in the pressure distribution which produces a net force in the vertical 

direction. Parkinson (1989), using data from Brooks (1960), Smith (1962), Laneville (1973), 

Novak (1974), and Nakamura and Tomonari (1977), showed that rectangular cylinders with d/c< 

0.75 in smooth flow did not gallop from rest (hard galloping) and required an initial vibration. 

Sections in the range 0.75 <d/c< 3.0 did gallop spontaneously from rest (soft galloping). The lower 

boundary for the beginning of soft galloping corresponds to the abrupt change in base pressure 

noted previously when the trailing edges of the afterbody begin to interfere with the inward 

curvature of the streamlines. For d/c> 3.0 no galloping could be induced.  This upper boundary 

corresponds to an afterbody length that is sufficiently long for reattachment of the shear layer to 

occur. Parkinson (1989) also demonstrated that as turbulence in the oncoming flow is increased, 

soft galloping sections experience weaker galloping and eventually become stable and hard 

galloping sections become soft galloping.  

Kaczinski et al. (1998) had difficultly reproducing galloping results in wind tunnel experiments. 

A model observed to gallop in one test did not gallop in another test under identical test conditions. 

The same unpredictability has been observed in the field. Only one structure experienced galloping 

in a series of structures subjected to the same wind conditions. The researchers attributed the 

difficulty in reproducing galloping results in the laboratory and the unpredictability observed in the 

field to the sensitivity of these structures to very specific conditions such as the dynamic properties 

of the structure, aerodynamic properties of the attachments, and flow characteristics (Kaczinski et 

al. 1998).In-service VMS attached to cantilever support structures with fundamental frequency of 

1.04 – 1.10 Hz and mechanical damping ratio of 0.4 – 0.7% have been observed galloping, 

indicating that the flow velocity was high enough to induce the aerodynamic damping ratio 

required for galloping to occur. Structural failure due to galloping was documented for a bent 

monopole structure in California in 1995. Instrumentation and monitoring of this structure showed 

that it was galloping in steady winds (Dexter and Ricker 2002). The susceptibility of 

non-cantilever (i.e., bridge-type) VMS support structures to galloping is still unclear. Dexter and 

Ricker (2002) did not expect VMS mounted on non-cantilever structures to be susceptible to 

galloping “due to the rigidity of the sign bridge.” Fouad et al. (2003) points out that the question of 

susceptibility of non-cantilever support structures to galloping (and vortex shedding) is unresolved 

and additional laboratory testing and field evaluation is necessary. However, Fouad et al. (2003) 

did not specifically address VMS.  

Ginal (2003) evaluated the galloping instability of two non-cantilever four chord VMS support 

structures in Wisconsin. Each structure supported a VMS with dimensions corresponding to 

geometric ratios of b/c ≈ 3 and d/c ≈ 0.5. A modal analysis using FEM was performed and the 

onset wind velocities were determined using the universal galloping response curves for 

rectangular prisms developed by Novak and Tanaka (1974). Based on calculations and 

assumptions by Ginal (2003), the onset wind velocities for the two structures were greater than 98 
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m/s. Given these high velocities, Ginal (2003) concluded that galloping vibrations do not need to 

be considered as a loading scenario for the non-cantilevered VMS support structure as configured 

in his test group. He adds, however, that since galloping of sign support structures is highly 

dependent on the characteristics of the structure including cross section, total damping ratio, and 

natural frequencies as well as flow characteristics, a wind tunnel study should be conducted to 

validate the results of his research. 

 
2. Description of the experimental set up and testing procedure  

 
2.1 Wall of wind facility  

 
The experiments were conducted in the WOW facility at FIU. The test section of this open jet 

system is 6.1 wide x 4.3 m high and wind is generated by two rows of six electric fans arranged in 

a convex arc. The wind flow from the fans merges into a contraction zone which is designed to 

generate a high velocity uniform flow field. Vertical vanes at the contraction exit guide the flow in 

the longitudinal direction. A 9.8 m flow simulation box consisting of triangular spires and floor 

roughness elements help develop the desired atmospheric boundary layer (ABL) profile. 

Tests were conducted on 1:3 scale models in a simulated suburban atmospheric boundary layer 

at mean wind speeds of 15 m/s and 40 m/s. The turbulence intensity at the model mounting height 

of 2.3 m was approximately Iu ≈ 8%.The turbulence intensity of the WOW laboratory flow is 

lower than the full-scale target suburban terrain ABL. This is due to the partial turbulence 

simulation method that is utilized in the WOW which reproduces only the high frequency portion 

of the ABL spectrum (see Yeo and Gan Chowdhury 2013, Fu 2013). The partial turbulence 

simulation utilized in the WOW is governed by the following formula provided by Irwin (1998) 

𝐼𝑢𝑚

𝐼𝑢𝑝
=  (

𝐿𝑢𝑚

𝐿𝑢𝑝
)

1

3

(
𝑏𝑝

𝑏𝑚
)

1

3
                            (10) 

where Iu is the turbulence intensity, Lu is the integral length scale and b is the reference length. The 

subscripts m and p denote model and prototype, respectively. More information about the partial 

turbulence simulation method used in the WOW and the validation of aerodynamic results can be 

found in Irwin (1998), Fu et al. (2012), Yeo and Gan Chowdhury (2013), and Fu (2013).The 

low-frequency portion of the spectrum, which is absent from the flow used in these tests, would 

have the effect of slightly amplifying the vortex-induced and galloping oscillations. To the extent 

that the results of this investigation would warrant the conclusion that VMS vortex-induced and/or 

galloping oscillations are possible under certain conditions, this conclusion would be reinforced if 

low-frequency flow fluctuations were taken into account. 

 

2.2 Experimental design 
 

2.2.1 Model and support configuration 
Tests were conducted in the WOW to determine mean longitudinal, lateral, and vertical lift 

coefficients that were used to investigate the susceptibility of VMS to vortex shedding and 

galloping. A total of 13 models were constructed for drag coefficient testing but only three models 

were used to investigate aerodynamic instability. The model dimensions were 0.6 x 0.6 x 0.4 m, 

1.8 x 0.6 x 0.4 m, and 3.0 x 0.6 x 0.4 m which corresponded to geometric ratios of b/c = 1, 3, and 5 
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and d/c = 0.7. The models were constructed from 13mm shop grade maple plywood and supported 

with a steel single or double cantilever system which was rigidly bolted to the WOW facility floor. 

A series of wedges were used to attach the model to the support system 2.3 m above the WOW 

facility floor (c/h = 0.24). The wedges were positioned to simulate vertical wind approach angles 

of α = -4.5, -2.5, 0, 2.5, and 4.5. Additional stability was provided by three wire cables attached to 

eye bolts at the top of each vertical support (below the load cells) and fixed to the WOW floor. 

The primary focus of this study was investigation of wind-induced dynamic, aeroelastic effects 

on VMS. Consequently, only the VMS, and not the truss structure (see Fig. 1), was modeled for 

testing. It is recognized that the mutual interaction of the sign and the truss structure was not taken 

into account. However, it is to be noted that the standard design procedure uses separate 

aerodynamic coefficients for the sign and the support structure, thus it also neglects the interaction 

effect. 

 

2.2.2 Instrumentation 
A multi-axis load cell supplied by JR3, Inc. (model 75E20S4 – M125D – AF 1350L) was 

mounted on top of the vertical support to simultaneously measure forces, moments and torques. 

The load cells are equipped with six degree of freedom force and torque sensors which 

simultaneously measure forces along three orthogonal axes (x, y, and z) and moments and torques 

about those axes.  

Cobra probes supplied by Turbulent Flow Instruments were used to measure the wind velocity 

and turbulence in three orthogonal directions. Probes were mounted vertically 0.9 m above the 

model at an elevation of 3.5 m above the WOW floor. 

 

2.3 Tare tests 
Tare tests were conducted to isolate and correct for secondary aerodynamic forces applied to 

the support system. Tare test data was sampled at 100 Hz for 1 minute and were tested for 

horizontal wind approach directions of 0° and 45°. Baseline data sampled one minute before and 

one minute after each test run was subtracted from the measured test data. 

 

2.4 Wind field adjustments 

 
2.4.1 Wind speed spatial relationship 

The mean wind speed (�̅�) used in the calculation of the drag coefficient was determined by 

averaging the mean temporal wind speed measured at different locations during model testing. 

This was done as follows. Wind speed measurements were recorded during each test run using 

three cobra probes mounted at the reference height of 3.5 m, which is 0.9 m above the model. The 

probes were spaced horizontally 1.2 m apart with the middle probe centered with respect to the 

model. The mean temporal wind speed for the one minute test length was determined for each 

probe. Analysis of the mean temporal wind speeds for each probe showed that the wind profile 

along the horizontal length of the model was not quite uniform. The measured wind speed at the 

center probe was approximately 4% higher than the wind speeds measured at each of the two outer 

probes for the 0° horizontal wind direction and 5% higher for the 45° wind direction. Consequently, 

a linear interpolation was applied to calculate the wind speed at the horizontal location 

corresponding to the outer edge of each model. These three spatial wind speeds (left edge, center, 

and right edge) were averaged to determine the mean spatial wind speed at the reference height of 

3.5 m. This is the wind speed used in the force coefficient calculation. 
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2.4.2 Free flow wind 
Free flow wind speed measurements were conducted to determine the relationship between the 

wind speeds at the reference height of 3.5 m and the desired wind speeds at the model mounting 

height of 2.3 m. The free flow wind testing used an array of cobra probes mounted on a grid of 

vertical and horizontal uni-strut supports. The ratio of the measured free flow wind speed at 3.5 m 

to the mean wind speed at 2.3 m was established for each set of corresponding cobra probes. The 

drag coefficient calculation was adjusted to the mounting height wind speed by multiplying the 

calculated drag coefficient at 3.5 m by the mean wind speed ratio squared. 

 

2.4.3 Blockage 
A blockage test was performed to obtain an overall measure of whether the wind speed 

measurements were sampled sufficiently far enough away and to correct for local flow effects. The 

blockage test consisted of testing a model with dimensions of 3.0 x 0.6 m at a wind speed of 19 

m/s and another model which was 1/4 blockage(1.5 x 0.3 m), at twice the wind speed (38 m/s). 

Both models were flat panels (d = 13 mm) with b/c = 5. The measured wind speed at the reference 

height of 3.5 m was intended to be far enough away from the models to avoid the local flows. 

However, the tests revealed that the measurements may not have been completely free of local 

effects. Tests using the larger model (1:3 scale) showed that it was probably still in a slightly 

accelerated local flow. This caused the drag coefficient results to be slightly low. For the smaller 

model at half the scale (1:6), the flows were less affected which resulted in larger drag coefficients. 

From the data for the two blockage ratios the drag coefficient for zero blockage was obtained by 

extrapolation.  Using the assumption that the blockage correction was proportional to the area 

ratio (A/As), where A = frontal area of test specimen and As =area of test section cross-section, the 

blockage corrections for all other test specimens were evaluated and applied. 

 

2.5 Testing procedures 

 
Force coefficient tests were conducted at wind speeds of 15 m/s and 40 m/s in the simulated 

suburban boundary layer for the 0° and 45° horizontal wind approach directions. Zero degree was 

defined as the direction of the approaching wind normal to the front face of the model. The 

ambient temperature and air pressure readings were monitored and updated before each test. Data 

was sampled at 100 Hz for 1 minute for each test run. Baseline data sampled one minute before 

and one minute after each test run was subtracted from the measured test data. The appropriate tare 

correction, blockage correction, and wind speed adjustments were applied to all test data. The 

complete results for the drag coefficient testing are discussed in a separate report. 

Time history data was used to compute the power spectra of the fluctuating lift for models with 

d/c = 0.7. Galloping tests were conducted using the model with dimensions 3.0 x 0.6 x 0.4 m (b/c 

= 5, d/c = 0.7) for the 0° horizontal wind direction and vertical wind attack angles of α = -4.5, -2.5, 

0, 2.5, and 4.5. The model was tested at wind speeds of 15 and 40 m/s. The test conditions and 

procedures were identical to those used for all other force coefficient tests. Fig. 4 shows a picture 

of the galloping test setup in the WOW. 

 

 

3. Predictions of vortex shedding amplitudes from spectra of lift 

 
Vortices shed from the upper and lower edges of the VMS cause fluctuating forces primarily in 
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the crosswind direction. The simplest theory for predicting vortex excitation assumes the 

excitation force oscillates in time t  in a pure sinusoidal manner, with the excitation force per unit 

length being given by 

𝑓(𝑡) =  
1

2
𝜌𝑈2𝑐𝐶𝐿

′ 𝑠𝑖𝑛𝜔𝑣𝑡                          (11) 

in which LC is a fluctuating “lift coefficient”, c cross-section width normal to wind, and 

𝜔𝑣 =  2𝜋𝑁𝑣                                (12) 

where Nv is the shedding frequency of the vortices. Note that Eq. (11) ignores feedback effects that 

cause the vortices to be locked on to the structure’s motions. Since the present tests were on a rigid 

model the feedback effects could not be evaluated. Therefore the present estimates of vortex 

shedding amplitudes are based on the assumption that feedback effects are small and, if the vortex 

shedding frequency is equal or close to the frequency of vibration of the structure, could 

underestimate actual amplitudes. 

Considering crosswind motions in the direction, z , the deflection z(y,t) of the structure in each 

of its natural modes of vibration may be expressed as 

𝑧(𝑦, 𝑡) =  ∅(𝑦)𝑞(𝑡)                           (13) 

where )(y deflection shape of the mode of vibration, and )(tq generalized coordinate for the 

mode of vibration. It can then be shown that the equation of motion in a particular mode of 

vibration is 

𝑀𝐺(�̈� + 2�̅�0�̇� + �̅�0
2𝑞) =  𝐹𝐺(𝑡)                      (14) 

 

 

 

Fig. 4 Test setup in the WOW (Photo by D. Meyer) 
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where 

𝑀𝐺 = 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑎𝑠𝑠 =  ∫ 𝑚(𝑦)∅(𝑦)2𝑑𝑦
𝐿

0
                 (15) 

and 

𝐹𝐺 = 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑜𝑟𝑐𝑒 =  ∫ 𝑓(𝑦, 𝑡)∅(𝑦)𝑑𝑦
𝐿

0
           (16) 

where m = mass per unit length, and L length of structure. For simplicity, it is assumed that the 

force fluctuation is uniform along the length of the structure and Eq. (16) becomes 

𝐹𝐺 =  
1

2
𝜌𝑈2𝐶𝐿

′𝑐 × ∫ ∅𝑑𝑦 × sin(𝜔𝑣𝑡)
𝐿

0
                     (17) 

The solution to Eq. (14) can be obtained by assuming 

𝑞 =  𝑞0sin (𝜔𝑣𝑡 + 𝜑)                          (18) 

where  = phase angle, which leads to a predicted maximum response when ωv = ω0, with the 

amplitude being 

|𝑞0| =  
1

2
𝜌𝑈2𝐶𝐿

′𝑐 ∫ ∅𝑑𝑦
𝐿

0

𝜔𝑣
2𝑀𝐺 2

                            (19) 

If the mass distribution is uniform then this becomes 

|𝑞0| =  
𝜌𝑈2𝐶𝐿

′𝑐 ∫ ∅𝑑𝑦
𝐿

0

4𝜔𝑣
2 𝑚

 ×  
∫ ∅𝑑𝑦

𝐿

0

∫ ∅2𝑑𝑦
𝐿

0

                        (20a) 

Eq. 20(a) implies that if the mode shape  were anti-symmetric, as for a complete sine wave for 

example, then the response would be zero. In fact, the rotation of the vortices often is able to 

switch sign when the mode shape changes sign and a response still occurs (Farquharson et al. 

1950). Therefore, recognizing this,  is replaced in the numerator of Eq. 20(a) by its absolute value. 

Also, variables can be grouped into non-dimensional parameters that help in assessing when 

vortex excitation might be a problem. 

|𝑞0|

𝑐
=  

𝐶𝐿
′

16𝜋2 
(

𝑈

𝑁𝑣𝑐
)

2
(

𝜌𝑐2

𝑚
)  ×  

∫ |∅|𝑑𝑦
𝐿

0

∫ ∅2𝑑𝑦
𝐿

0

                    (20b) 

The parameter 4m/c2 has been named the Scruton number ( cS ) after Scruton, who first 

identified it as a key parameter by which to assess the susceptibility of a structure to vortex 

excitation. It has also often been expressed as 2m/c2 where  = the logarithmic decrement, which 

equals 2 for the low values of of interest in wind engineering. The higher the Scruton number 

the less will be the amplitude of the vortex-excited motion.  

Also, from Eq. 20(b), the parameter Nvc/U is the Strouhal number, St. Therefore Eq. 20(b) can 

be expressed as 

|𝑞0|

𝑐
=  

𝐶𝐿
′

4𝜋𝑆𝑡
2𝑆𝑐

×  
∫ |∅|𝑑𝑦

𝐿
0

∫ ∅2𝑑𝑦
𝐿

0

                        (20c) 

From the power spectra of the fluctuating lift obtained on VMS with d/c =0.7 a peak in the 

excitation spectrum was noted at a non-dimensional frequency fc/U = 0.10. This may be identified 
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as the Strouhal number for the VMS. From the spectra included in Figs. 5(a)-5(c), the area under 

the peak was measured and the lift coefficients determined (refer to Table 1). 

 

 

 

Fig. 5(a) VMS lift power spectrum for Model 9 with d/c = 0.7 

 

 

Fig. 5(b) VMS lift power spectrum for Model 8 with d/c = 0.7 

 

 

Fig. 5(c) VMS lift power spectrum for Model 7 with d/c = 0.7 
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Table 1 Strouhal Number, Scruton Number, and vertical lift coefficient 

b/c St Sc LC  

1 0.10 4.9 0.035 

3 0.10 4.9 0.046 

5 0.10 4.9 0.052 

 

 

In estimating the Scruton Number Sc, the damping ratio was taken as 0.005, the vertical 

dimension as 1.8 m and the weight per unit length of the VMS as 201 kg/m. The weight of the 

truss was assumed to be approximately 217 kg/m. As suggested by Ginal (2003), the entire mass of 

the VMS and 50% of the mass of the truss was used in the calculation. With knowledge of the 

natural frequency and the inputs from Table 1, the amplitude of oscillation of the VMS due to 

vortex excitation can be estimated using Eq. (19(c)). The ratio of integrals in Eq. (20(c)) was taken 

to be that for a sinusoid, i.e., 4/ ≈ 1.27 

Based on the above calculations, a sign with c = 1.8 m and b = 9.1 m is predicted to experience 

vertical sinusoidal oscillations due to vortex shedding with an amplitude of about 203 mm. The 

predicted 3 second gust speeds where oscillations would start to build to the 203 mm amplitude are 

plotted as a function of the natural frequency in Fig. 6. Vortex oscillations take some time to build 

up and the gust speeds plotted here are used only as an indicator of when the accompanying 

sustained speeds are sufficient to generate oscillations.  

These results were obtained for d/c = 0.7, which is expected to be the worst case since it has the 

largest horizontal area for the vortices to act on. While lift spectra were not obtained for the other 

d/c values, the vertical excitation forces are expected to be reduced roughly in proportion to the 

plan area of the sign, i.e., for d/c = 0.4 an amplitude of approximately 116 mm would be expected.  

At d/c=0.1 the amplitude is expected to reduce further but the plan area of the support structure 

would then be comparable to that of the sign, so a straight proportional reduction is probably no 

longer valid. From the above discussion it can be concluded that if the natural frequency is low, 

significant vortex induced oscillations are possible for VMS with 1.8 m vertical dimension within 

the wind speed ranges of concern. 

 

 

Fig. 6 Critical gust speed in winds that will cause vortex shedding oscillations for c = 1.8 m 
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4. Prediction of the onset wind velocity for galloping 
 

Galloping susceptibility was investigated for a VMS with d/c = 0.7. Fig. 7 is a graph showing 

the variation of CL(vertical lift coefficient) and CD (normal force coefficient) as a function of the 

wind angle of attack (α). The graph shows that the slope of CL is negative in the range -4.5°˂ α ˂ 

4.5°. For the test wind speed of 15 m/s wind speed, the slope of CL (i.e., dCL/dα) is -2.31 and CD = 

1.19 at α = 0°.  

Evaluation of the Den Hartog criterionyields 

𝑑𝐶𝑧

𝑑𝛼
= *

𝑑𝐶𝐿

𝑑𝛼
+ 𝐶𝐷+

𝛼=0
< 0 = −1.12                        (21) 

This suggests the VMS, as configured, does have the potential for galloping.  

The critical galloping onset wind velocity (Ucrit) for a typical span truss VMS support structure 

was calculated. Starting with the vertical force per unit length being given by 

𝑍 =
1

2
𝜌𝑈2𝑐 *

𝑑𝐶𝑍

 𝑑𝛼
+

∝=0
𝛼                           (22) 

and 

∝ = −
�̇�

𝑈
                                   (23) 

Therefore 

𝑍 = −
1

2
𝜌𝑈2𝑐

𝑑𝐶𝑍

 𝑑𝛼

�̇�

𝑈
                             (24) 

Assuming the vertical mode of vibration for the structure can be modeled as a SDOF oscillator, 

the equation of motion including the aerodynamic force in the vertical direction can be written 

𝑀𝐺(�̈� + 2𝜔0Ϛ�̇� + 𝜔0
2𝑞) = − ∫

1

2𝑠𝑖𝑔𝑛
𝜌𝑈2𝑏

𝑑𝐶𝑍

𝑑𝛼
∙

�̇�

𝑈
∅2𝑑𝑦              (25) 

 

 

Fig. 7 Graph of CD and CL versus vertical approach angle 
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Rearranging the equation and combining the right hand term with the �̇� term on the left yields 

𝑀𝐺(�̈� + 2𝜔0�̇� (Ϛ +
𝜌𝑈 ∫ 𝑏

𝑠𝑖𝑔𝑛

𝑑𝐶𝑍
𝑑𝛼

∅2𝑑𝑦

4𝜔0𝑀𝐺
) + 𝜔0

2𝑞) = 0                 (26) 

The dCZ/dα term is assumed to be zero along parts of the structure where the VMS is not 

present. Therefore the integral is only evaluated over the part of the structure where the VMS is 

present. From Eq. (26), the total damping of the system becomes 

ϛ
𝑡𝑜𝑡𝑎𝑙

=  ϛ +
𝜌𝑈 ∫ 𝑐

𝑏
0

𝑑𝐶𝑍
𝑑∝

∅2𝑑𝑦

4𝜔0𝑀𝐺
                            (27) 

where ϛ is the structural damping ratio, ρ the density of air, b is the length of the VMS, c is the 

height of the VMS, dCZ/dα is the slope of CZ at 0, ϕ2 is the modal deflection shape, ω0 is the 

natural circular frequency and MG is the generalized mass. At critical velocity the total damping of 

the system is zero 

Ϛ +
𝜌𝑈𝑐𝑟𝑖𝑡 ∫ 𝑐

𝑏

0

𝑑𝐶𝑍
𝑑∝

∅2𝑑𝑦

4𝜔0𝑀𝐺
= 0                          (28) 

where Ucrit is the onset wind velocity for galloping. Solving Eq. (28) for the critical velocity yields 

𝑈𝑐𝑟𝑖𝑡 = −
4ϛ𝜔0𝑀𝐺

𝜌 ∫ 𝑐
𝑏

0

𝑑𝐶𝑍
𝑑𝛼

∅2𝑑𝑦
                            (29) 

Since the mass is assumed constant along the length of the VMS, Ucrit becomes 

𝑈𝑐𝑟𝑖𝑡 = −
4Ϛω0MG

ρbc
dCZ
dα

∅2
for

𝑑𝐶𝑍

𝑑∝
< 0                       (30) 

Eq. (30) was used to estimate the critical galloping onset wind velocity for a typical VMS 

support structure. The structure consisted of a 3-chord steel truss 1.8 m high x 1.5 m deep with a 

horizontal truss span of 30.5 m. The weight of the truss was increased 5% to account for the 

additional weight of connections. A 9.1 m long x 1.8 m high x 1.2 m deep walk-in style VMS was 

assumed for this calculation. The mass of the VMS was assumed to be 201 kg/m and the mass of 

the truss (including a catwalk and 5% additional for connections) was assumed to be 217 kg/m. 

The entire mass of the VMS and 50% of the mass of the truss was used in the critical onset wind 

velocity calculation. Damping ratios (ζ) from 0.0025 to 0.0075 and natural frequencies (f) from 0.8 

to 3.0 Hz were used to cover a wide range of conditions. 

Using Eq. (30) and the parameters in Table 2 with dCZ/dα = -1.12, the critical galloping onset 

wind velocity (Ucrit) was calculated and graphed in Fig. 8. Results ranged from 12 m/s for the most 

flexible structures to 129 m/s for the least flexible structures. The Ucrit result of 55 m/s obtained in 

the present study for a VMS with f = 2.4 and ζ = 0.4% is lower than the Ucrit result of 98 m/s 

determined by Ginal (2003) for a structure with comparable aerodynamic parameters. However, 

the depth ratio of the VMS in the FIU WOW study was d/c = 0.7 and the depth ratio for the Ginal 

(2003) structure was d/c = 0.5. The lower critical wind speed result for the WOW study was 

anticipated since according to Parkinson (1963) there is an increased potential for shapes with a 

longer afterbody length to gallop. This occurs because the afterbody length interferes with the 

vortex formation in the downstream wake region. Flow that separates from the windward edges 
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can reattach along one side of the afterbody length which leads to an asymmetric surface pressure 

distribution and a net force in the z-direction. Since the resulting galloping instability is a function 

of the afterbody length, the results of this study based on d/c = 0.7 is expected to be lower than 

Ginal (2003) which was based on d/c = 0.5. Since the galloping onset wind velocity for structures 

with low natural frequency and low critical damping is in the range of likely wind speeds 

experienced in many areas of the country, it is suggested that galloping potential be investigated 

further and considered in the design of VMS structures. 

 

 

5. Conclusions  

 
 Analysis of the power spectra of the fluctuating lift for a VMS with d/c = 0.7 indicated that 

vertical vortex shedding oscillations could be significant for a VMS with a large depth ratio 

attached to a structure with a low natural frequency.  

 Evaluation of the Den Hartog criteria and determination of the onset wind velocity for 

galloping, indicated that the model configured with geometric ratios of b/c = 5 and d/c = 0.7 is 

susceptible to galloping instability. Based on this finding, galloping is also possible for a VMS 

with a large depth ratio attached to a flexible structure with a low natural frequency. 

 A recent review and experiments conducted by Mannini et al. (2014) further supports the 

above conclusions that elongated shapes such as VMS maybe susceptible to aeroelastic instability. 

The study indicated that both vortex induced vibration and galloping are possible for elongated 

prismatic shapes with dimensions similar to VMS with large depth ratios. The study also suggested 

that a strong interaction between the two phenomena may arise for a range of Kármán vortex 

resonance and galloping wind speeds that are consistent with the estimated parameters and wind 

speeds obtained in the FIU WOW. It is therefore suggested that future research is conducted using 

a dynamic rig to investigate this interaction further. 

 

 

 

 

Fig. 8 Critical galloping onset wind velocity as a function of natural frequency 
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Table 2 Parameters for critical galloping onset wind velocity calculation 

  

(kg/m3) 

c 

(m) 

b 

(m) 

Span 

(m) 

mVMS 

(kg/m) 

Mtruss 

(kg/m) 

    

(%) 

F 

(Hz) 

1.227 1.8 9.1 30.5 201 217 0.9 0.25-0.75 0.8-3.0 
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