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ABSTRACT 

 

Variable Message Signs (VMS) are becoming an integral part of transportation 

infrastructure on US interstates and highways.  VMS structures are vital in ensuring the 

safety of motorists by relaying messages concerning potential road hazards such as fog, 

traffic congestion, highway construction, and lane closures.  These structures are larger 

and heavier than typical flat panel signs, and thus behave differently when subjected to 

wind loads.  The design of VMS structures is specified in the 2013 edition of the 

American Association of State Highway and Transportation Officials (AASHTO) 

Standard Specifications for Structural Supports for Highway Signs, Luminaires, and 

Traffic Signals. 

The AASHTO Supports Specifications currently provide a single drag coefficient 

for all VMS applications: “A value of 1.7 is suggested for Variable Message Signs 

(VMS) until research efforts can provide precise drag coefficients.”  However, the actual 

drag coefficient varies depending on a number of factors, including: wind speed, wind 

direction, structural geometry, and vibration characteristics.  The drag coefficient for 

VMS structures provided in the AASHTO Supports Specifications is an estimate which 

does not account for the variability of wind loading and structure properties.  Accurate 

drag coefficients for VMS structures are not available to designers, potentially leading to 

unsafe or inefficient designs.  



iv 

 

The objective of this study was to develop accurate drag coefficients for VMS to 

be incorporated in the AASHTO Supports Specifications.  Experimental testing was 

performed at the FIU Wall of Wind testing facility to develop a table of drag coefficients 

for VMS organized according to aspect and depth ratios.  The accuracy of the drag 

coefficients was verified at UAB using experimental data and FEA dynamic modeling.  

The analyses showed that the current VMS drag coefficient of 1.7 specified in the 

AASHTO Supports Specifications is overly conservative.  In addition, a sensitivity study 

was conducted to investigate the impact of the new VMS drag coefficients on the design 

of sign structures.  It was determined that the new VMS drag coefficients significantly 

reduced the design stresses for both extreme event wind and fatigue level wind.  The 

effects of corner modifications were also investigated and found to cause additional 

reductions in the VMS drag coefficients. 
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INTRODUCTION CHAPTER 1   

 

1.1 Problem Statement 

 

Variable Message Signs (VMS) are becoming an integral part of transportation 

infrastructure on US interstates and highways.  VMS structures are vital in ensuring the 

safety of motorists by relaying messages concerning potential road hazards such as fog, 

traffic congestion, highway construction, and lane closures.  These structures are larger 

and heavier than typical flat panel signs, and thus behave differently when subjected to 

wind loads.  Figure 1-1 shows a photo of a typical VMS structure installed over a two 

lane interstate.  The design of VMS structures is specified in the 2013 edition of the 

American Association of State Highway and Transportation Officials (AASHTO) 

Standard Specifications for Structural Supports for Highway Signs, Luminaires, and 

Traffic Signals.   

The AASHTO Supports Specifications currently provide a single drag coefficient 

for all VMS applications: “A value of 1.7 is suggested for Variable Message Signs 

(VMS) until research efforts can provide precise drag coefficients.”  This drag coefficient 

value of 1.7 is used for both fatigue and extreme event wind loading scenarios.  However, 

the effect of wind drag on a structure varies depending on a number of factors, including: 

wind speed, wind direction, structural geometry, and vibration characteristics.  The drag 

coefficient for VMS structures provided in the Supports Specifications is an estimate 

which does not account for the variability of wind loading and structure properties.  
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Accurate drag coefficients for VMS structures are not available to designers, potentially 

leading to unsafe or inefficient designs. 

 

 
Figure 1-1: Variable Message Sign (VMS) 

 

1.2 Research Objectives 

 

The overall purpose of this project was to develop accurate drag coefficients for 

VMS structures for incorporation into the AASHTO Supports Specifications to promote 

safer and more economical designs.  Wall of Wind testing was conducted at FIU to 

develop a table of drag coefficients based on the geometric dimensions of VMS sign 

panels.  These drag coefficients were analyzed at UAB to accomplish the following 

research objectives: 

  

1. Verify the accuracy of the drag coefficient results from the FIU Wall of Wind 

testing by comparing experimental field data to finite element analyses of a VMS 

structure. 
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2. Investigate the impact of the new VMS drag coefficients on the design of sign 

structures by performing finite element modeling to develop stress reduction 

ratios for extreme wind design and fatigue wind design.  

 

 

1.3 Research Methodology 

 

A comprehensive literature review of drag on sign structures was conducted 

throughout the duration of the project.  Past research studies which developed drag 

coefficients for sign structures were identified and reviewed with a particular focus 

placed on studies which examined drag on 3-dimensional signs.  The results of the FIU 

Wall of Wind testing were also reviewed to study the experimental testing procedure and 

select drag coefficients for analysis at UAB. 

Two existing VMS structures were selected to analyze the drag coefficient results 

of the Wall of Wind testing.  Both structures were overhead bridge-type structures with 

four-chord box pipe trusses supporting in-service VMS signs.  One structure was located 

in Alabaster, AL and the other was located in Birmingham, AL.  For the purposes of this 

report, the Alabaster VMS structure was designated as Structure A and the Birmingham 

VMS Structure was designated as Structure B.  Structure A spanned 71 ft over two lanes 

of traffic, while Structure B spanned 145 ft over six lanes and a median.  Drawings, 

specifications, and photos of the structures were examined to obtain the geometric and 

material properties of each structure.   

Three-dimensional finite element models were developed for both VMS 

structures using SAP2000.  Each model consisted of a structural support frame, a VMS 
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sign, support conditions, and an access ladder and track.  The structural support frame, 

access ladder, and access track were created in SAP using frame elements, while the 

VMS sign was modeled using solid elements.  Body constraints were commonly used for 

connections.  Once the models were created, modal analyses were run in SAP to 

determine the dynamic properties of the VMS structures.   

Once the SAP models were developed, a study was conducted to verify the drag 

coefficient results from the FIU Wall of Wind testing using experimental data.  The SAP 

model of Structure A was used for this study.  The study compared experimental field 

data from the Alabaster VMS structure (Structure A) to analytical results obtained from 

the SAP model of the structure.  The experimental data was collected in a previous 

ALDOT study which examined the response of Structure A due to dynamic wind loading.  

The same dynamic wind loading which was measured in the field was applied to the SAP 

model of the structure using a drag coefficient of 1.22 from the FIU testing results for the 

VMS.  The experimental stress response of the structure was compared to the analytical 

stress response to verify the accuracy of the VMS drag coefficient.   

Next, a sensitivity study was conducted to examine the impact of the newly 

developed VMS drag coefficients on the design of sign structures.  The SAP models of 

both Structures A and B were used for this study.  Static analyses were run in SAP to 

analyze and compare the stress response of the structures due to wind loadings with 

different VMS drag coefficients.  Three VMS drag coefficients were used in this study: 

Cd = 1.7 from the AASHTO Supports Specifications, Cd = 1.22 for a standard VMS, and 

Cd = 1.0 for a modified VMS with chamfered corners.  The analyses incorporated the 

AASHTO code requirements for both extreme wind and fatigue wind.  Stress ratios were 
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developed to quantify the amount of stress reduction in critical support members and 

connections due to the new drag coefficients.    

Finally, code language and commentary was developed for incorporation of the 

new VMS drag coefficients in the AASHTO Supports Specifications.  A flow chart 

summarizing the research methodology for the verification study and sensitivity study of 

the VMS project is shown in Figure 1-2. 

 

 
Figure 1-2: Flow chart for research methodology of VMS project 
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1.4 Report Outline 

 

This report is organized according to the chapters listed below.  A short 

description of each chapter is provided. 

 

Chapter 1 Introduction:  The problem statement addressed by the VMS project is 

discussed and the UAB research objectives for the project are stated. 

 

Chapter 2 Background and Literature Review on Drag:  A general background on 

the physics of drag and its applicability to sign structures is discussed along with a 

comprehensive literature review on drag for sign structures.   

 

Chapter 3 Wall of Wind Testing at FIU to Develop Drag Coefficients:  A detailed 

description of the experimental test set-up, analysis, and results from the FIU 

Wall of Wind testing is provided.   

 

Chapter 4 VMS Structures:  A detailed description of the two VMS structures 

used for analyzing the Wall of Wind drag coefficients is provided.  Photos of the 

structures and their support components are included.  The geometric and material 

properties of each structure are presented and discussed. 

 

Chapter 5 Finite Element Modeling:  A detailed description of the finite element 

modeling process of the two VMS structures in SAP2000 is provided.  A modal 
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analysis of each structure is presented along with the resulting mode shapes and 

natural frequencies. 

 

Chapter 6 Comparison of Drag Coefficients Using Experimental Data and FEA 

Dynamic Modeling:  A study was conducted to verify the accuracy of the VMS 

drag coefficient results from the FIU Wall of Wind testing.  The study compared 

experimental field data from a previous study to analytical results obtained from 

finite element modeling of a VMS structure.   

 

Chapter 7 Sensitivity Study:  A sensitivity study was conducted to examine the 

impact of the new VMS drag coefficients on the design of sign structures.  Finite 

element analyses of VMS structures were used to develop stress reduction ratios 

for critical support members and fatigue connections.   

 

Chapter 8 Proposed Code Language:  Code language and commentary was 

developed for inclusion of the new VMS drag coefficients in the AASHTO 

Supports Specifications. 

 

Chapter 9 Conclusions and Future Research:  A summary of the conclusions from 

the Wall of Wind testing at FIU and the experimental and analytical studies 

conducted at UAB for the VMS project is provided.  Recommendations for future 

research are also discussed. 
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References:  A list of references used in preparation of the report is provided. 

 

Appendix:  Additional information and calculations used for the project are 

provided. 
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BACKGROUND AND LITERATURE REVIEW ON DRAG CHAPTER 2   

 

2.1 Chapter Overview 

 

This chapter begins with a brief background concerning the physics of drag and 

how it relates to wind loads on sign structures.  This is followed by a comprehensive 

literature review of previous research studies which focused on developing drag 

coefficients for signs.  The findings of the research studies are summarized and compared 

to draw general conclusions regarding the variables which control the behavior of drag on 

signs. 

 

2.2 Background 

 

2.2.1 Drag on Bluff Bodies 

 

Drag is the force induced on an object by a moving fluid due to pressure 

differentials and viscous action.  In most practical applications, the fluid inducing the 

drag force is either air or water.  For the purposes of this study, the fluid is taken as air 

flow due to natural wind.  The drag on an object depends on a number of factors, 

including the density and velocity of the air flow interacting with the object, as well as 

the object’s size and shape.  The drag force is defined by Equation 2-1. 

 

                                                                   𝐹𝐷 =
1

2
𝜌𝑉2𝐶𝑑𝐴                                               (Eqn.  2-1) 
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Where: 

 

 FD = drag force 

 ρ = air density  

 V = mean wind velocity 

 Cd = drag coefficient 

 A = surface area of object  

 

The drag coefficient is a measure of the aerodynamic characteristics of an object.  

Objects which are more aerodynamic in shape have lower drag coefficients and thus 

lower drag forces under the same wind velocities than objects which are less 

aerodynamic in shape. 

Objects in free stream flow can be classified as either streamlined bodies or bluff 

bodies.  Streamlined bodies are more aerodynamic in shape and have smaller drag forces 

than bluff bodies.  An airfoil is an example of a streamlined body, while a flat plate or 

sign would be classified as bluff bodies.  Figure 2-1 shows the differences in free stream 

flow around streamlined and bluff bodies. 

 

 
Figure 2-1: Flow around streamlined and bluff bodies (Holmes 2001) 
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When air flows over the surface of a streamlined body, a very thin boundary layer 

is created as the flow follows the contours of the body.  The boundary layer extends from 

the surface of the object where the flow has zero velocity to the point where the flow 

velocity matches that of free stream flow.  The flow remains attached to the surface of the 

body without being disrupted along the entire length of the body.  Since there is no 

significant drop in pressure as air flows around a streamlined body, the drag forces on the 

body are primarily due to the viscous action of the fluid on the body (Holmes 2001, 

Larose 2006). 

The interaction of air flow with bluff bodies is very different than the 

aerodynamic behavior of streamlined bodies.  When air flow strikes a bluff body, the 

flow stagnates on the front surface as it tries to find a path around the body.  A boundary 

layer is developed between the object’s surface and the free stream flow as in the case of 

a streamlined body.  However, as the flow passes over the leading edge corners of the 

bluff body, the boundary layer becomes separated from the object’s surface.  This creates 

a new layer of high shear and vorticity known as the free shear layer.  Unlike the 

boundary layer on a streamlined body, the free shear layer surrounding a bluff body is 

very turbulent and not attached to the object’s surface.  This gap between the free shear 

layer and the object’s surface results in a large region of separated flow downstream of 

the bluff body.  The region of separated flow results in higher drag on the bluff body due 

to the significant pressure drop behind the body (Munshi 1997).  Eventually, the vortices 

created by the free shear layer are shed downstream and the free stream flow comes back 

together to envelope the bluff body.  For bluff bodies with long after-body lengths 

(objects that are more 3-dimensional) the free shear layer will sometimes re-attach to the 
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surface, thus reducing the region of separated flow and the corresponding drag on the 

body (Holmes 2001). 

 

2.2.2 Application of Drag to VMS Structures 

 

Drag forces can develop on sign structures due to natural wind buffeting and 

truck-induced wind gusts.  Natural wind produces a drag force on signs as positive 

pressure builds up on the front face of the sign and negative pressure or suction draws on 

the rear face of the sign.  The magnitude of the drag force varies with the velocity and 

turbulence of the wind.  Truck-induced wind gusts can also develop drag forces on signs 

as vertical uplift from passing trucks creates positive pressures and/or suction on the 

bottom of signs.  Variable Message Signs (VMS) are particularly susceptible to truck-

induced drag due to their extended depth.  This study uses natural wind loading to 

develop drag coefficients for VMS structures.  However, the same drag coefficients apply 

for the scenario of truck-induced wind gusts. 

The magnitude of the drag coefficient for a sign depends on the relative geometric 

dimensions of the sign.  Figure 2-2 shows the geometric dimensions of a typical 3-

dimensional rectangular sign.  The dimensions and elevation of a sign are usually 

expressed in terms of three ratios for testing and analysis purposes: the aspect ratio (b/c), 

the clearance ratio (c/h), and the depth ratio (d/c).  This notation for the geometric ratios 

is used throughout the report.  The drag coefficient of a sign is dependent on each of 

these ratios, as will be discussed in the following literature review for drag on sign 

structures. 
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Figure 2-2: Dimensions for sign ratios 

 

 

2.3 Literature Review for Drag on Sign Structures 

 

A comprehensive literature review was conducted to examine previous research 

findings related to drag on sign structures.  The literature was initially searched in an 

attempt to find studies which involved measuring the drag coefficient for Variable 

Message Signs (VMS).  However, no such studies were found.  The VMS drag 

coefficient of 1.7 provided in the AASHTO Supports Specifications is not referenced to 

any particular study and appears to just be a conservative estimate for use in design until 

research efforts can provide more accurate results.  Thus, the literature review was 

broadened to examine more general findings related to drag on sign structures. 

The effect of drag on sign structures has been a topic of study for many decades.  

Some of the earliest research which studied drag on sign structures was conducted by 

Flachsbart in the 1930s.  Flachsbart’s research formed the framework for a series of 

experimental studies over the following years to refine and more accurately calculate 

Side View Front View 

d b 

c 

h 

Ground Level 

3-D Sign 



 

14 

 

drag coefficients for different parameters.  This literature review focuses on several of the 

more recent research studies for drag on rectangular sign structures which are relevant to 

the current study.  These studies include both field testing and wind tunnel testing of sign 

structures.  The experimental procedures and findings of each study are discussed, and 

general conclusions are established by comparing the results of each study. 

 

 

2.3.1 Ginger et al (1998) 

 

Ginger et al (1998) conducted a wind tunnel study at the Cyclone Structural 

Testing Station (CSTS) at James Cook University to determine the net pressure 

coefficients on a selection of fences and hoardings.  The research also identified different 

fence and hoarding configurations which experienced large loads.  Various parameters 

were investigated for the different wind tunnel tests.  The aspect ratio and wind direction 

were investigated for the fences, while the clearance ratio and wind direction were 

considered for the hoardings (the aspect ratio was fixed at 2).  Figure 2-3 shows the 

configurations used by Ginger et al (1998) for the fence and hoarding tests.   

 

 
Figure 2-3: Fence and Hoarding Configurations (Ginger 1998) 
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Ginger et al (1998) constructed a rectangular pressure tapped model panel for use 

in the wind tunnel testing.  The panel model had a length scale of 1:50 (80 mm high x 

160 mm long x 8 mm thick).  The panel model was divided into four sections with 

pressure transducers attached to each section.  For testing of the fence models, additional 

panels were secured next to the pressure tapped panel to increase the aspect ratio.  The 

fence tests were conducted using aspect ratios ranging from 2 to 12.  For testing of the 

hoarding models, the pressure tapped model was mounted on legs with varying lengths.  

The hoarding tests were conducted using clearance ratios of 0.57, 0.67, and 0.80.  The 

wind approach direction was varied from -90º to 90º for the tests.   

Table 2-1 shows selected drag coefficient results compiled by Ginger et al (1998) 

from their own wind tunnel testing, as well as from several other contemporary studies.  

All of these results are for wind normal to fence panel structures.  Ginger et al (1998) 

concluded that their wind tunnel testing of the fences supported the generally accepted 

research finding that the mean drag coefficient of fence panels decreases as the aspect 

ratio increases, with the lowest drag coefficient occurring for an aspect ratio of about 5.   

Table 2-2 shows the drag coefficient results from the hoarding tests conducted by 

Ginger et al (1998).  There were not enough hoarding tests to develop a noticeable trend 

based on the clearance ratio; however, the drag coefficients were in good agreement with 

Letchford’s (1998) equation, which will be presented later.  Figure 2-4 shows the drag 

coefficients measured by Ginger et al (1998) plotted versus the approaching wind 

direction for the hoarding test with a clearance ratio of 0.57.  The figure shows that the 

drag coefficient decreased as the wind direction increased from 0º to 45º to 90º, which 

supports the general research findings. 
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Table 2-1: Selected drag coefficients for fences (Ginger 1998) 

Aspect 

Ratio 

Area Averaged Mean Pressure Coefficient 
Letchford & Holmes 

(1994) 

Letchford & Robertson 

(1998) Letchford (1998) Ginger et al (1998) 

  CSIRO Oxford Silsoe Oxford UQ CSTS 

1   1.13 1.06 1.24 1.15   

1.5 1.17           

2   1.24     1.14 1.25 

3   1.22 0.96       

4         1.08 1.12 

5 1.07   ~0.97 1.17 1.04   

6           1.15 

7       1.13     

9     ~0.98 1.16     

10 1.13           

 

Table 2-2: Drag coefficients for hoardings (Ginger 1998) 

Clearance 

Ratio 

Mean Net Pressure Coefficients 

CSTS Study by Ginger et al (1998) Letchford (1998) Eqn. 

θ = 0⁰ θ = 45⁰ θ = 0⁰ 

0.57 1.39 1.12 1.41 

0.67 1.39 1.27 1.37 

0.80 1.43 1.08 1.30 

 

 

 
Figure 2-4: Drag coefficient vs. wind direction for c/h = 0.57 (Ginger 1998) 
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2.3.2 Letchford (2001) 

 

Letchford (2001) conducted one of the most extensive studies to date involving 

the measurement of drag coefficients for different flat panel sign configurations.  He used 

wind tunnel tests to investigate the effect of aspect ratio, clearance ratio, wind direction, 

and porosity on the magnitude of drag coefficients for signboards and hoardings in 

turbulent flow.  This section provides a summary of the research conducted by Letchford 

over a period of several years, culminating in his findings published in 2001.  The results 

involving porosity are not discussed here, as they do not pertain to the present study.   

Letchford (2001) tested several scaled models, with sizes ranging from 50 mm 

high x 50 mm wide to 100 mm high x 400 mm wide for different aspect ratios.  He also 

varied the gaps beneath the mounted panels from 5 to 150 mm to create different 

clearance ratios.  The wind speed of the wind tunnel was set to create a Reynolds number 

of 5 x 10
4
 for all the tests.  Pressure transducers were used to measure the resultant drag 

forces on the panels so that the normal force coefficients could be calculated.  The study 

focused on finding the mean force coefficients since earlier research had indicated that 

the overall loading on signboards and hoardings behaved quasi-statically for high mean 

loads. 

Multiple hoarding configurations were tested 10 times and the results were 

averaged for each configuration.  The standard error in the mean drag coefficients was 

approximately 3%.  Table 2-3 shows a summary of the testing results for wind normal to 

the hoardings.  Letchford’s (2001) results provided a more comprehensive picture of the 

effect of the clearance ratio on drag coefficients for signs.  The drag coefficients 

generally decreased in magnitude as the aspect ratio increased for signs close to the 
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ground (high clearance ratios).  This trend was in good agreement with the findings of 

Ginger (1998) and others.  However, the drag coefficients generally increased in 

magnitude as the aspect ratio increased for signs farther away from the ground (low 

clearance ratios).   

 

Table 2-3: Selected drag coefficients for wind normal to hoardings (Letchford 2001) 

Clearance 

Ratio 

Aspect Ratio 

0.2 0.25 0.5 1 2 4 5 10 

1.0 1.42 1.41 1.17 1.15 1.14 1.08 1.04   

0.95 1.43 1.43 1.33 1.27 1.24 1.14     

0.9 1.44 1.45 1.41 1.34 1.33 1.2 1.15   

0.8 1.46 1.49 1.44 1.43 1.39 1.32     

0.67     1.46 1.42 1.38 1.35 1.32   

0.5     1.47 1.38 1.42 1.45 1.44   

0.3       1.42 1.45 1.53 1.57 1.55 

0.16         1.48 1.51   1.63 

 

 

Letchford (2001) compared his results to the original research of Flachsbart 

(1934), as well as the requirements of the contemporary Australian and US wind load 

codes as seen in Figure 2-5.  Letchford (2001) noted that the code requirements had been 

largely influenced by Flachsbart’s research.  The drag coefficient results of Letchford 

(2001) were higher than Flachsbart’s results and the corresponding code requirements for 

the parameters investigated.  Letchford (2001) attributed this to the increased turbulence 

in his wind tunnel study as compared to the relatively smooth flow used by Flachsbart.  

As a result, the codes have been updated to agree better with Letchford’s (2001) research.   
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Figure 2-5: Mean drag coefficient comparison for elevated panels (Letchford 2001) 

 

Letchford (2001) also formed conclusions regarding the effect of the approaching 

wind direction on the drag coefficient magnitude.  Figure 2-6 shows the variation of the 

drag coefficients with changing wind direction for different clearance ratios tested.  

Letchford (2001) observed that the drag coefficient was relatively constant for wind 

directions ranging from 0º to 45º, but then decreased dramatically for wind directions 

above 45º.  This trend was in good agreement with the general research findings.   

Based on the results of his findings, Letchford (2001) developed Equation 2-2 for 

the computation of drag coefficients based on the parameters of aspect ratio and depth 

ratio.  The equation fit his drag coefficient results with an error less than ±0.1Cf for 

0.2<b/c<5 and 0.2<c/h<1.0.   

 

                                    𝐶𝑓 = 1.45 + 0.5(0.7 + log(𝑏 𝑐⁄ ))(0.5 − (𝑐 ℎ⁄ ))                  (Eqn.  2-2) 
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Figure 2-6: Mean drag coefficients for panels with aspect ratio = 2 as a function of wind 

direction (Letchford 2001) 

 

 

2.3.3 Quinn et al (2001)  

 

Quinn et al (2001) conducted an experimental study at the Silsoe Research 

Institute to measure drag coefficients for sign panels subjected to natural wind.  The sign 

panels utilized in the study represented full scale temporary signs often installed along 

roadways.  Quinn et al (2001) selected a range of 750 mm high and 1500 mm high signs 

for testing, along with a pedestrian sign banner.  This section focuses on the drag 

coefficient results for the 750 and 1500 mm high signs.  The parameters of the study 

included sign shape, size, and inclination angle.  Four different sign shapes were studied: 

rectangular, square, triangular, and circular.  The sign panels were tested at inclination 

angles of 0º and 22.5º.   

The forces on each sign panel were measured using three load cells mounted on a 

triangular steel frame which supported the sign.  The wind speed and direction were 
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measured simultaneously using an ultrasonic anemometer installed close to the sign 

support frame.  Typical wind speeds ranged from 4 to 12 m/s during testing.  Drag 

coefficient values were developed based on 1 minute values for wind speed and force 

measurements.  Figure 2-7 shows a photograph of the experimental test setup with the 

750 mm square sign attached to the support frame. 

 

 
Figure 2-7: Photo of 750 mm square sign mounted on support frame (Quinn 2001) 

 

Table 2-4 shows selected drag coefficient values from the testing by Quinn et al 

(2001).  Quinn made several conclusions regarding the drag coefficient values.  The table 

only presents the results for the square and rectangular signs since these are the only 

shapes relevant to the current study.  However, Quinn did note that the sign shape 

(rectangular, square, triangular, or circular) did not have a significant effect on the 
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magnitude of the drag coefficient.  Quinn also noted that the wind speed and inclination 

angle of the sign did not appear to have a significant effect on the drag coefficient.   

Quinn observed that the larger signs (1500 mm high) had higher drag coefficients 

than the smaller signs (750 mm high).  He attributed this to the close proximity of the 750 

mm signs to the ground, indicating that the clearance ratio has an effect on the drag 

coefficient.  Quinn also concluded that the drag coefficients for the signs mounted at 1 m 

were dependent on the wind direction according to a cosine-like function for small wind 

angles, while the signs mounted at 2 m had a more constant drag coefficient with varying 

wind angles.  The addition of the frame around the square 750 mm sign increased the 

drag coefficient due to disruption of the flow around the sign.  This indicated that the 

edge conditions of a sign have a significant effect on the drag coefficient.   

Quinn conducted a spectral analysis of the sign response to determine how well 

the experimental data matched with wind tunnel testing results for flat plates.  He 

concluded that the field data and wind tunnel results were generally in good agreement, 

except that the field data had an increased response in the frequency range of 0.1 to 1 Hz. 

 

Table 2-4: Selected drag coefficient results for wind normal to sign (Quinn 2001) 

Sign Shape Sign Size 

Elevation to 

center of sign (m) 

Inclination 

Angle 

Cw (0⁰) 
value 

Square 750 mm   1 0⁰ 1.05 

Rectangle 750 mm x 1050 mm 1 0⁰ 1.03 

Square 750 mm   1 22.5⁰ 1.10 

Rectangle 750 mm x 1050 mm 1 22.5⁰ 1.14 

Square + Frame 750 mm   1 0⁰ 1.25 

Square + Frame 750 mm   1 22.5⁰ 1.45 

Square 750 mm   2 0⁰ 1.08 

Rectangle 1500 mm x 2000 mm 2 0⁰ 1.22 

Rectangle 1500 mm x 2000 mm 2 22.5⁰ 1.39 
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2.3.4 Smith et al (2014)  

 

Smith et al (2014) conducted an experimental study at the Reese Technology 

Center in Lubbock, Texas, to measure the long-term response of a full-scale billboard 

sign to natural wind loading.  The field data was analyzed to develop an experimental 

drag coefficient for the billboard sign.  The results of the study would be used to establish 

a benchmark for testing sign models in a wind tunnel as a part of the research performed 

by Zuo et al (2014).   

The full-scale sign had a width of 7.5 m, a height of 3.75 m, and a depth of 1.75 

m, resulting in an aspect ratio of 2, a clearance ratio of 0.5, and a depth ratio of 0.47.  The 

sign was mounted on a 10 inch diameter standard steel pipe section.  Figure 2-8 shows a 

photograph of the sign tested in the field.  Pressure transducers were spaced evenly across 

the surface area of the sign to measure the net pressures induced by the wind loading on 

the sign.  The wind speed and direction was measured by an anemometer attached to 

another pole adjacent to the sign structure.  The wind excitation and corresponding 

pressure on the sign were measured whenever the mean wind speed exceeded 15 mph 

(6.7 m/s).  A total of 470 15 minute intervals were measured during the study.   
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Figure 2-8: Full-scale sign used for experimental study (Smith 2014) 

 

Smith et al (2014) used the measured pressure data to calculate drag coefficients 

for each interval of data.  Figure 2-9 shows the experimental drag coefficient results vs. 

the corresponding angle of wind attack for the full-scale field testing plotted along with 

results of various wind tunnel tests, including studies performed by Letchford (2001) and 

Zuo et al (2014).  The full-scale data presented a steady correlation between the drag 

coefficient and wind direction, with the largest drag coefficient occurring for a wind 

direction approximately normal to the sign and having an average magnitude of about 

1.25.  Smith et al (2014) noted that the drag coefficient results of Letchford (2001) for 

flat plate signs formed an upper boundary to the full-scale testing results and were 

significantly larger for most wind directions.  This indicated that the drag coefficient for a 
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box-shaped sign is smaller than for a flat plate sign.  Smith et al (2014) also concluded 

that the full-scale testing results agreed well with the wind tunnel tests conducted by Zuo 

et al (2014), which will be discussed next. 

 

 
Figure 2-9: Full-scale drag coefficients compared with wind tunnel studies (Smith 2014) 

 

 

2.3.5 Zuo (2014)  

 

Zuo et al (2014) conducted an extensive wind tunnel study at Texas Tech 

University to develop drag coefficients for different types of rectangular signs.  The study 

included three main phases of research.  Phase 1 compared model-scale wind tunnel 

measurements to the full-scale field testing results of the experimental study by Smith et 

al (2014) to verify the accuracy of the wind tunnel results.  Phase 2 examined wind tunnel 

loadings on five different configurations of rectangular signs to determine the effect of 
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the sign configuration on the drag coefficient.  Finally, phase 3 focused exclusively on 

wind tunnel testing of box sign configurations to determine the effects of aspect ratio and 

clearance ratio on the drag coefficients for the box signs.   

All of the models which were tested in the wind tunnel had a length scale of 1:50.  

In phase 1 of the wind tunnel testing, a box sign model was created with model 

dimensions which corresponded to the full-scale sign dimensions of the structure tested 

by Smith et al (2014) in the field.  In phase 2 of the testing, five different configurations 

of rectangular signs were selected for testing.  The configurations included a box sign, a 

single-plate sign, a double-plate sign, a 30º V-shaped sign, and a 10º V-shaped sign.  

Figure 2-10 shows the five sign configurations with model dimensions.  In the figure, b = 

15.2 cm, h = c = 7.6 cm, and t = 3.7 cm.  These dimensions corresponded to an aspect 

ratio of 2, a clearance ratio of 0.5, and a depth ratio for the box sign of 0.49.  The box 

sign model had the same dimensions as the model used for phase 1 of the testing. 

 

 
Figure 2-10: Sign models tested in phase 2 of the wind tunnel experiments (Zuo 2014) 
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In phase 3 of the wind tunnel testing, a total of 39 rectangular box sign models 

with varying aspect and clearance ratios were tested.  The depth of the models was held 

constant at 3.7 cm, as Zuo et al (2014) noted that this model depth was common for many 

sign applications, such as Variable Message Signs (VMS), and it was not practical for 

them to test enough models to accurately quantify the effect of the depth ratio on the drag 

coefficient.   

In all three phases of the wind tunnel testing, the box sign, single-plate sign, and 

double-plate sign models were tested at 6 different orientations ranging from 0º to 75º in 

15º increments.  The V-shaped models were tested at additional orientations.  A total of 

10 tests were conducted for each model at each orientation.  The mean and pseudo-steady 

force coefficients were calculated for each scenario by averaging the results measured by 

the force transducers for each set of 10 tests.   

The results of the phase 1 testing indicated that the model-scale drag coefficients 

were in good agreement with the full-scale results measured in the field by Smith et al 

(2014).  This was shown earlier in the summary of the study conducted by Smith et al 

(2014).   

The phase 2 testing led Zuo et al (2014) to several conclusions regarding the 

effect of model configuration on the drag coefficient.  Figure 2-11 and Figure 2-12 show 

the mean and pseudo-steady force coefficients for the five different sign model 

configurations at varying wind angles of attack.  Based on these plots, Zuo et al (2014) 

concluded that the mean and pseudo-steady force coefficients for single-plate and box 

sign models are relatively close for low yaw angles.  The force coefficients for the single-



 

28 

 

plate and box sign models were relatively constant for yaw angles ranging from 0º to 30º, 

but then decreased drastically once the yaw angle increased above 45º. 

Zuo et al (2014) also concluded that the mean and pseudo-steady force 

coefficients for the box sign model were consistently lower than for the single-plate sign 

model, except for the 75º orientation.  Zuo et al (2014) attributed this decrease in the drag 

coefficient to the partial reattachment of flow that occurs on the extended depth of the 

box sign model.  They also concluded that since the current design standards were based 

on wind tunnel testing of flat signs, using the codified drag coefficients for box signs 

would result in overly conservative designs.    

 

 
Figure 2-11: Mean force coefficient vs. yaw angle for 5 sign models (Zuo 2014) 
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Figure 2-12: Pseudo-steady force coefficient vs. yaw angle for 5 sign models (Zuo 2014) 

 

Table 2-5 summarizes the critical mean and pseudo-steady force coefficients for 

the five sign model configurations.  Zuo et al (2014) noted that the critical drag 

coefficients for the single-plate were close to the values reported by Letchford (2001) for 

models with similar aspect and clearance ratios.  The critical drag coefficients for the box 

sign model were 1.23 and 1.25 for the mean and pseudo-steady calculations, respectively. 

 

Table 2-5: Critical mean and pseudo-steady force coefficients of five sign models tested by 

Zuo et al (2014) 

  Single-plate Double-plate 10⁰ V-shaped 30⁰ V-shaped Box 

Mean  

Coefficient 1.41 [45⁰] 1.35 [45⁰] 1.35 [-30⁰] 1.44 [-30⁰] 1.23 [15⁰] 

Pseudo-steady 

Coefficient 1.37 [45⁰] 1.41 [45⁰] 1.39[-30⁰] 1.42 [-15⁰] 1.25 [0⁰] 

 

 

Zuo et al (2014) compared the phase 3 testing results for the box sign models to 

the results reported by Letchford (2001) for flat sign models with similar aspect and 

clearance ratios.  Zuo et al concluded in each case that the drag coefficients for the box 
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sign models were significantly lower than the drag coefficients for the flat sign models.  

Zuo et al (2014) also concluded that the drag coefficient generally decreases with 

increasing aspect ratio when the sign is relatively close to the ground (clearance ratio is 

less than 0.5), but increases with increasing aspect ratio when the sign is elevated higher.   

 

2.3.6 Literature Review Summary 

 

Based on the literature review for drag on sign structures, several general 

conclusions can be drawn regarding the behavior of drag coefficients for signs.  First, the 

drag coefficient depends on the aspect ratio of the sign.  The wind tunnel studies by 

Ginger et al (1998), Letchford (2001), and Zuo et al (2014) all concluded that the drag 

coefficient of a rectangular sign panel generally decreases with increasing aspect ratio 

when the sign is close to the ground (high clearance ratio), but increases with increasing 

aspect ratio when the sign is further elevated (low clearance ratio).  This second scenario 

(low clearance ratio) is prevalent for variable message signs spanning across highways 

and interstates. 

Second, the drag coefficient depends on the clearance ratio of the sign.  Letchford 

(2001) and Zuo et al (2014) thoroughly investigated the effects of the clearance ratio on 

the drag coefficient and made similar observations.  They noted that the drag coefficient 

generally increases as the clearance ratio is decreased (as the sign is elevated higher 

above to the ground).  However, the effect of the clearance ratio on the magnitude of the 

drag coefficient becomes less significant when the sign is at a considerable elevation, as 

in the case of variable message signs installed over highways.  Thus, the effect of the 

clearance ratio was not considered in the current study.  
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Third, the drag coefficient depends on the depth ratio of the sign.  The combined 

findings of the field study by Smith et al (2014) and the wind tunnel study by Zuo et al 

(2014) demonstrated that the drag coefficient decreases as the depth ratio is increased (as 

the sign becomes thicker).  The box shaped signs tested by Smith et al (2014) and Zuo et 

al (2014) had smaller drag coefficients than those reported for flat plate signs with the 

same aspect and clearance ratios.  The decrease in the drag coefficient for the box shaped 

signs was attributed to partial reattachment of flow on the extended depth of the box 

signs.  Based on these results, Zuo et al (2014) concluded that the current design 

standards over-estimate the drag coefficient for the design of three-dimensional 

rectangular signs, such as variable message signs, since the standards were based on 

testing of flat plate signs. 

Fourth, the drag coefficient depends on the angle of attack of the wind.  The 

researchers who studied the effect of wind direction on drag all concluded that the drag 

coefficient is usually the largest when the wind is approximately normal to the sign for 

typical flat plate or box shaped signs.  As the wind angle of attack increases relative to 

the normal direction, the drag coefficient either initially remains constant or decreases in 

relation to the wind angle. 

Fifth, the effect of wind speed on the drag coefficient is not as clear.  During the 

experimental studies by Quinn et al (2001) and Smith et al (2014), the wind speed did not 

appear to significantly affect the magnitude of the drag coefficient.  However, Letchford 

(2001) did note that the increased turbulence at higher wind speeds can increase the drag 

coefficient.  Drag coefficients should be developed and compared for both fatigue level 
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winds and extreme event winds to determine the effect of wind speed on the drag 

coefficient. 

Finally, the drag coefficient can depend on the edge characteristics of rectangular 

signs.  Quinn et al (2001) observed during field testing that adding a frame around a 

rectangular sign increased the drag coefficient due to disruption of the wind flow around 

the sign.  This indicated that the edge conditions of a sign have a significant effect on the 

drag coefficient.  Based on this observation, it would seem accurate to assume that 

smoothing the edges of a sign so that they are not as sharp would potentially decrease the 

drag coefficient.  
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WALL OF WIND TESTING AT FIU TO DEVELOP DRAG CHAPTER 3   

COEFFICIENTS 

 

3.1 Chapter Overview 

 

Experimental testing was performed at the FIU Wall of Wind facility to develop 

drag coefficients for Variable Message Signs (VMS).  VMS models with varying 

geometric properties were constructed and tested for different wind speeds, wind 

directions, and other wind-related phenomena.  The testing results were used to calculate 

drag coefficients for different VMS configurations.  This chapter summarizes the general 

findings of the Wall of Wind study at FIU.  All figures, tables, and other numerical 

results contained in this chapter were obtained from the FIU project report authored by 

Debbie Meyer, Dr. Amir Mirmiran, and Dr. Arindam Gan Chowdury.  All findings were 

based on the Wall of Wind test results.  Further details, analysis, and findings of the Wall 

of Wind study can be found in the FIU project report (Meyer 2014). 

 

3.2 Experimental Testing  

 

Experimental testing of VMS models was performed at the FIU Wall of Wind 

facility.  The models were designed and constructed with geometric properties 

comparative to full-scale VMS panels.  Some of the models were constructed with round 

and chamfered edges, instead of the sharp edges which are standard for most VMS 

panels.  Multiple tests were conducted to determine the force coefficients for standard 

VMS panels, as well as for VMS panels with modified edges.  This was done for both 
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fatigue winds and extreme winds.  The testing also examined the effects of galloping and 

wind driven rain. 

 

3.2.1 FIU Wall of Wind 

 

The Wall of Wind system at FIU is 6.1 m wide by 4.3 m high and composed of 

two rows of six electric fans controlled by variable frequency drives.  Each fan is capable 

of generating air flow of 113.3 m
3
/s, resulting in potential wind speeds in excess of 60 

m/s (Meyer 2014).  Figure 3-1 shows the intake side of the Wall of Wind in the testing 

lab at FIU. 

 

 
Figure 3-1: FIU Wall of Wind (Meyer 2014) 
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3.2.2 VMS Test Models 

 

Model sizes were selected for testing at the Wall of Wind facility based on typical 

dimensions of Variable Message Signs provided by sign manufacturers.  The models 

were sized based on their aspect and depth ratios.  Three aspect ratios b/c (1, 3, and 5) 

and three depth ratios d/c (0.1, 0.4, and 0.7) were selected to represent a wide range of 

VMS configurations.  A clearance ratio of c/h = 0.24 was used for all models.  This 

clearance ratio was selected to represent the elevation of full-size VMS panels in the 

field.  All of the models were scaled using a length scale of 1:3 so that the largest model 

would fit inside the effective wind field created by the Wall of Wind (Meyer 2014).   

A total of 13 models were constructed for testing at the Wall of Wind facility.  

Table 3-1 shows the scaled dimensions of each model along with the corresponding 

aspect and depth ratios.  Models 1 through 9 were constructed with sharp edges, while 

model 10 was constructed with round edges and model 11 was constructed with 

chamfered edges.  The round and chamfered edge dimensions of models 10 and 11 were 

designed to be 5% of the vertical height of the models. Models 1 through 11 were 

assembled as three-dimensional boxes using plywood reinforced with stud framing.  

Models 12 and 13 were constructed as flat panels using a single sheet of plywood.  These 

last two models were used solely for the blockage test (Meyer 2014). 
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Table 3-1:  Model Dimensions and Geometric Ratios (Meyer 2014) 

 
 

 

Two different cantilever systems were constructed from vertical and horizontal 

steel tubes to support the models during testing: a single cantilever system and a double 

cantilever system.  Both cantilever systems were constructed as rigid frames which were 

bolted to the Wall of Wind floor during testing.  The single cantilever system was used to 

support the smaller models (1, 4, and 7), while the double cantilever system was used to 

support the larger models (2, 3, 5, 6, and 8-13).  The plywood models were mounted to 

the cantilever systems using steel plates and bolts (Meyer 2014).   

The cantilever support systems were instrumented with multi-axis load cells at the 

top of each vertical support to measure forces, moments, and torques induced in the 

structure by the test wind loading on the models.  Cobra probes were placed above the 

models to measure the wind velocity and turbulence in three orthogonal directions.  The 

(m) (m) (m) b/c d/c

1 0.6 0.6 0.06 1 0.1

2 1.8 0.6 0.06 3 0.1

3 3.0 0.6 0.06 5 0.1

4 0.6 0.6 0.2 1 0.4

5 1.8 0.6 0.2 3 0.4

6 3.0 0.6 0.2 5 0.4

7 0.6 0.6 0.4 1 0.7

8 1.8 0.6 0.4 3 0.7

9 3.0 0.6 0.4 5 0.7

10 3.0 0.6 0.4 5 0.7

11 3.0 0.6 0.4 5 0.7

12 3.0 0.6 0.013 5 0.021

13 1.5 0.3 0.013 5 0.042

Model 

No.

Width 

b

Height 

c

Depth 

d

Aspect 

Ratio

Depth 

Ratio
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probes were placed at a sufficient height so that the measured wind speeds were not 

affected by flow turbulence around the models (Meyer 2014). 

 

3.2.3 Calibration Tests 

 

Tare tests were performed on all of the models to isolate and correct for the 

secondary aerodynamic forces applied to the cantilever support system.  Two different 

configurations were used to accommodate the range of model sizes: Setup A and Setup 

B.  Setup A was used to determine the tare correction for the single support system, and 

was applied to the smaller models (1, 4, and 7).  Setup B was used to determine the tare 

correction for the double support system, and was applied to the larger models (2, 3, 5, 6, 

and 8-13).  Both tare test setups were tested for horizontal wind directions of 0º and 45º 

normal to the front surface of the model.  Figure 3-2 shows tare test Setup A at a 45º 

configuration.  Figure 3-3 shows tare test Setup B at a 0º configuration (Meyer 2014). 

Blockage tests were conducted using the flat panel models (12 and 13) in order to 

make sure that the wind speed measurements were sampled at a far enough distance away 

from the top of the models and also to correct for local flow effects.  Blockage correction 

factors were calculated for the different model configurations (Meyer 2014). 
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Figure 3-2:  Tare test Setup B for 45º configuration (Meyer 2014) 

 

  

Figure 3-3:  Tare test Setup A for 0º configuration (Meyer 2014) 
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3.2.4 Drag Coefficient Tests 

 

Multiple tests were performed on the VMS models in the Wall of Wind facility to 

determine drag coefficients for different configurations (models with sharp, round, and 

chamfered edges), and to investigate unique phenomena such as galloping and wind 

driven rain.  The drag coefficients were measured for both fatigue winds and extreme 

winds. 

 

3.2.4.1   Force Coefficient Tests 

 

Force coefficient tests were performed to determine the drag coefficients for the 

different aspect and depth ratios selected for the study.  Models 1 through 9 were tested 

for horizontal wind directions of 0º and 45º, resulting in a total of 18 model 

configurations.  Figure shows the force coefficient test setup for the 0º wind direction, 

and Figure shows the setup for the 45º wind direction.  The models were tested at fan 

motor speeds of 15 m/s (fatigue wind) and 40 m/s (extreme wind).  Test data was 

collected from the load cells and cobra probes at a sampling frequency of 100 Hz for 1 

minute intervals.  The appropriate factors for tare correction, blockage correction, and 

wind speed adjustment were applied to all of the test data (Meyer 2014).   
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Figure 3-4:  Force coefficient test setup for the 0º wind direction (Meyer 2014) 

 

 
Figure 3-5:  Force coefficient test setup for the 45º wind direction (Meyer 2014) 
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3.2.4.2   Corner Modification Tests 

 

Corner modification tests were performed to investigate the effects of using round 

and chamfered edges instead of sharp edges on the models.  Model 10 (round edges) and 

model 11 (chamfered edges) were used for these tests.  Figure 3-6 shows a close-up view 

of model 10 with the round edges.  Figure 3-7 shows a close-up view of model 11 with 

the chamfered edges.  The corner modification tests were conducted following the same 

configurations and parameters for calibration and data collection as the force coefficient 

tests (Meyer 2014).   

 

3.2.4.3   Galloping Tests 

 

Galloping tests were performed using model 9 to investigate the galloping 

potential of the VMS model.  Conditions conducive for the onset of galloping were 

created by inserting a series of wedges between the model and the cantilever support 

system.  The wedges varied the angle of attack of the wind on the model.  The angle of 

attack was varied from -4.5º to 4.5º in several increments for the galloping tests.  Figure 

3-8 shows the galloping test setup with the wedges between the model and cantilever 

support system (Meyer 2014). 
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Figure 3-6:  Round edge test setup (Meyer 2014) 

 

 
Figure 3-7: Chamfer edge test setup (Meyer 2014) 
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Figure 3-8: Galloping test setup for -4.5º angle (Meyer 2014) 

 

3.2.4.4   Wind Driven Rain Test 

 

A wind driven rain test was performed on model 8 by mounting spray nozzles in 

front of the Wall of Wind fans.  The test was conducted to determine if wind driven rain 

significantly affected the drag coefficient for the model (Meyer 2014).   

 

3.2.5 Testing Summary 

 

Testing of the VMS models was performed at the FIU Wall of Wind facility from 

May 28, 2013 to June 7, 2013.  The models were tested at various wind speeds 

representing fatigue winds and extreme winds as well as different wind approach angles.  

Table 3-2 provides a summary of the different test conditions for each model. 
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Table 3-2: Testing Summary (Meyer 2014) 

 
 

 

 

3.3 Test Results 

 

3.3.1 Calculation of Drag Coefficients 

 

The mean force coefficients were calculated for each model from the test data.  

The mean normal force coefficient (CFx) was calculated using Equation 3-1, the mean 

lateral force coefficient (CFy) was calculated using Equation 3-2, and the mean vertical 

lift force coefficient (CFz) was calculated using Equation 3-3. 

 

                                               𝐶𝐹𝑥 =
𝐹𝑥

1

2
𝜌𝑉2(𝑏𝑐)

                                                  (Eqn.  3-1)  

 

                                               𝐶𝐹𝑦 =
𝐹𝑦

1

2
𝜌𝑉2(𝑏𝑐)

                                                  (Eqn.  3-2) 

 

20% 25% 30% 50% 60% 65%

12 m/s 15 m/s 18 m/s 30 m/s 37 m/s 40 m/s

1     

2    

3    

4     

5    

6     

7     

8        

9     

10      

11      

12   

13   

Model 

No.

Test Speed Wind Approach

0° 45°
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                                               𝐶𝐹𝑧 =
𝐹𝑧

1

2
𝜌𝑉2(𝑏𝑐)

                                                  (Eqn.  3-3) 

 

 Where: 

 

 Fx, Fy, and Fz are the resultant forces measured by the load cells along 

the x, y, and z axis, respectively, 

 ρ is the air density (assumed to be 1.225 kg/m
3
), 

 V (m/s) is the mean wind speed measured by the cobra probes, 

 b (m) is the lateral length of the VMS model,  

 and c (m) is the height of the VMS model 

 

Table 3-3 presents a summary of the mean force coefficients for the tests with 

wind in the 0º direction.  Table 3-4 presents a summary of the mean force coefficients for 

the tests with wind in the 45º direction.  Both tables list the force coefficients for fatigue 

winds (15 m/s) as well as extreme winds (40 m/s).  In the following sections, only the 

conclusions related to the normal force coefficients (CFx) are discussed as these were used 

to develop drag coefficients for VMS.  An in-depth discussion of the lateral force 

coefficients (CFy) and vertical lift force coefficients (CFz) can be found in the original 

report on the Wall of Wind testing by Debbie Meyer (2014). 
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Table 3-3: Summary of mean force coefficient results for the 0º wind direction (Meyer 2014) 

 
 

 

Table 3-4: Summary of mean force coefficient results for the 45º wind direction (Meyer 

2014) 

 
 

 

(m) (m) (m) b/c d/c CFx CFy CFz CFx CFy CFz

1 0.6 0.06 0.61 1 0.1 1.16 0.00 -0.06 1.15 0.00 -0.05

2 1.8 0.06 0.61 3 0.1 1.20 0.03 -0.08 1.22 0.01 -0.01

3 3.0 0.06 0.61 5 0.1 1.24 0.01 -0.07 1.28 0.01 0.00

4 0.6 0.24 0.61 1 0.4 1.05 0.03 -0.12 1.12 0.00 -0.03

5 1.8 0.24 0.61 3 0.4 1.17 0.03 -0.07 1.21 0.02 0.00

6 3.0 0.24 0.61 5 0.4 1.23 0.00 -0.06 1.25 0.00 0.00

7 0.6 0.43 0.61 1 0.7 0.97 0.00 0.00 0.98 0.01 0.01

8 1.8 0.43 0.61 3 0.7 1.12 -0.01 -0.05 1.16 0.02 0.04

9 3.0 0.43 0.61 5 0.7 1.19 0.00 -0.05 1.22 0.01 0.03

10 3.0 0.43 0.61 5 0.7 0.85 0.03 0.24 1.06 0.04 0.12

11 3.0 0.43 0.61 5 0.7 0.97 0.03 0.04 1.01 0.04 0.12

12 3.0 0.01 0.61 5 0.02 1.27 0.01 -0.04 - - -

13 1.5 0.01 0.30 5 0.04 - - - 1.27 0.01 0.06

c
Aspect 

Ratio

Depth 

Ratio

0° Wind Direction

15 m/s 40 m/sModel 

No.

b d

(m) (m) (m) b/c d/c CFx CFy CFz CFx CFy CFz

1 0.6 0.06 0.61 1 0.1 1.23 -0.12 -0.02 1.24 -0.10 0.06

2 1.8 0.06 0.61 3 0.1 1.13 -0.03 0.00 1.18 -0.06 0.04

3 3.0 0.06 0.61 5 0.1 1.02 -0.01 -0.04 1.11 -0.04 0.02

4 0.6 0.24 0.61 1 0.4 0.99 -0.35 -0.08 1.02 -0.36 0.01

5 1.8 0.24 0.61 3 0.4 1.03 -0.13 -0.06 1.06 -0.16 -0.01

6 3.0 0.24 0.61 5 0.4 0.99 -0.04 -0.05 1.03 -0.07 -0.04

7 0.6 0.43 0.61 1 0.7 0.93 -0.54 -0.07 0.94 -0.56 0.01

8 1.8 0.43 0.61 3 0.7 0.93 -0.21 0.05 0.95 -0.22 0.08

9 3.0 0.43 0.61 5 0.7 0.89 -0.11 0.02 0.91 -0.11 0.04

10 3.0 0.43 0.61 5 0.7 0.69 -0.07 0.00 0.74 -0.11 0.03

11 3.0 0.43 0.61 5 0.7 0.74 -0.06 0.10 0.72 -0.10 -0.06

12 3.0 0.01 0.61 5 0.02 1.04 -0.11 0.04 - - -

13 1.5 0.01 0.30 5 0.04 - - - 1.04 -0.47 0.22

Model 

No.

b d c
Aspect 

Ratio

Depth 

Ratio

45° Wind Direction

15 m/s 40 m/s
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3.3.2 Effect of Aspect Ratio 

 

3.3.2.1   0º Horizontal Wind Direction 

 

Figure 3-9 shows the normal force coefficient plotted versus the aspect ratio (b/c) 

for the 0º horizontal wind direction and 15 m/s wind speed.  Individual plots are provided 

for each selected depth ratio (d/c = 0.1, 0.4, and 0.7).  Figure 3-10 shows the same normal 

force coefficient versus aspect ratio plots, but for the 40 m/s wind speed.  Both of these 

figures clearly show that the drag coefficient increased with the aspect ratio.  This 

correlation was attributed to the model becoming more two-dimensional at higher aspect 

ratios.  For small aspect ratios (b/c = 1), the narrow shape allows flow to travel evenly 

around the sides, top, and base of the model, resulting in a narrow wake region and lower 

drag coefficient.  As the aspect ratio increases (b/c = 3 and b/c = 5), the extended length 

of the model forces the flow to travel faster over the top and base of the model, resulting 

in a wider wake region and higher drag coefficient.  The lowest drag coefficient was 

found to occur for model 7, which had the lowest aspect ratio (b/c = 1) and the highest 

depth ratio (d/c = 0.7).  This model had the lowest drag coefficient because it had the 

narrowest wake region due to its 3-D shape and also had the potential for partial 

reattachment of flow (Meyer 2014). 

 

3.3.2.2   45º Horizontal Wind Direction 

 

Figure 3-11 shows the normal force coefficient plotted versus the aspect ratio 

(b/c) for the 45º horizontal wind direction and 15 m/s wind speed.  Individual plots are 

provided for each selected depth ratio (d/c = 0.1, 0.4, and 0.7).  Figure 3-12 shows the 

same normal force coefficient versus aspect ratio plots, but for the 40 m/s wind speed.  
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Both of these figures show that the behavior of the aspect ratio depended on the depth 

ratio.  For models with a depth ratio of 0.1, the drag coefficient decreased almost linearly 

as the aspect ratio increased.  However, for models with depth ratios of 0.4 and 0.7, the 

drag coefficient first increased slightly as the aspect ratio moved from 1 to 3 but then 

decreased as the aspect ratio moved from 3 to 5 (Meyer 2014).   

 

  

Figure 3-9: Effect of aspect ratio (b/c) on normal force coefficient for 0º wind direction at 15 

m/s (Meyer 2014) 
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Figure 3-10: Effect of aspect ratio (b/c) on normal force coefficient for 0º wind direction at 

40 m/s (Meyer 2014) 

 

  

Figure 3-11: Effect of aspect ratio (b/c) on the normal force coefficient for the 45º wind 

direction at 15 m/s (Meyer 2014) 
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Figure 3-12: Effect of aspect ratio (b/c) on the normal force coefficient for the 45º wind 

direction at 40 m/s (Meyer 2014) 

 

 

3.3.3 Effect of Depth Ratio 

 

3.3.3.1   0º Horizontal Wind Direction 

 

Figure 3-13 shows the normal force coefficient plotted versus the depth ratio (d/c) 

for the 0º horizontal wind direction and 15 m/s wind speed.  Individual plots are provided 

for each selected aspect ratio (b/c = 1, 3, and 5).  Figure 3-14 shows the same normal 

force coefficient versus depth ratio plots, but for the 40 m/s wind speed.  Both of these 

figures show that the drag coefficient decreased as the depth ratio increased for the 

selected aspect ratios.  This decrease in the drag coefficient for higher depth ratios was 

likely due to partial reattachment of flow on the sides of the models with larger depths.  

The square models (b/c = 1) had the lowest drag coefficients due to the narrow wake 

region and partial reattachment of flow created by the narrow widths and extended depths 

of the models (Meyer 2014).   
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3.3.3.2   45º Horizontal Wind Direction 

 

Figure 3-15 shows the normal force coefficient plotted versus the depth ratio (d/c) 

for the 45º horizontal wind direction and 15 m/s wind speed.  Individual plots are 

provided for each selected aspect ratio (b/c = 1, 3, and 5).  Figure 3-16 shows the same 

normal force coefficient versus depth ratio plots, but for the 40 m/s wind speed.  Both of 

these figures show that the drag coefficient decreased as the depth ratio increased for the 

selected aspect ratios.  These results are similar to the results for the 0º wind direction 

(Meyer 2014).  

 

 

Figure 3-13: Effect of depth ratio (d/c) on the normal force coefficient for the 0º wind 

direction at 15 m/s (Meyer 2014) 
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Figure 3-14: Effect of depth ratio (d/c) on the normal force coefficient for the 0º wind 

direction at 40 m/s (Meyer 2014) 

 

 

Figure 3-15: Effect of depth ratio (d/c) on the normal force coefficient for the 45º wind 

direction at 15 m/s (Meyer 2014) 
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Figure 3-16: Effect of depth ratio (d/c) on the normal force coefficient for the 45º wind 

direction at 40 m/s (Meyer 2014) 

 

 

3.3.4 Effect of Wind Direction 

 

Figure 3-17 and Figure 3-18 show comparisons of the drag coefficients measured 

for the 0º and 45º wind directions, respectively.  The drag coefficients of all the models 

were greater for the wind in the 0º direction than wind in the 45º direction, except for 

model 1.  Model 1 had the smallest aspect and depth ratios compared to the other models.  

The higher drag coefficient in the 45º wind direction was attributed to possible negative 

pressure build-up on the rear leading edge of the model (Meyer 2014). 
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Figure 3-17: Comparison of normal force coefficients for the 0º and 45º wind directions at 

15 m/s (Meyer 2014) 

 

  

Figure 3-18: Comparison of normal force coefficients for the 0º and 45º wind directions at 

40 m/s (Meyer 2014) 
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3.3.5 Effect of Corner Modifications 

 

Models 10 and 11 were modified to have round edges and chamfered edges, 

respectively, instead of sharp edges.  These models had the same overall dimensions as 

model 9 (aspect ratio b/c = 5, depth ratio d/c = 0.7).  The modified drag coefficients for 

models 10 and 11 were plotted as a function of wind speed in Figure 3-19 for the 0 wind 

direction and in Figure 3-20 for the 45 wind direction.  Plots of the drag coefficients for 

model 9 with sharp edges were included in the figures for comparison purposes.  The 

figures show that the drag coefficients are much lower for the models with modified 

edges for both wind directions (0º and 45º) as well as for both fatigue and extreme wind 

speeds.  This suggests that the round and chamfered corners reduce the wake width 

surrounding the model, resulting in less drag (Meyer 2014). 

 

  

Figure 3-19: Comparison of sharp (model 9) and modified corner (Models 10 and 11) 

results for 0º wind direction (Meyer 2014) 
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Figure 3-20: Comparison of sharp (model 9) and modified corner (Models 10 and 11) 

results for 45º wind direction (Meyer 2014) 

 

 

3.3.6 Other Considerations 

 

In addition to the effects of aspect ratios, depth ratios, and corner modifications 

on the magnitude of VMS drag coefficients, the Wall of Wind study also examined 

several other conditions which could potentially affect drag.  These conditions included 

Reynolds number effects, wind driven rain, and galloping potential. 

All of the models were tested at both fatigue level winds (15 m/s) and extreme 

level winds (40 m/s) to determine the effects of changing the Reynolds number on the 

drag coefficient.  The wind levels used for testing corresponded to a Reynolds number 

range of 5.96 x 10
5
 to 1.59 x 10

6
.   The results of the Wall of Wind testing indicated a 

small increase in the normal force coefficient (CFx) with increasing wind speed for the 

standard sharp edge models.  This increase in CFx was thought to be due to additional 
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vibration in the structure support system at higher wind speeds.  As a result, Reynolds 

number effects were not considered in the Wall of Wind study (Meyer 2014). 

The effect of wind driven rain on the drag coefficient was investigated for model 

8.  The model was subjected to wind driven rain conditions by mounting spray nozzles to 

the Wall of Wind fans.  This test was conducted for the 45º wind direction but not the 0º 

wind direction.  The drag coefficient results for the model with and without wind driven 

rain did not vary by much, so it was concluded that wind driven rain did not have any 

significant effect on the drag coefficient (Meyer 2014).   

The potential for galloping of VMS panels was investigated by adjusting the test 

setup to vary the angle of attack of the wind on Model 9.  The wind angle of attack was 

varied from -4.5º to 4.5º by installing wedges between the model and the support system.  

Testing was performed for fatigue and extreme winds.  Evaluation of the Den Hartog 

criterion using the test results indicated that the model was susceptible to galloping 

(Meyer 2014). 

 

3.3.7 Comparison with Literature 

 

The drag coefficient results from the Wall of Wind study were compared to 

previous findings in the literature.  Figure 3-21 plots the Wall of Wind drag coefficients 

along with the drag coefficient results from other research studies for different types of 

signs.  The Wall of Wind results compare very well with the findings of Zuo et al. (2014) 

and Smith et al. (2014), which are for 3-D box sign configurations similar to VMS 

panels.  The results of Letchford (2001) are more conservative than the Wall of Wind 

results as they represent drag coefficients for flat panel signs.  The Wall of Wind drag 

coefficients are lower due to the extended depth of the sign models, leading to smaller 
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wake regions and partial reattachment of flow.  It can also be seen from the comparisons 

that the current drag coefficient of 1.7 used in the AASHTO design of VMS panels is 

overly conservative (Meyer 2014). 

 

 
Figure 3-21:  Comparison of FIU WOW and past research results for normal force 

coefficient (Meyer 2014) 

 



 

59 

 

3.4 Summary Table of Drag Coefficients 

 

Table 3-5 provides a summary of the drag coefficients developed by the Wall of 

Wind study for various aspect and depth ratios.  A single table is provided for both 

fatigue level winds and extreme event winds since the drag coefficient results were very 

close for the 15 m/s and 40 m/s wind speeds.  The drag coefficient values were selected 

to be the largest of all the cases for wind speed and wind direction.  The results for the 40 

m/s wind speed at a 0º wind direction typically controlled the magnitude of the drag 

coefficients.  The results corresponding to aspect ratios of 1, 3, and 5 and depth ratios of 

0.1, 0.4, and 0.7 were obtained from the Wall of Wind test data, and all other drag 

coefficient values in the table were interpolated (Meyer 2014).   

 

Table 3-5: Drag Coefficient Design Matrix for CFx (Meyer 2014) 

 
 

 

3.5 Conclusions from Wall of Wind Study 

 

Experimental testing was conducted at the FIU Wall of Wind facility to develop 

drag coefficients for VMS panels.  Multiple models with varying aspect and depth ratios 

were constructed for testing.  The models were tested at different wind speeds and 

directions of wind approach.  The study also examined the effects of edge modifications 

(round and chamfered edges) on the reduction of the drag coefficient.  Additional testing 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

1.0 1.21 1.18 1.15 1.12 1.08 1.04 0.98

2.0 1.21 1.20 1.18 1.17 1.14 1.11 1.09

3.0 1.22 1.22 1.22 1.21 1.20 1.18 1.16

4.0 1.25 1.25 1.24 1.24 1.23 1.22 1.21

5.0 1.28 1.27 1.26 1.25 1.24 1.23 1.22

Aspect 

Ratio 

(b/c )

Depth Ratio (d/c )
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was performed to determine the effects of Reynolds number and wind driven rain on the 

models, as well as to investigate galloping potential (Meyer 2014).   

The Wall of Wind testing yielded several findings regarding the dependency of 

the drag coefficient on the VMS size, shape, and orientation with respect to the wind 

direction.  The testing demonstrated that the drag coefficient increases with increasing 

aspect ratio as the flow becomes more two-dimensional and the end effects are reduced.  

On the other hand, it was determined that the drag coefficient decreases with increasing 

depth ratio due to the smaller wake region and reattachment of flow.  In addition, the 

study showed that the drag coefficient is generally larger when the wind direction is 

normal to the front face of the VMS (0º) than when the wind direction is at an angle to 

the VMS (~45º) (Meyer 2014). 

The study also concluded that constructing VMS panels with round or chamfered 

edges instead of sharp edges would significantly decrease the magnitude of the drag 

coefficient.  This development could potentially lead to economic savings in the design of 

sign support structures for VMS panels (Meyer 2014). 

The Wall of Wind study also determined that the drag coefficient for VMS panels 

is not significantly affected by Reynolds number or wind driven rain.  However, it was 

observed that VMS panels could be susceptible to galloping for certain configurations 

(Meyer 2014). 

The results of the Wall of Wind study were generally in good agreement with the 

research findings of previous studies on drag coefficients for signs.  It was also 

determined that the drag coefficient value of 1.7 for the design of VMS panels in the 

current ASSHTO Supports Specifications is too conservative.  A summary table listing 
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drag coefficient values for VMS panels based on aspect and depth ratios was provided for 

consideration (Meyer 2014). 
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VMS STRUCTURES  CHAPTER 4   

 

4.1 Chapter Overview 

 

Two existing VMS structures were selected for analysis.  Both structures are 

overhead bridge-type structures with four-chord box pipe trusses supporting in-service 

VMS signs.  One structure is located in Alabaster, AL (Structure A) and the other is 

located in Birmingham, AL (Structure B).  This chapter provides a description of the two 

VMS structures selected for analysis.  A detailed overview of each support structure 

including a discussion of the frame members, connections, and support conditions is 

presented along with photos.  In addition, the geometric and material properties of each 

structure are provided in graphical and tabular form.  Finally, the properties of the VMS 

signs installed on the two structures are discussed. 

 

4.2 Site Locations 

 

Two in-service VMS structures were examined in this project.  The first structure 

is located on I-65 Northbound near Alabaster, Alabama between exits 234 and 238.  This 

structure is designated as Structure A throughout this report.  Structure A is a steel 

overhead bridge structure that spans 71 ft across the two northbound lanes of traffic.  This 

structure was selected for analysis because it was the subject of a previous ALDOT study 

which collected response data of the structure due to wind excitation.  The data from the 
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ALDOT study was used to validate the methods used in this project.  Figure 4-1 shows a 

northbound view on I-65 of Structure A. 

The second VMS structure examined in this project is a steel overhead bridge 

structure located on U.S. Highway 280 near Birmingham, Alabama.  This structure is 

designated as Structure B throughout this report.  Structure B is situated about a mile east 

of the junction between Hwy 280 and I-459, with the VMS facing the Hwy 280 

westbound traffic.  The overhead bridge spans 145 ft across all six lanes of traffic in both 

directions as well as the median.  This structure was selected for analysis because it has a 

very long span length compared to most VMS structures.  Figure 4-2 shows a westbound 

view on Hwy 280 of Structure B. 

 

 
Figure 4-1:  Front View of Structure A (Alabaster VMS Structure) 
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Figure 4-2:  Front View of Structure B (Birmingham VMS Structure) 

 

 

4.3 Structure A – Alabaster VMS Structure 

 

4.3.1 Overview of Structure 

 

Structure A consists of a four chord box truss supported on each end by uprights.  

The four chords of the truss are framed with fillet welded struts and diagonal webs.  The 

truss is spliced in the center with bolted transverse steel plates so that it is symmetric on 

each side.  Figure 4-3 shows the four chord truss with the splice connection in the center.  

The ends of the bottom truss chords rest on WT sections which are welded to the upright 

posts.  The bottom truss chords are connected to the WT sections using U-bolts and the 

top truss chords are connected to the upright posts using U-bolts as shown in Figure 4-4.   

The uprights of the support structure consist of two vertical posts which are 

framed with fillet welded struts and diagonal webs in addition to the WT section.  For the 

purposes of this study, the uprights are designated as either the “left upright” or “right 

upright” according to their position when viewed from the front of the VMS structure.  
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The right upright of Structure A is continuous from the base plates to the top of the truss.  

However, the posts of the left upright are spliced about 7 ft above the base plates with 

bolted transverse steel plates.  This splice connection of the left upright posts is shown in 

Figure 4-5.  The upright posts are supported by steel base plates and reinforced concrete 

foundations as shown in Figure 4-6.  Each upright post is fillet welded to a square base 

plate, which in turn is anchor bolted to a cylindrical concrete foundation.   

The VMS is connected to the front of the truss structure with aluminum Z-bars 

and U-bolts.  The VMS is bolted to six Z-bars at the top, middle, and bottom of the bars.  

The Z-bars are then secured to the front top and bottom truss chords using U-bolts.  The 

structure also includes an access ladder and track leading to the VMS for maintenance 

purposes as shown in Figure 4-7.   

 

 
Figure 4-3:  Truss Splice Connection of Structure A 
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Figure 4-4:  Truss to Upright Connection of Structure A 

 

 
Figure 4-5:  Left Upright Splice Connection of Structure A 
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Figure 4-6:  Base Plate and Foundation of Structure A 

 

 
Figure 4-7:  Access Ladder and Track of Structure A 
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4.3.2 Geometric Properties 

 

Structure A spans 71 ft across the two northbound lanes of traffic on I-65.  

Figures 4-8 and 4-9 show a 3-dimensional view and a front view of the support structure 

with geometric dimensions.  These figures show the location of the VMS in reference to 

the truss.  A complete set of shop drawings for Structure A showing all member sizes and 

dimensions can be found in the appendix. 

The upright posts, truss chords, struts, and diagonal webs of the support structure 

are all made of steel pipe.  The upright posts have outside diameters of 8.625 in, and the 

truss chords have outside diameters of 3.5 in.  The diameters of the struts and diagonal 

webs vary.  Table 4-1 provides a summary of the geometric properties of the structure 

support members.  The table lists the outside diameter, thickness, and length of each type 

of support member, and also provides member quantities. 

 

4.3.3 Material Properties 

 

The upright posts and truss chords of Structure A are made of API-5L-X52 steel 

pipe with a minimum yield stress of 52 ksi.  The struts and diagonal webs are constructed 

of ASTM A53 Grade B steel pipe with a minimum yield stress of 35 ksi.  All steel plates 

and splices are made of A36 steel.  Table 4-2 shows a summary of the material properties 

for the support structure. 
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Figure 4-8:  Structure A - 3D view 

 

 
Figure 4-9:  Structure A - Front View 
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Table 4-1:  Geometric Properties for Structure A 

Member Type 

Outside 

Diameter (in) 

Thickness 

(in) 

Length 

(in) Quantity 

Upright 

Support 

Post 
Left 8.625 0.25 353 2 

Right 8.625 0.25 337 2 

Strut   1.900 0.200 57 4 

Diagonal 
Left 1.900 0.200 75 5 

Right 1.900 0.200 77 4 

WT 6 x 13   NA NA 57 2 

Truss 

Chord   3.500 0.216 864 4 

Strut 
Vertical  1.315 0.133 45 8 

Horizontal 1.315 0.133 39 8 

Diagonal 

Vertical  1.900 0.145 67 32 

Horizontal 1.660 0.140 63 32 

Interior 1.315 0.133 60 6 

 

 

Table 4-2:  Material Properties for Structure A 

Material Members 
Material 

Designation 

Modulus of 

Elasticity (ksi) 

Min. Yield 

Stress (ksi) 

Steel Pipe 

Upright Posts & 

Truss Chords 
API-5L-X52 29000 52 

Struts & 

Diagonals 
ASTM A53 GR. B 29000 35 

Steel WT 
WT Truss 

Supports 
A36 29000 36 

Steel Plate 
Base Plates & 

Frame Splices 
A36 29000 36 

Steel Rod Anchor Bolts 
AASHTO M314-90 

Grade 55 
29000 55 

 Concrete Foundations 
4 ksi Compressive 

Strength 
3600 NA 
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4.4 Structure B – Birmingham VMS Structure 

 

4.4.1 Overview of Structure 

 

Structure B consists of a four chord box truss supported on each end by uprights.  

The four chords of the truss are framed with fillet welded struts and diagonal webs.  The 

truss is divided into four sections with each of the four chords spliced together at the 

connection points using bolted transverse steel plates.  The truss is symmetric about the 

mid-span splice connection.  Figure 4-10 shows the four chord truss with a splice 

connection between two of the truss sections.  The ends of the bottom truss chords rest on 

WT sections which are welded to the upright posts.  The bottom truss chords are 

connected to the WT sections and the top truss chords are connected to the upright posts 

using U-bolts as shown in Figure 4-11.   

The uprights of the support structure consist of two vertical posts which are 

framed with fillet welded struts and diagonal webs in addition to the WT section.  Both 

the left upright and the right upright are continuous from the base plates to the top of the 

truss.  Each upright is supported by steel base plates and a rectangular reinforced concrete 

foundation as shown in Figure 4-12.  The upright posts are fillet welded to base plates, 

which in turn are anchor bolted to the concrete foundation.   

The VMS is connected to the front of the truss structure with aluminum Z-bars 

and U-bolts.  The VMS is bolted to six Z-bars at the top, middle, and bottom of the bars.  

The Z-bars are then secured to the front top and bottom truss chords using U-bolts.  The 

structure also includes an access ladder and track leading to the VMS for maintenance 

purposes as shown in Figure 4-13. 
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Figure 4-10:  Truss Splice Connection of Structure B 

 

 
Figure 4-11:  Truss to Upright Connection of Structure B 
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Figure 4-12:  Base Plates and Foundation of Structure B 

 

 
Figure 4-13:  Access Ladder and Track of Structure B 
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4.4.2 Geometric Properties 

 

Structure B spans 145 ft across all six lanes of traffic and the median on U.S. 

Highway 280.  Figures 4-14 and 4-15 show a 3-dimensional view and a front view of the 

support structure with geometric dimensions.  These figures show the location of the 

VMS in reference to the truss.  A complete set of shop drawings for Structure B showing 

all member sizes and dimensions can be found in the appendix. 

The upright posts, truss chords, struts, and diagonal webs of the support structure 

are all made of steel pipe.  The upright posts have outside diameters of 8.625 in, and the 

truss chords have outside diameters of 5.563 in.  The diameters of the struts and diagonal 

webs vary.  Table 4-3 provides a summary of the geometric properties of the structure 

support members.  The table lists the outside diameter, thickness, and length of each type 

of support member, and also provides member quantities. 

 

4.4.3  Material Properties 

 

The structural supports of Structure B have the same material properties as 

Structure A.  A summary of the material properties is repeated in Table 4-4 for reference 

purposes. 
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Figure 4-14:  Structure B - 3D View 

 

 

 
Figure 4-15:  Structure B - Front View 
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Table 4-3:  Member Properties for Structure B 

Member Type 

Outside 

Diameter (in) 

Thickness 

(in) 

Length 

(in) Quantity 

Upright 

Support 

Post 
Left 8.625 0.25 259 2 

Right 8.625 0.25 262 2 

Strut 
Left 1.900 0.200 60 1 

Right 2.375 0.154 60 1 

Diagonal 
Left 1.900 0.145 82 3 

Right 2.375 0.154 82 3 

WT 6 x 13   NA NA 60 2 

Truss 

Chord   5.563 0.219 1752 4 

Strut 
Vertical  1.660 0.140 60 16 

Horizontal 1.660 0.140 39 16 

Diagonal 

Vertical               

(LT & RT Trusses) 2.375 0.154 87 24 

Horizontal             

(LT & RT Trusses) 1.900 0.145 74 24 

Vertical               

(Middle Trusses) 2.375 0.154 82 32 

Horizontal             

(Middle Trusses) 1.900 0.145 68 32 

Interior 1.315 0.133 72 12 

 

 

Table 4-4:  Material Properties for Structure B 

Material Members 
Material 

Designation 

Modulus of 

Elasticity (ksi) 

Min. Yield 

Stress (ksi) 

Steel Pipe 

Upright Posts & 

Truss Chords 
API-5L-X52 29000 52 

Struts & 

Diagonals 
ASTM A53 GR. B 29000 35 

Steel WT 
WT Truss 

Supports 
A36 29000 36 

Steel Plate 
Base Plates & 

Frame Splices 
A36 29000 36 

Steel Rod Anchor Bolts 
AASHTO M314-90 

Grade 55 
29000 55 

 Concrete Foundations 
4 ksi Compressive 

Strength 
3600 NA 
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4.5 Variable Message Signs 

 

The VMS signs installed on Structures A and B are both the same size and 

weight.  The signs are constructed of a steel frame covered with exterior aluminum 

panels.  Figure 4-16 shows the front and side views of the VMS signs with dimensions.  

The weight of each VMS is approximately 4500 lbs including all interior electronics.  

  

 
Figure 4-16:  VMS Front and Side View 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VMS 

30 ft – 6 in 3 ft 

8 ft – 11 in VMS 

3 ft – 6 in 



 

78 

 

 

 

 

FINITE ELEMENT MODELING CHAPTER 5   

 

5.1 Chapter Overview 

 

Three-dimensional finite element models were developed for Structures A and B 

using SAP2000.  Each model consisted of a structural support frame, a VMS sign, 

support conditions, and an access ladder and track.  The structural support frame, access 

ladder, and access track were created using frame elements, while the VMS sign was 

modeled using solid elements.  Body constraints were commonly used for connections.  

Once the models were created, modal analyses were run in SAP to determine the 

dynamic properties of the VMS structures.  This chapter provides a detailed description 

of the SAP modeling process and modal analyses for Structures A and B. 

 

5.2 SAP2000 Software Program 

 

SAP2000 is a structural modeling, analysis, and design software package.  The 

program has a graphic user interface which can display 2-dimensional and 3-dimensional 

views of a structural model.  The geometric properties of structural members can be 

defined using a variety of elements types, including frame elements, solid elements, and 

shell elements.  Material properties can be defined using density, modulus of elasticity, 

Poisson’s ratio, and strength.   

SAP can apply point loads, distributed loads, surface loads, and base loads to a 

structural system, and can also account for the self-weight of the structure.  The program 
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can perform static or dynamic analyses on a structure using either linear or nonlinear 

methods.  Analysis results, including shear, moment, and normal forces and stresses, can 

be displayed in SAP’s user interface or exported to output tables.  SAP also integrates 

updated code requirements from AASHTO, ACI, and AISC for design purposes.    

 

5.3 Finite Element Models of VMS Structures 

 

Finite element models of Structures A and B were created in SAP2000 version 15.  

The models were developed using the geometric dimensions and material properties 

outlined in Chapter 4 and included in the shop drawings in the appendix.  This section 

provides a detailed explanation of the modeling process for Structure A.  Structure B was 

modeled following the same process as Structure A with a few exceptions which are 

noted in the text.   

There were four main steps to creating each model.  First, the structural frame 

consisting of the uprights, 4-chord truss, and connections was created.  Second, the VMS 

was modeled and attached to the truss.  Third, the support conditions were defined for the 

structure.  Finally, the access ladder and track were modeled to add the extra weight and 

rigidity experienced by the structure in the field.  Figures 5-1 and 5-2 show 3-

dimensional extruded views of the SAP models for Structures A and B, respectively.   
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Figure 5-1:  SAP Model of Structure A 

 

 
Figure 5-2:  SAP Model of Structure B 
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5.3.1 Structural Frame 

 

The structural frame of Structure A was created in SAP using frame elements, 

solid elements, and body constraints.  The upright posts, truss chords, and web bracing 

were modeled as frame elements with circular steel pipe cross-sections.  The connections 

of the web bracing members to the upright posts and truss chords were modeled using 

moment releases to represent limited rigidity of the connections in the field.  The WT 

sections supporting the truss were modeled as frame elements with the cross-section 

selected from the AISC section properties database in SAP.  Fixed connections were 

applied between the WT sections and the upright posts to represent the welded 

connection.  Figure 5-3 shows the structural frame of Structure A modeled in SAP.   

 

 
Figure 5-3:  Structural Frame Model for Structure A 

 

The upright splices and truss splices of the Structure A were modeled using solid 

elements and body constraints.  Each splice consisted of two adjacent steel plates bolted 

together and welded to their respective fame supports.  The steel plates forming the splice 

were modeled as solid elements.  The solid elements were connected to the frame 

elements using body constraints with all degrees of freedom constrained to represent the 
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welded connection between the steel plate and the upright post or truss chord.  The bolted 

connection between the two steel plates was modeled using body constraints at the bolt 

locations with only the translational degrees of freedom constrained.  Figure 5-4 shows 

the splice connections modeled for the left upright. 

Analysis checks of the SAP model for Structure A showed that the truss splices 

and upright splices created fixed connections between the steel pipes adjacent to each 

splice.  Consequently, the truss splices in the SAP model for Structure B were defined as 

fixed connections using body constraints with all degrees of freedom constrained. 

 

 
Figure 5-4:  Splice Connections for Left Upright 

 

The truss chords of Structure A were connected to the upright posts and WT 

sections using U-bolts in the field.  This connection was modeled in SAP using body 

constraints with only the translational degrees of freedom constrained.  Figure 5-5 shows 

the connections between the truss chords and the adjacent upright post or WT shape. 
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Figure 5-5:  Connections between Truss Chords and Upright 

 

5.3.2 Variable Message Sign 

 

The VMS was attached to the support structure using six evenly spaced aluminum 

Z-bars.  The Z-bars were connected to the front top and bottom truss chords using U-

bolts.  These connections were modeled using body constraints with only the translational 

degrees of freedom constrained.  Figure 5-6 shows the locations of the body constraints 

connecting the Z-bars to the truss chords. 

 
Figure 5-6:  Connection of Z-bars to Truss Chords 
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The VMS was modeled as a 3-D structure of solid elements with an overall 

density of 5.1 pcf and aluminum isotropic properties.  The density was calculated from 

the estimated weight of the VMS (4500 lbs) and its total volume (884 cf) based on the 

geometric dimensions provided in Chapter 4.  The VMS was attached to the Z-bars using 

bolted connections at the top, middle, and bottom of the Z-bars.  These connections were 

modeled using body constraints with only the translational degrees of freedom 

constrained.  Figure 5-7 provides a view from the back of the truss structure showing the 

locations of the body constraints connecting the VMS to the Z-bars. 

 
Figure 5-7:  Connection of VMS to Z-bars 

 

 

5.3.3 Support Conditions 

 

The steel base plates and concrete foundations supporting the uprights of 

Structure A were created in SAP using solid elements.  The base plates were welded to 

the upright posts and connected to the concrete foundation using anchor bolts.  The 

welded connection was modeled using body constraints with all degrees of freedom 

constrained.  The anchor bolts were modeled as frame elements with one end attached to 

the base plate and the other end embedded in the concrete foundation.  A 2 in space was 

Sample Body Constraint 

Location  
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created between the bottom of the base plates and the top of the foundations as specified 

in the shop drawings.  Finally, the base of each foundation was restrained using fixed 

supports.  Figure 5-8 shows pictures of the base plates, anchor bolts, and foundations 

modeled in SAP.  

Analysis checks of the SAP model for Structure A showed that the connections 

between the upright posts, base plates, anchor bolts, and concrete foundations were 

essentially equivalent to fixed support conditions.  Consequently, the bases of the four 

upright posts in the SAP model for Structure B were assigned fixed restraints for support 

conditions. 

 

 
Figure 5-8:  Base Plates, Anchor Bolts, and Foundations for Structure A 
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5.3.4 Access Ladder and Track 

 

The access ladder was modeled in SAP using frame elements.  The ladder rails 

were defined as steel angles and the ladder rungs were defined as steel pipes.  The ladder 

was connected to the right upright post closest to the on-coming traffic using U-bolts and 

welded angles.  These connections were modeled using body constraints.   

The access track was modeled using frame elements for the track supports and 

solid elements for the track grating.  The track supports were defined as small steel W-

shapes attached to the top and bottom truss chords using body constraints to represent U-

bolt connections.  Aluminum channels were also modeled on each side of the track 

grating.  Figure 5-9 shows the access ladder and track attached to the support structure.  

 

 
Figure 5-9:  Access Ladder and Track for Structure A 
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5.4 Modal Analyses 

 

Modal analyses were performed in SAP for Structures A and B to determine the 

dominant mode shapes and natural frequencies for each structure.  The dominant mode 

shapes were those which had the lowest natural frequencies of vibration.  The first three 

mode shapes and natural frequencies for each SAP model are provided in the following 

sections. 

 

5.4.1 Structure A – Alabaster VMS Structure 

 

The first mode shape of Structure A is shown in Figure 5-10.  The first mode 

involved longitudinal vibration of the structure in the direction perpendicular to traffic 

due to bending of the uprights (side-to-side in-plane motion).  The natural frequency of 

the first mode was 1.51 Hz.  The second mode shape of the structure is shown in Figure 

5-11.  The second mode was defined by horizontal vibration of the truss structure in the 

direction parallel to traffic (out-of-plane motion).  The natural frequency of the second 

mode was 3.13 Hz.  The third mode shape of the structure is shown in Figure 5-12.  The 

third mode involved vertical vibration of the truss structure in the direction of gravity 

(up-and-down in-plane motion), as well as torsion of the sign and truss structure.  The 

natural frequency of the third mode was 3.79 Hz.  A summary of the first three mode 

shapes of Structure A with their corresponding natural frequencies and periods is 

provided in Table 5-1.   
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Figure 5-10:  Structure A Mode Shape 1 – Longitudinal  

 

 
Figure 5-11:  Structure A Mode Shape 2 – Horizontal  

Mode 1 - Longitudinal 

Mode 2 - Horizontal 
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Figure 5-12:  Structure A Mode Shape 3 – Vertical  

 

Table 5-1:  SAP Mode Shapes for Structure A 

Mode 

Direction of 

Vibration 

Natural Frequency 

(Hz) 

Natural Period 

(sec) 

1 Longitudinal 1.51 0.662 

2 Horizontal 3.13 0.319 

3 Vertical 3.79 0.264 

 

 

 

5.4.2 Structure B – Birmingham VMS Structure 

 

The first mode shape of Structure B is shown in Figure 5-13.  The first mode 

involved horizontal vibration of the truss structure in the direction parallel to traffic (out-

of-plane motion).  The natural frequency of the first mode was 1.29 Hz.  The second 

mode shape of the structure is shown in Figure 5-14.  The second mode was defined by 

Mode 3 - Vertical 
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longitudinal vibration of the structure in the direction perpendicular to traffic due to 

bending in the uprights (side-to-side in-plane motion).  The natural frequency of the 

second mode was 1.89 Hz.  The third mode shape of the structure is shown in Figure 

5-15.  The third mode involved vertical vibration of the truss structure in the direction of 

gravity (up-and-down in-plane motion), as well as torsion of the sign and truss structure.  

The natural frequency of the third mode was 2.01 Hz.  A summary of the first three mode 

shapes of Structure B with their corresponding natural frequencies and periods is 

provided in Table 5-2.   

 

 
Figure 5-13:  Structure B Mode Shape 1 – Horizontal  

 

Mode 1 - Horizontal 
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Figure 5-14:  Structure B Mode Shape 2 – Longitudinal  

 

 
Figure 5-15:  Structure B Mode Shape 3 – Vertical 

 

 

Table 5-2:  Mode Shapes for Structure B 

Mode 

Direction of 

Vibration 

Natural 

Frequency (Hz) 

Natural Period 

(sec) 

1 Horizontal 1.29 0.775 

2 Longitudinal 1.89 0.529 

3 Vertical 2.01 0.498 

 

Mode 2 - Longitudinal 

Mode 3 - Vertical 
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COMPARISON OF DRAG COEFFICIENTS USING CHAPTER 6   

EXPERIMENTAL DATA AND FEA DYNAMIC MODELING 

 

6.1 Chapter Overview 

 

A study was conducted to verify the VMS drag coefficient results from the FIU 

Wall of Wind testing.  The study compared experimental field data from Structure A to 

analytical results obtained from the SAP model of the structure.  The experimental data 

was collected in a previous ALDOT study which examined the response of Structure A 

due to dynamic wind loading.  The same dynamic wind loading which was measured in 

the field was applied to the SAP model of the structure using a VMS drag coefficient 

from the FIU Wall of Wind testing.  The experimental stress response of the structure 

was compared to the analytical stress response to verify the accuracy of the VMS drag 

coefficient.  This chapter provides a description of the drag coefficient verification study 

and discusses the results as they apply to the Wall of Wind testing project. 

 

6.2 Experimental Analysis 

 

An experimental analysis was performed using data collected from a previous 

ALDOT study.  The data included measurements for strain and acceleration of the 

Structure A as well as fatigue wind velocities.  Usable data was selected for the drag 

coefficient verification study based on wind speed and direction criteria.  The mode 

shapes and corresponding natural frequencies of the Structure A were determined from 
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the experimental data and compared to the mode shapes and frequencies of the SAP 

model. 

 

6.2.1 Experimental Study of Structure A 

 

ALDOT conducted an experimental study of Structure A from August 2010 to 

February 2011.  The structure was instrumented with strain gauges, accelerometers, and 

anemometers to collect time history data for analysis purposes.  Data was collected for 

the structure on six different days over a period of several months.  The information and 

pictures presented in this section were obtained from the report “Design of Overhead 

VMS Structures for Fatigue Loads” by Fouad H. Fouad and Ian E. Hosch. 

 

6.2.1.1   Instrumentation of Structure  

 

Structure A was instrumented with strain gauges, accelerometers, and 

anemometers to collect time history data.  The strain gauges were used to measure the 

stress response of critical support members under fatigue wind loading.  The 

accelerometers were used to determine the dynamic vibration properties of the structure 

such as natural frequencies and modal damping.  Finally, anemometers were used to 

measure natural fatigue wind speeds and directions for the structure’s location.  All of the 

data was recorded simultaneously using a data acquisition system.   

 

Strain Gauges 

 

Uniaxial strain gauges were used to determine the stress response of the structure 

under wind loading.  The strain gauges were placed at critical stress locations on two 

upright posts and one truss chord.  The gauges were positioned along the longitudinal 
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axis of each member so that the normal strain could be measured.  A protective coating 

and tape were used to cover each strain gauge from the environment (Fouad 2011). 

 

Upright Posts 

 

A total of eight strain gauges were attached to the two upright posts located on the 

right side of the northbound lanes.  Four strain gauges were attached to each post at a 

location of 8 ft - 6 in above the base plates.  The strain gauges were placed at intervals of 

90 degrees around the circumference of each post.  One of the gauges was offset to avoid 

an existing conduit.  Figure 6-1 shows the placement of the strain gauges at locations 1 

and 2 on the uprights.  Figure 6-2 shows the attached strain gauges at location 1 before 

the protective coating and tape have between applied.  Figure 6-3 shows the attached 

strain gauges along with the protective coating and tape at location 2 (Fouad 2011).  

 

Truss Chords 

 

Four strain gauges were attached to the bottom truss chord which was closest to 

the on-coming northbound traffic.  The strain gauges were attached to the chord at 22 in 

from the first vertical truss web on the right side of the structure.  The gauges were placed 

at intervals of 90 degrees around the circumference of the truss chord.  Figure 6-4 shows 

the placement of the strain gauges at location 3 on the truss chord.  Figure 6-5 shows the 

attached strain gauges at location 3 before the protective coating and tape have between 

applied (Fouad 2011).     
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Figure 6-1:  Strain Gauge Placement on Upright Posts (Adapted from Fouad 2011) 
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Figure 6-2:  Strain Gauges Attached to Upright at Location 1 (Fouad 2011) 

 

 
Figure 6-3:  Strain Gauges Attached to Upright with Tape at Location 2 (Fouad 2011) 



 

97 

 

 
Figure 6-4:  Strain Gauge Placement on Truss Chord (Adapted from Fouad 2011) 

 

 

 

 
Figure 6-5:  Strain Gauges Attached to Truss Chord (Fouad 2011) 
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Accelerometers 

 

Accelerometers were used to determine the acceleration response of the structure 

under wind loading.  The acceleration response was important in identifying several 

dynamic properties of the structure such as modes of vibration, natural frequencies, and 

critical damping percentages.  The accelerometers were of the piezoelectric type and had 

a maximum capacity of 96.5 ft/sec
2
 or 3 G (Fouad 2011).   

A total of four accelerometers were attached to the structure.  The accelerometers 

were placed at strategic locations determined from preliminary finite element analysis to 

capture the primary modes of structural vibration.  Figure 6-6 shows the placement of the 

accelerometers.  Accelerometer 1L was used to measure the longitudinal acceleration of 

the structure perpendicular to traffic.  Accelerometer 2V recorded the vertical 

acceleration of the structure, while accelerometer 3H recorded the horizontal acceleration 

of the structure parallel to traffic.  Accelerometer 4H also measured the horizontal 

acceleration of the structure to identify any torsional behavior of the truss.  Figure 6-7 

shows the attachment of accelerometer 4H to the truss chord (Fouad 2011). 
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Figure 6-6:  Accelerometer Placement on Truss Chords and WT Section (Adapted from 

Fouad 2011) 

 

 
Figure 6-7:  Attachment of Accelerometer 4H to Truss Chord (Fouad 2011) 
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Anemometers 

 

Anemometers were used to measure the natural wind speed and direction for the 

location of Structure A.  The anemometers were WindSonic Ultrasonic Wind Sensors.  A 

total of two anemometers were used: AN-1 and AN-2.  Figure 6-8 shows the attachment 

of the anemometers to the structure.  The anemometers were attached to the right upright 

using a steel rod which extended 4 ft above the top of the truss.  This was done to avoid 

any wind effects such as turbulence and vortices caused by the structure.  Figure 6-9 

shows pictures of the anemometers attached to the structure with the steel rod extension 

(Fouad 2011). 

Each anemometer measured the wind speed and direction for a different plane.  

AN-1 measured wind in the horizontal plane, while AN-2 measured wind in the vertical 

plane.  Both anemometers encompassed the full 360 degree range of motion within their 

respective planes.  The south bearing for the anemometers was specified as the side 

which faced the on-coming traffic (Fouad 2011).   
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Figure 6-8:  Anemometer Placement on Structure (Adapted from Fouad 2011) 

 

 

 
Figure 6-9:  Anemometers Connected to Structure with Steel Extension (Fouad 2011) 
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Data Acquisition System 

 

All of the instrumentation was wired into a data acquisition system.  The data 

acquisition system consisted of 20 channels which collected data simultaneously.  Each 

channel collected data from a specific instrument: 12 channels collected data from the 

strain gages, 4 channels collected data from the accelerometers, and 4 channels collected 

data from the anemometers (2 for wind speed and 2 for wind direction).  Data was 

collected at a rate of 60 Hz (samples per second), which was much higher than the natural 

frequencies of the structure.  This prevented errors such as aliasing in the data collection 

process (Fouad 2011). 

A van was parked on the side of the interstate near the structure on testing days.  

The van held the data acquisition system as well as a portable computer to store the data.  

The instrumentation wiring was fed through a hole in the side of the van and connected to 

the data acquisition system as shown in Figure 6-10 (Fouad 2011).   

 

 
Figure 6-10:  ALDOT Van with Instrumentation Wiring (Fouad 2011) 
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Figures 6-11, 6-12, and 6-13 show wind velocity, strain, and acceleration time 

histories of a sample of data collected simultaneously by the data acquisition system.  

The wind velocity time history was measured using anemometer 1, the strain time history 

was measured using strain gauge 2, and the acceleration time history was measured using 

accelerometer 3H. 

 

 
Figure 6-11:  Wind Velocity Time History from Anemometer 1 

 

 
Figure 6-12:  Strain Time History from Strain Gauge 2 

 

 
Figure 6-13:  Acceleration Time History from Accelerometer 3H 
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6.2.1.2   Data Collection Schedule 

 

ALDOT collected time history data for Structure A on six different days over a 

period of several months.  Archived history data from NOAA (National Oceanic and 

Atmospheric Administration) was used to select testing days with potentially high wind 

speeds.  Data collection was started on August 26, 2010 and completed on February 2, 

2011.  On each day of testing, several runs of data were collected with each run lasting 

approximately 45 minutes.  A total of 31 runs of data were collected during the testing 

period.  Table 6-1 shows ALDOT’s data collection schedule with the total time duration 

of data collected each day.  The total amount of time history data collected was almost 24 

hours. 

 

Table 6-1:  ALDOT Data Collection Schedule 

Date Runs 

Duration 

(minutes) 

8/26/2010 1 - 4 195 

9/3/2010 5 - 9 240 

10/4/2010 10 - 15 285 

10/26/2010 16 - 21 270 

12/2/2010 22 - 26 215 

2/2/2011 27 - 31 225 

Total Duration (minutes) 1430 

Total Duration (hours) 23.8 

 

 

6.2.2 Experimental Data Selected for Verification Study 

 

The experimental data collected by ALDOT for Structure A was analyzed to 

select applicable data for the verification study.  Applicable data was considered to 

consist of extended wind events which satisfied the following criteria: first, the wind 
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velocity was relatively high, and second, the wind direction was predominantly toward 

the front face of the VMS.  All 31 runs of data collected by ALDOT were examined 

based on these two criteria.  Of the 31 runs, run 16 satisfied the wind velocity and 

direction criteria the best.  Thus, the data in run 16 was selected for all further analysis.   

Run 16 had an average wind velocity of 5.2 mph and an average wind direction of 

193 degrees (with 180 degrees representing wind normal to the front face of the VMS).  

Peak wind gusts reached upwards of 25 mph.  Run 16 consisted of approximately 45 

minutes of data, corresponding to about 162,000 data counts.  A wind rose summarizing 

the wind directional data for run 16 is shown in Figure 6-14.   

 
Figure 6-14:  Wind Rose for Run 16 
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6.2.3 Experimental Modal Analysis 

 

An experimental modal analysis of Structure A was performed to determine the 

dominant mode shapes and corresponding natural frequencies for the structure.  The 

modal analysis was conducted using the experimental acceleration data from run 16 

collected by ALDOT.  The experimental natural frequencies of Structure A were 

compared with the SAP natural frequencies computed in Chapter 3 to determine the 

accuracy of the SAP model.   

 

6.2.3.1   Mode Shapes 

 

Structure A experienced three primary modes of vibration.  These mode shapes 

were the same as the first three mode shapes determined in the SAP modal analysis for 

the structure.  The first mode was longitudinal vibration of the structure in the direction 

perpendicular to traffic (side-to-side in-plane motion).  The second mode was horizontal 

vibration of the structure in the direction parallel to traffic (out-of-plane motion).  The 

third mode was vertical vibration of the structure in the direction of gravity (up-and-down 

in-plane motion).  Figure 6-15 summarizes the three dominant mode shapes of the 

structure. 

 

 
Figure 6-15:  Mode Shapes of Structure A 

Mode 1: Longitudinal Mode 3: Vertical Mode 2: Horizontal 
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6.2.3.2   Experimental Modal Frequencies 

 

The modal frequencies of Structure A were measured using the acceleration data 

collected from the accelerometers for run 16.  The accelerometers measured the 

acceleration response time history of the structure for each mode shape (longitudinal, 

horizontal, and vertical) as the structure was subjected to wind excitation.  The 

acceleration response data for each mode was converted from the time domain to the 

frequency domain using the Fast Fourier Transform (FFT).  The resulting response 

spectrums yielded the natural frequency of each mode.  Figure 6-16 shows the response 

spectrum for mode 1 (longitudinal vibration).  Mode 1 had the lowest natural frequency 

of the three modes at 1.41 Hz.  Figure 6-17 shows the response spectrum for mode 2 

(horizontal vibration).  The natural frequency of mode 2 was 2.81 Hz.  Figure 6-18 shows 

the response spectrum for mode 3 (vertical vibration).  Mode 3 had the highest natural 

frequency at 3.79 Hz. 

 

 
Figure 6-16:  Response Spectrum of Longitudinal (Mode 1) Acceleration  

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F
o

u
ri

er
 A

m
p

li
tu

d
e 

(G
) 

Frequency (Hz) 

Mode 1 Natural 

Frequency = 1.41 Hz 
 



 

108 

 

 

 
Figure 6-17:  Response Spectrum of Horizontal (Mode 2) Acceleration  

 

 
Figure 6-18:  Response Spectrum of Vertical (Mode 3) Acceleration  

 

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F
o

u
ri

er
 A

m
p

li
tu

d
e 

(G
) 

Frequency (Hz) 

Mode 2 Natural 

Frequency = 2.81 Hz 
 

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

0.0016

0.0018

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F
o

u
ri

er
 A

m
p

li
tu

d
e 

(G
) 

Frequency (Hz) 

Mode 3 Natural 

Frequency = 3.79 Hz 
 



 

109 

 

6.2.3.3   Comparison of Modal Frequencies 

 

The experimental modal frequencies of Structure A were compared to the SAP 

modal frequencies to check the accuracy of the SAP model.  Table 6-2 shows the 

experimental and SAP frequencies for each mode and the percent difference of the 

frequencies.  The SAP frequencies for modes 1 and 2 were higher than the experimental 

frequencies, but still considered satisfactory since they were within about 10% of the 

experimental frequencies.  The lower experimental frequencies for modes 1 and 2 were 

attributed to a reduced stiffness of the structure in the field.  The SAP frequency for mode 

3 was equivalent to the experimental frequency.  Thus, the SAP model was considered to 

be accurate since the percent difference of each modal frequency was relatively low. 

 

Table 6-2:  Frequency Comparison 

Mode 

Modal Frequencies Percent 

Difference Experimental SAP2000 

1 1.41 1.51 6.62% 

2 2.81 3.13 10.22% 

3 3.79 3.79 0.00% 

 

 

6.2.3.4   Experimental Modal Damping 

 

The modal damping behavior of Structure A was determined using acceleration 

time histories collected from the accelerometers for run 16.  The damping for each of the 

three dominant modes of vibration was approximated by averaging the damping values 

from several samples of acceleration response data.  The acceleration response of each 

sample was first filtered using a band-pass filter to select only the acceleration response 

due to the natural frequency of the mode.  For example, the acceleration response of 
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mode 2 (natural frequency of 2.81 Hz) was filtered to select the response due to 

frequencies between 2.6 Hz and 3.0 Hz.   

The filtered acceleration response for each sample of data was plotted versus 

time.  Figure 6-19 shows an example of the filtered acceleration response of mode 2 for 

one of the sample time histories.  As seen in Figure 6-19, Structure A experienced an 

oscillatory response to wind loading with spikes and decays in acceleration amplitude due 

to intermittent wind gusts.  The decays in acceleration amplitude can be approximately 

modeled using exponential decay functions for viscous damping.   

Figure 6-20 shows a magnified view of the acceleration response time history 

with the corresponding exponential decay curve.  The acceleration response for this curve 

started to decay at around the 26 second mark.  The exponential decay function for 

viscous damping can be approximated by Equation 6-1. 

 

                                                                  𝑦 = 𝐴0𝑒−𝜁𝜔𝑛𝑡                                                   (Eqn.  6-1) 

 

Where: 

 

 y   = acceleration amplitude as a function of time of the exponential 

curve (G) 

 A0 = initial acceleration amplitude of the exponential curve (G) 

 ζ   = damping ratio 

 ωn = natural frequency of mode (rad/sec) 

 t    = time (sec) 
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Figure 6-19:  Sample of Acceleration Response Time History for Damping Calculations 

 

 
Figure 6-20:  Exponential Decay Curve used to Calculate Damping 
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The positive peaks of the acceleration response were extracted from the time 

history shown in Figure 6-19 and plotted separately in Figure 6-21.  The time of the first 

peak was set to zero so that the amplitude of the curve could be found.  A trendline was 

plotted to model the acceleration peaks as an exponential decay curve.  The equation of 

the trendline and R
2
 value are shown in Figure 6-21.   

 

 
Figure 6-21:  Exponential Decay Function for Acceleration Peaks 
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             𝜁𝜔𝑛 = 0.063     (from exp. decay function in Figure 6-21)                     (Eqn.  6-2) 

               

𝜔𝑛 = 2𝜋𝑓𝑛 = 2𝜋(2.81) = 17.66 𝑟𝑎𝑑/ sec  (mode 2)                               (Eqn.  6-3) 

 

             𝜁 =
0.063

𝜔𝑛
=

0.063

17.66
= 0.00357                                                                              (Eqn.  6-4) 

 

The above process of filtering the acceleration response data, plotting the 

acceleration response time history and corresponding exponential decay curve, and 

calculating the modal damping ratio was performed for five different samples of data for 

each of the three modes of vibration (longitudinal, horizontal, and vertical).  The five 

damping values calculated for each mode were then averaged to determine the 

approximate damping of each mode.  Table 6-3 summarizes the results of the modal 

damping analysis.  Mode 1 had the highest average damping at 0.616%, mode 2 had an 

average damping of 0.336%, and mode 3 had the lowest average damping at 0.163%.  

These average modal damping values were used in the SAP dynamic analyses of 

Structure A. 

 

Table 6-3:  Modal Damping Values for Structure A 

Mode  

Direction of 

Vibration 

Modal 

Freq. 

Measured Damping from Acceleration Time 

History Data Samples 
Average 

Damping 

1 Longitudinal 1.41 0.00756 0.01005 0.00350 0.00372 0.00598 0.00616 

2 Horizontal  2.81 0.00357 0.00329 0.00312 0.00385 0.00300 0.00336 

3 Vertical 3.79 0.00134 0.00160 0.00210 0.00189 0.00122 0.00163 

 

 

6.3 SAP Dynamic Analyses 

 

Two dynamic time history analyses were performed in SAP using the wind data 

from run 16.  The first analysis was conducted using a VMS drag coefficient based on the 

FIU Wall of Wind testing results, while the second analysis used the VMS drag 
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coefficient tabulated in the AASHTO Supports Specifications.  Both analyses used a time 

history wind pressure loading calculated from the same 45 minutes of wind velocity and 

direction data of run 16.  The only variable between the two analyses was the drag 

coefficient used for the VMS.   

 

6.3.1 Wind Pressure Calculations 

 

The wind speed and direction data from run 16 was used to develop wind pressure 

time histories for wind normal to the front of the VMS (y-direction) and wind parallel to 

the front of the VMS (x-direction).  These wind pressure time histories on Structure A 

were calculated using Equation 6-5 from basic fluid dynamics (Dexter 2002): 

 

𝑃 =
1

2
𝜌𝑉2𝐶𝑑  (𝑝𝑠𝑓)                            (Eqn.  6-5) 

 

 Where: 

 

 P = wind pressure time history (psf), 

 ρ = standard air density (0.002367 slug/ft
3
), 

 V = wind velocity time history from run 16 (ft/sec), and 

 Cd = drag coefficient 

 

6.3.1.1   Wind Velocity 

 

Wind velocity time histories were developed for wind normal to the front of the 

VMS (y-direction) and wind parallel to the front of the VMS (x-direction).  This was 

accomplished by dividing the wind velocity vectors from run 16 into x- and y-

components based on the magnitude and angle of the wind.  However, before the wind 

velocity vectors were divided into their components, the velocity data had to be adjusted 
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to account for boundary layer effects.  Boundary layer effects cause the wind speed to 

decrease exponentially as the elevation decreases.  Equation 6-6 was used to adjust the 

wind velocity based on the height of sign members above the ground (Dexter 2002):   

  

𝑉𝑧 = 𝑉33(
𝑧

𝑧33
)1/7               (Eqn.  6-6)  

 

 Where: 

 

 Vz = wind velocity at height z above the ground 

 V33 = wind velocity at height z33 above the ground 

 z33 = 33 ft (10 meters) 

 

 
Figure 6-22:  Wind Velocity Profile for V33 = 20 mph 
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reference to Structure A.  In order to use the velocity conversion formula, the time history 

of V33 had to be determined.  This was done by converting the time history wind velocity 

data measured at the elevation of the anemometer (30.5 ft) to velocity data for a height of 

33 ft.  The velocity conversion formula could then be used to determine the wind velocity 

magnitude at the height of each sign member’s centroid. 

The height (z) used in the velocity conversion formula was selected as the 

geometric centroid for the VMS and the support members. All of the support members, 

except for the upright posts, were assigned a single centroid for calculating the wind 

velocity magnitude.  The upright posts were divided into three sections along their 

lengths and centroids were assigned for each section to account for the increase in wind 

velocity from the ground level to the top of the structure.  Figure 6-23 shows the centroid 

heights for each section of the uprights as well as for the other support members and 

VMS.  These centroid heights were the same for both wind velocity in the y-direction and 

in the x-direction.   

 

 
Figure 6-23:  Member Centroid Heights for Determining Wind Velocity Magnitude 
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In order to simplify the SAP analyses, the velocity time histories for all of the 

support members were referenced to the velocity time history for the VMS using velocity 

correlation ratios (VMember / VVMS).  The VMS was assigned a base unit velocity, and the 

velocities of all other support members were scaled to the VMS velocity.   

 

6.3.1.2   Drag Coefficients 

 

Drag coefficients were selected for all members of Structure A for wind normal to 

the front of the VMS (y-direction) and wind parallel to the front of the VMS (x-

direction).  For the FIU time history analysis, the VMS drag coefficient in the y-direction 

was selected based on the sign dimensions provided in Chapter 2.  FIU provided a table 

of drag coefficients organized according to the aspect and depth ratios of a VMS (Table 

6-4).  This table was based on the results of the Wall of Wind testing.  The aspect and 

depth ratios of the VMS supported by Structure A were calculated using Equations 6-7 

and 6-8 as follows: 

 

𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 =
𝐿𝑒𝑛𝑔𝑡ℎ

𝐻𝑒𝑖𝑔ℎ𝑡
=

30.50 𝑓𝑡

8.92 𝑓𝑡
= 3.42             (Eqn.  6-7) 

 

𝐷𝑒𝑝𝑡ℎ 𝑅𝑎𝑡𝑖𝑜 =
𝐷𝑒𝑝𝑡ℎ

𝐻𝑒𝑖𝑔ℎ𝑡
=

3.27 𝑓𝑡

8.92 𝑓𝑡
= 0.37             (Eqn.  6-8) 

 

These aspect and depth ratios were used to interpolate a drag coefficient value 

from Table 6-4.  The drag coefficient for wind normal to the front of the VMS was 

estimated to be 1.22 for the FIU time history analysis. 
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  Table 6-4:  Drag Coefficients from FIU Wall of Wind Testing 

Aspect 

Ratio 

Depth Ratio 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

1.0 1.21 1.18 1.15 1.12 1.08 1.04 0.98 

2.0 1.21 1.20 1.18 1.17 1.14 1.11 1.09 

3.0 1.22 1.22 1.22 1.21 1.20 1.18 1.16 

4.0 1.25 1.25 1.24 1.24 1.23 1.22 1.21 

5.0 1.28 1.27 1.26 1.25 1.24 1.23 1.22 

 

 

For the AASHTO time history analysis, the VMS drag coefficient in the y-

direction was selected to be 1.70 from Table 3.8.6-1 of the AASHTO Supports 

Specifications.  For both the FIU and AASHTO time history analyses, the VMS drag 

coefficient for wind parallel to the front of the sign (x-direction) was approximated to be 

1.0 based on the results in Table 6-4. 

The drag coefficients for all of the remaining members of the Structure A were 

selected from Table 3.8.6-1 of the AASHTO Supports Specifications.  Drag coefficients 

were selected for both the x- and y-directions.  Table 6-5 provides a summary of the drag 

coefficients used for the SAP time history analyses. 

For all cases where two cylindrical members were next to each other in the same 

plane as the wind direction, the drag coefficient was selected to be 1.2.  Examples of this 

type of scenario include the uprights and the front and back truss chords for wind in the 

y-direction.  Individual cylindrical members were assigned a drag coefficient of 1.1.    

For all cases where two or more flat members were adjacent in the same plane as 

the wind direction, the drag coefficient was selected to be 2.0.  Examples of this type of 
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scenario include the ladder rail angles for wind in the y-direction and the W-shape 

supports of the access track for wind in the x-direction.  Individual flat members were 

assigned a drag coefficient of 1.7. 

 

Table 6-5:  Drag Coefficients used for SAP Analyses 

Members 
Drag Coefficients 

y-direction x-direction 

Upright Posts 1.20 1.10 

Truss Chords 1.20 NA 

WT Truss Support NA 1.70 

Adjacent Webs 1.20 NA 

Individual Webs 1.10 1.10 

W-Shape Track Supports 1.70 2.00 

Channel Track Rails 2.00 NA 

Access Ladder Rails 2.00 1.70 

Access Ladder Rungs NA 1.10 

FIU VMS 1.22 1.00 

AASHTO VMS 1.70 1.00 

 

 

6.3.2 SAP Wind Loading 

   

The wind pressure loadings calculated for the x- and y-directions were applied to 

all exposed surfaces of the Structure A model in SAP.  The loadings were applied as 

surface pressures on the VMS and as distributed loads on all of the supporting frame 

members.  The distributed loads for the frame members were calculated by multiplying 

the wind pressure time histories by the diameter of each frame member.   

The wind pressure time histories for the x- and y- directions were both run 

simultaneously in the SAP analyses to replicate the wind excitation measured in the field.  

This was done separately for the pressure loading due to the FIU VMS drag coefficient 

and the pressure loading due to the AASHTO VMS drag coefficient.   
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6.3.3 SAP Structural Response 

 

The stress response of Structure A due to the applied wind loading was examined 

for each analysis.  Time histories of the axial force and bending moments for the right 

upright posts were extracted from SAP.  These time histories were recorded at the 

locations of the strain gauges installed by ALDOT on the upright posts in the 

experimental study.  Normal stress time histories were calculated at selected strain gauge 

points on the cross-section of support members using Equation 6-9: 

 

𝜎 =
𝑃

𝐴
+

𝑀𝑐

𝐼
  (𝑝𝑠𝑖)                  (Eqn.  6-9) 

 

 Where: 

 

 σ = Normal stress at strain gauge location (psi), 

 P = Axial force at strain gauge location (lbs), 

 M = Bending moment in the direction of member curvature (lb-ft), 

 A = Cross-sectional area of member (in
2
), 

 c = Distance from neutral axis to outer edge of member (in), and 

 I = Moment of Inertia of member (in
4
) 

 

Normal stress time histories were calculated at the locations of strain gauges 2 

and 4 for the back right upright post and strain gauges 6 and 8 for the front right upright 

post (see Figure 6-1 for strain gauge locations).   
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6.4 Experimental Data vs. SAP Results 

 

The stress response of the uprights and truss chords was examined in order to 

compare the experimental data to the results of the SAP analyses for both the FIU and 

AASHTO loadings.  This was done by first selecting analysis intervals for the stress data 

which captured the full response of the VMS structure to wind gusts.  Next, the stress 

data was filtered to remove the resonant stress response, so that only the quasi-static 

stress response of the structure remained.  The quasi-static stress response and 

corresponding wind excitation velocity were then divided into the appropriate analysis 

intervals.  Finally, the stress range over these intervals was plotted versus the average 

wind velocity to show the variation of stress with wind excitation.  This process was 

performed for the stress response at several of the strain gauge locations on the upright 

posts.   

 

6.4.1 Selection of Analysis Intervals 

 

A Fast Fourier Transform was applied to the time history wind velocity data of 

run 16.  The Fast Fourier Transform converted the velocity data from the time domain to 

the frequency domain.  The resulting velocity amplitude versus frequency data was 

plotted using a logarithmic scale to create a wind excitation spectrum as shown in Figure 

6-24.  The spectrum was used to determine the dominant wind gust frequency for the 45 

minutes of data in run 16.  Ignoring the very low frequencies, the dominant wind gust 

frequency was determined to be approximately 0.01 Hz.  A frequency of 0.01 Hz 

corresponded to a wind gust period of 100 seconds.  Thus, analysis time intervals of 100 

seconds were selected to capture the full response of the structure to wind gusts. 
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Figure 6-24:  Wind Velocity Excitation Spectrum for Run 16 

 

6.4.2 Selection of Quasi-static Stress Response 

 

A Fast Fourier Transform was applied to the time history strain data of run 16.  

The Fast Fourier Transform converted the strain data from the time domain to the 

frequency domain.  The resulting strain amplitude versus frequency data was plotted 

using a logarithmic scale to create a response spectrum.  Figure 6-25 shows the response 

spectrum for the data from strain gauge 4.  The response spectrum was used to identify 

and compare the quasi-static response of the structure to the resonant response.   

The quasi-static response represented the behavior of the structure due to the 

variation of the wind gust excitation.  The resonant response, on the other hand, 

represented the vibration of the structure about its own natural frequencies.  Since the 

purpose of this study was to verify the accuracy of the VMS drag coefficient, only the 
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quasi-static response of the structure was applicable for analysis.  The drag coefficient is 

related to the static wind load on an object and does not account for resonant conditions.  

Also, the quasi-static response of the structure is not affected by damping in the structure, 

since damping only applies to the resonant response.  Thus, the effects of damping could 

be ignored in the analyses. 

As shown in Figure 6-25, all of the resonant response frequencies of the structure 

are greater than 1 Hz.  These resonant response frequencies are similar to the natural 

vibration frequencies found previously in the experimental modal analysis.  In order to 

select the quasi-static response of the structure, the strain data was filtered using a low-

pass filter to remove all vibration responses with frequencies greater than 1 Hz.  This 

removed the resonant response, leaving only the quasi-static response of the structure.  

  

 
Figure 6-25:  Response Spectrum of Strain Gauge 4 Data for Run 16 
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Figure 6-26 shows a 100 second sample of data from strain gauge 4 which has 

been converted to stress data.   The figure shows plots for both the unfiltered stress and 

the filtered stress.  The plot of filtered stress represents the quasi-static response of the 

structure, while the plot of unfiltered stress represents the total response of the structure 

(both the quasi-static response and resonant response). 

 

 
Figure 6-26:  Unfiltered and Filtered Stress for Strain Gauge 4 
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then calculated for each 100 second interval by subtracting the minimum stress over the 

interval from the maximum stress.  Figure 6-27 shows the quasi-static stress range for the 

sample of data from strain gauge 4 presented previously.  In addition, the average wind 

velocity was calculated for each 100 second interval.  Figure 6-28 shows the average 

wind velocity corresponding to the same time history sample of data. 

 

 
Figure 6-27:  Quasi-static Stress Range for Sample 100 Second Interval 

 

 

 
Figure 6-28:  Average Wind Velocity for Sample 100 Second Interval 
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The stress response was examined at the locations of four of the strain gauges 

installed on the right upright posts of Structure A.  For each of the strain gauge locations, 

the stress range was plotted versus the average wind velocity for the experimental and 

SAP (FIU and AASHTO) loadings.  This was done for all of the 100 second intervals in 

run 16.   

Figures 6-29 and 6-30 show the stress range plots for strain gauges 2 and 4 on the 

back right upright post.  Figures 6-31 and 6-32 show the stress range plots for strain 

gauges 6 and 8 on the front right upright post.  All four of these figures show that the 

SAP stress response in the upright posts due to the FIU loading accurately portrays the 

experimental stress response measured in the field, while the SAP stress response due to 

the AASHTO loading is too conservative.   

 

 
Figure 6-29:  Stress Response at Strain Gauge 2 Location 
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Figure 6-30:  Stress Response at Strain Gauge 4 Location 

 

 
Figure 6-31:  Stress Response at Strain Gauge 6 Location 
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Figure 6-32:  Stress Response at Strain Gauge 8 Location 
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Table 6-6:  Stress Range Values for Strain Gauge 2 Location 

Avg Velocity 

(mph) 

Stress Range (psi) Percent Difference from Exp. 

Experimental FIU Cd AASHTO Cd FIU Cd AASHTO Cd 

3 53.33 29.40 38.24 44.9 28.3 

4 46.75 36.32 47.30 22.3 1.2 

5 75.78 50.25 65.50 33.7 13.6 

6 64.67 71.79 93.48 11.0 44.5 

7 92.26 83.25 108.42 9.8 17.5 

8 159.53 182.06 237.08 14.1 48.6 

9 220.74 276.24 359.78 25.1 63.0 

 

Table 6-7:  Stress Range Values for Strain Gauge 4 Location 

Avg Velocity 

(mph) 

Stress Range (psi) Percent Difference from Exp. 

Experimental FIU Cd AASHTO Cd FIU Cd AASHTO Cd 

3 37.51 20.44 26.53 45.5 29.3 

4 36.90 25.23 32.79 31.6 11.1 

5 45.56 34.89 45.38 23.4 0.4 

6 37.94 49.88 64.80 31.5 70.8 

7 55.85 57.83 75.16 3.5 34.6 

8 99.34 126.46 164.34 27.3 65.4 

9 136.54 191.87 249.36 40.5 82.6 

 

 

Table 6-8:  Stress Range Values for Strain Gauge 6 Location 

Avg Velocity 

(mph) 

Stress Range (psi) Percent Difference from Exp. 

Experimental FIU Cd AASHTO Cd FIU Cd AASHTO Cd 

3 42.73 19.28 25.18 54.9 41.1 

4 30.37 23.96 31.28 21.1 3.0 

5 47.66 33.34 43.52 30.1 8.7 

6 40.31 47.30 61.77 17.3 53.2 

7 65.64 54.91 71.69 16.4 9.2 

8 102.58 120.20 156.89 17.2 53.0 

9 147.11 182.46 238.18 24.0 61.9 

 

 

 

 

 

 



 

130 

 

Table 6-9:  Stress Range Values for Strain Gauge 8 Location 

Avg Velocity 

(mph) 

Stress Range (psi) Percent Difference from Exp. 

Experimental FIU Cd AASHTO Cd FIU Cd AASHTO Cd 

3 42.87 21.59 28.29 49.6 34.0 

4 36.47 26.78 35.10 26.6 3.8 

5 52.37 37.17 48.74 29.0 6.9 

6 45.93 52.90 69.35 15.2 51.0 

7 93.08 61.39 80.48 34.0 13.5 

8 139.63 134.24 175.97 3.9 26.0 

9 200.42 203.79 267.12 1.7 33.3 

 

 

 

6.5 Conclusions of Drag Coefficient Verification Study 

 

A study was conducted to verify the VMS drag coefficient results from the FIU 

Wall of Wind testing.  The study compared experimental field data collected from a VMS 

structure in Alabaster, AL (Structure A) as part of a previous ALDOT study to analytical 

results obtained from a SAP model of the structure.  Two VMS drag coefficients were 

used in the analysis: Cd = 1.22 from the FIU Wall of Wind testing and Cd = 1.7 from the 

AASHTO Supports Specifications.  The drag coefficients were based on the dimensions 

of the VMS sign panel.   

Plots of Quasi-static stress range versus average wind velocity were created for 

several locations on two upright posts of Structure A.  The plots showed that the VMS 

drag coefficient from the FIU Wall of Wind testing accurately modeled the behavior of 

the sign structure under fatigue level winds, while the VMS drag coefficient from the 

AASHTO Supports Specifications was too conservative.  Thus, the study concluded that 

the drag coefficient results from the FIU Wall of Wind testing are relatively accurate and 

should be considered for incorporation into the AASHTO Supports Specifications. 
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SENSITIVITY STUDY CHAPTER 7   

 

7.1 Chapter Overview 

 

A sensitivity study was conducted to examine the impact of the newly developed 

VMS drag coefficients on the design of sign structures.  The SAP models of Structures A 

and B were used for this study.  Static analyses were run in SAP to analyze and compare 

the stress response of the structures due to wind loadings with different VMS drag 

coefficients.  The analyses incorporated the AASHTO code requirements for both 

extreme wind and fatigue wind.  Stress ratios were developed to quantify the amount of 

stress reduction in critical support members and connections due to the new drag 

coefficients.  This chapter provides a detailed description of the sensitivity study and 

discusses the impact of the VMS drag coefficients on the design of sign structures.   

 

7.2 Parameters of Sensitivity Study 

 

The sensitivity study followed four main parameters as outlined in Table 7-1.  The 

first parameter was the span length of the VMS structure.  The span length of Structure A 

was 71 ft, while the span length of Structure B was 145 ft.  The second parameter of the 

sensitivity study was the wind loading applied to the structures.  The structures were 

analyzed for extreme level winds and fatigue level winds.  The third parameter of the 

study was the location and corresponding extreme wind speed for the structures.  Two 

locations with different wind speeds were selected for the study: Birmingham, AL and 
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Miami, FL.  These locations were selected because of the wide variation in their extreme 

wind speeds.  The fourth parameter was the drag coefficient used for the VMS signs.  

Three unique VMS drag coefficients were used for the sensitivity study: a drag 

coefficient of 1.7 as specified for a VMS in the AASHTO Supports Specifications, a drag 

coefficient of 1.22 based on the FIU testing results for a standard VMS, and a drag 

coefficient of 1.00 based on the FIU results for a VMS with chamfered edges.  The VMS 

drag coefficients were the same for both extreme wind and fatigue wind according to the 

results from the FIU Wall of Wind testing. 

 

Table 7-1:  Parameters for Sensitivity Study 

Parameter Variable Levels 

I Structure (Span) 
Structure A (71 ft) 

Structure B (145 ft) 

II Loading 
Extreme Wind 

Fatigue Wind 

III Location (Design Wind Speed) 
Birmingham, AL (90 mph) 

Miami, FL (150 mph) 

IV VMS Drag Coefficient 

AASHTO Cd = 1.7 

Standard FIU Cd = 1.22 

Modified FIU Cd = 1.00 

 

 

7.3 SAP Static Analyses 

 

Static analyses were run in SAP for the different parameters of the sensitivity 

study.  The wind loads were calculated for both extreme wind and fatigue wind according 

to the AASHTO Supports Specifications.  The SAP analyses were organized into 

eighteen different load cases based on the parameters of the study.  Each load case was 

run in SAP and the maximum stress response of critical support members and 
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connections was recorded.  The stress response was used to develop stress reduction 

ratios which compared the change in stress due to different VMS drag coefficients.   

 

7.3.1 Wind Pressure Calculations 

 

The wind pressure loads on the VMS structures were calculated using the 

equations for extreme wind and fatigue wind found in the AASHTO Supports 

Specifications.  The extreme wind load was defined by a static wind pressure, while the 

fatigue wind load was defined by an equivalent static natural wind gust pressure range.  

Both the extreme wind load and fatigue wind load were calculated for all exposed 

surfaces of the VMS structures in the horizontal direction. 

 

7.3.1.1   Extreme Wind 

 

The static wind pressure on the VMS structures for the extreme wind analyses 

was calculated using Equation 7-1 from the AASHTO Supports Specifications: 

 

𝑃𝑧 = 0.00256𝐾𝑧𝐺𝑉2𝐼𝑟𝐶𝑑  (𝑝𝑠𝑓)             (Eqn.  7-1) 

 

Where: 

   

 Pz = Static wind pressure at height z above the ground (psf), 

 Kz = Height and Exposure Factor, 

 G = Gust Effect Factor, 

 V = Basic Wind Speed (mph), 

 Ir = Wind Importance Factor, and 

 Cd = Drag Coefficient 
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Height and Exposure Factor 

 

The height and exposure factor (Kz) adjusts the effective wind pressure based on 

the height of a structure above the ground and the local exposure conditions.  The 

frictional drag of the terrain causes the wind speed to decrease close to ground level.  The 

amount of frictional drag depends on the exposure classification of the terrain.  The 

AASHTO Supports Specifications state that all sign structures should be designed for 

Exposure C site conditions. 

The height and exposure factors were calculated for each member of the VMS 

structures using Equation 7-2 from the AASHTO Supports Specifications.  The equation 

is as follows: 

 

𝐾𝑧 = 2.01(
𝑧

𝑧𝑔
)

2
𝛼⁄               (Eqn.  7-2) 

 

 Where: 

 

 Kz = Height and Exposure Factor, 

 z = Height above the ground at which the pressure is calculated or 16 

ft (whichever is greater), 

 zg = 900 ft for Exposure C, and 

 α = 9.5 for Exposure C 

 

The height and exposure factors for the members of both Structures A and B are 

summarized in Tables 7-2 and 7-3, respectively. 
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Table 7-2:  Kz Factors for Structure A 

Member 

Height z of Centroid 

above ground (ft) Kz 

Uprights 

0 - 16 ft 16.0 0.860 

16 - 22 ft 19.0 0.892 

22 - 28 ft 25.0 0.945 

Access Ladder Rails 

0 - 16 ft 16.0 0.860 

16 - 22 ft 19.0 0.892 

22 – 25.3 ft 25.0 0.945 

Bottom Truss Chords 22.7 0.926 

Top Truss Chords 26.5 0.957 

Vertical Truss Webs 24.6 0.942 

Vertical Struts 24.6 0.942 

W-Shape Track Hangers 23.4 0.932 

Channel Track Rails 20.7 0.908 

VMS 23.1 0.930 

 

 

Table 7-3:  Kz Factors for Structure B 

Member 

Height z of Centroid 

above ground (ft) Kz 

Uprights 

0 - 11 ft 16.0 0.860 

11 - 16 ft 18.2 0.884 

16 - 21 ft 23.2 0.931 

Access Ladder Rails 

0 - 11 ft 16.0 0.860 

11 - 16 ft 18.2 0.884 

16 – 17.2 ft 23.2 0.931 

Bottom Truss Chords 20.6 0.908 

Top Truss Chords 25.6 0.950 

Vertical Truss Webs 23.1 0.930 

Vertical Struts 23.1 0.930 

W-Shape Track Hangers 22.5 0.925 

Channel Track Rails 18.6 0.888 

VMS 23.1 0.930 
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Gust Effect Factor  

 

The gust effect factor (G) adjusts the effective wind pressure to account for the 

dynamic interaction of the structure with the wind.  The AASHTO Supports 

Specifications state that the gust effect factor shall be taken as a minimum of 1.14. 

 

Basic Wind Speed 

 

The basic wind speed (V) for the design of sign structures is diagramed using 

wind speed maps in the AASHTO Supports Specifications.  Figure 7-1 shows the wind 

speed map for the Southeastern United States.  This wind speed map was used to 

determine the design wind speeds for the VMS structures at the locations selected for 

analysis.  The wind speeds for Birmingham, AL and Miami, FL were selected to be 90 

mph and 150 mph, respectively. 

 

 
Figure 7-1:  Basic Wind Speed m/s (mph) for Southeastern United States (AASHTO 2013) 
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Wind Importance Factor  

 

The wind importance factor adjusts the effective wind pressure according to the 

design life of the structure.  The AASHTO Supports Specifications recommend a 50 year 

minimum design life for overhead sign structures.  This corresponds to a wind 

importance factor of 1.00 for both hurricane regions and non-hurricane regions. 

 

Drag Coefficients 

 

The drag coefficients for the support members of the VMS structures were 

selected from Table 3.8.6-1 of the AASHTO Supports Specifications.  For all cases 

where two cylindrical members were next to each other in the same plane as the wind 

direction, the drag coefficient was selected to be 1.2.  Examples of this type of scenario 

include the uprights and the front and back truss chords.  Individual cylindrical members 

were assigned a drag coefficient of 1.1.   For all cases where two or more flat members 

were next to each other in the same plane as the wind direction, the drag coefficient was 

selected to be 2.0.  Examples of this type of scenario include the ladder rail angles and 

track supports.  Individual flat members were assigned a drag coefficient of 1.7.   

For the AASHTO loading cases, the drag coefficient for the VMS was selected to 

be 1.70 from Table 3.8.6-1 of the AASHTO Supports Specifications.  For the FIU 

loading cases, the standard VMS was assigned a drag coefficient of 1.22 and the VMS 

with chamfered edges was assigned a drag coefficient of 1.00.  These drag coefficients 

were based on the FIU Wall of Wind testing results.  Table 7-4 provides a summary of 

the drag coefficients used for the SAP sensitivity analysis. 
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Table 7-4:  Drag Coefficients for Sensitivity Analysis 

Members Drag Coefficients 

Upright Posts 1.2 

Truss Chords 1.2 

Adjacent Webs 1.2 

Individual Webs 1.1 

W-Shape Track Hangers 1.7 

Channel Track Rails 2.0 

Access Ladder Rails 2.0 

AASHTO VMS 1.7 

FIU VMS Standard Edges 1.22 

FIU VMS Chamfered Edges 1.0 

 

 

7.3.1.2   Fatigue Wind 

 

The equivalent static natural wind gust pressure range on the VMS structures for 

the fatigue wind analyses was calculated using Equation 7-3 from the AASHTO Supports 

Specifications: 

 

𝑃𝑁𝑊 = 5.2𝐶𝑑𝐼𝐹  (𝑝𝑠𝑓)                        (Eqn.  7-3) 

 

Where: 

 

 PNW = Equivalent static natural wind gust pressure range (psf), 

 Cd = Drag Coefficient, and 

 IF = Fatigue Importance Factor 

 

Drag Coefficients 

 

The drag coefficients used for the fatigue wind analysis of the VMS structures are 

the same as the drag coefficients used for the extreme wind analysis.  Refer to Table 7-4 

for the drag coefficients used in the fatigue analysis. 
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Fatigue Importance Factor 

 

The fatigue importance factor (IF) accounts for the risk of traffic hazards or 

property damage that could result from the fatigue failure of sign structures.  The fatigue 

importance factor is dependent on the fatigue importance category.  Structures which 

support variable message signs are classified as Category I structures.  According to 

Table 11.6-1 of the AASHTO Supports Specifications, the fatigue importance factor for 

Category I non-cantilevered sign structures under natural wind gusts is 1.0. 

 

 

7.3.2 SAP Load Combinations 

 

The AASHTO Supports Specifications provide four load combinations for the 

design of sign structures.  These four load combinations are shown in Table 7-5 which is 

a reproduction of Table 3.4-1 in the Specifications.  The first three load combinations are 

for extreme wind design, while the fourth is for fatigue wind design.  Each of the load 

combinations for extreme wind design has a corresponding percent increase of allowable 

stress.  For example, load combinations II and III can have design stresses which are 33% 

greater than the allowable stresses. 

 

Table 7-5:  AASHTO Group Load Combinations 

Group Load Load Combination 

Percentage of 

Allowable Stress 

I DL 100 

II DL + W 133 

III DL + Ice + 1/2(W) 133 

IV Fatigue NA 
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Since the purpose of the sensitivity study was to examine the impact of the newly 

developed VMS drag coefficients on the design of sign structures, only load 

combinations II and IV were utilized.  Load combination II was the controlling load 

combination for extreme wind, and load combination IV was used for fatigue wind.   

 

7.3.2.1   Extreme Wind Load Cases 

 

Extreme wind static load cases were run for both the Structure A and Structure B 

SAP models.  Six load cases were run for each model for a total of twelve load cases.  

The load cases were developed according to load combination II for extreme wind found 

in the AASHTO Supports Specifications.  All load cases combined the dead load of the 

VMS and its support structure acting in the direction of gravity with the extreme wind 

load acting in the horizontal direction.  The wind speed and VMS drag coefficient were 

varied for the different load cases according to the parameters of the sensitivity study.  

Table 7-6 summarizes the extreme wind load cases run in the SAP analyses.   

 

Table 7-6:  Extreme Wind Load Cases 

SAP Model Load Case 

Load 

Combination 

Wind Speed 

(mph) 

VMS Drag 

Coefficient 

Structure A 

1 DL + W 90 1.7AASHTO 

2 DL + W 90 1.22FIU 

3 DL + W 90 1.0FIU 

4 DL + W 150 1.7AASHTO 

5 DL + W 150 1.22FIU 

6 DL + W 150 1.0FIU 

Structure B 

7 DL + W 90 1.7AASHTO 

8 DL + W 90 1.22FIU 

9 DL + W 90 1.0FIU 

10 DL + W 150 1.7AASHTO 

11 DL + W 150 1.22FIU 

12 DL + W 150 1.0FIU 
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7.3.2.2   Fatigue Wind Load Cases 

 

Fatigue wind static load cases were run for both the Structure A and Structure B 

SAP models.  Three load cases were run for each model for a total of six load cases.  The 

load cases were developed according to the load combination for fatigue wind found in 

the AASHTO Supports Specifications.  The fatigue wind loading was based on a yearly 

mean wind velocity of 11.2 mph which correlated to an equivalent static natural wind 

gust pressure range according to Equation 7-3.  The fatigue wind pressure range was 

applied to the VMS structure SAP models in the horizontal direction.  The VMS drag 

coefficient was varied for the different load cases according to the parameters of the 

sensitivity study.  Table 7-7 summarizes the fatigue wind load cases run in the SAP 

analyses.   

 

Table 7-7:  Fatigue Wind Load Cases 

SAP Model Load Case Load Combination 

VMS Drag 

Coefficient 

Structure A 

13 FatigueNW 1.7AASHTO 

14 FatigueNW 1.22FIU 

15 FatigueNW 1.0FIU 

Structure B 

16 FatigueNW 1.7AASHTO 

17 FatigueNW 1.22FIU 

18 FatigueNW 1.0FIU 

 

 

7.3.3 SAP Structural Response 

 

The static stress response of the Structure A and Structure B models was 

examined for the extreme wind and fatigue wind load cases.  The response of each 

structural model was measured for the different load cases by recording the axial stress in 
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the frame support members.  The axial stress at any point in a frame member can be 

calculated in SAP using Equation 7-4 (Computers and Structures, Inc. 2011):   

 

𝑆11 =
𝑃

𝐴
− 𝑥2

𝑀3

𝐼33
− 𝑥3

𝑀2

𝐼22
  (𝑝𝑠𝑖)            (Eqn.  7-4) 

 

 Where: 

 

 S11 = axial stress at a point in a frame cross-section 

 P = Axial force (lb), 

 M3 = Bending moment about the major axis (lb-in), 

 M2 = Bending moment about the minor axis (lb-in), 

 A = Cross-sectional area of frame member (in
2
), 

 I33 = Moment of inertia about the major axis (in
4
), 

 I22 = Moment of inertia about the minor axis (in
4
), 

 x2 = Distance from the centroid of the section to the point where the 

stress is calculated along the minor axis (in), and 

 x3 = Distance from the centroid of the section to the point where the 

stress is calculated along the major axis (in) 

 

SAP uses the equation for S11 to calculate the axial stress at eight evenly spaced 

points around the circumference of a pipe frame element.  The maximum and minimum 

axial stresses along the cross-section can then be extracted from SAP.   
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7.3.3.1   Critical Support Members 

 

The stress response due to the extreme wind and fatigue wind loadings was 

recorded for the critical support members of Structures A and B.  The critical support 

members included the four upright posts, the four truss chords, and the horizontal truss 

diagonals on the ends of each structure.  The end horizontal truss diagonals were selected 

because analyses indicated that they experienced the largest stresses when compared to 

the rest of the diagonals.  The frame members analyzed for Structure A are shown in 

Figure 7-2 through Figure 7-4, while the frame members analyzed for Structure B are 

shown in Figure 7-5 through Figure 7-9.  The VMS structures were divided into sections 

to allow for easy diagraming of the support members. 

 

 
Figure 7-2:  Structure A Sections 

 

 

 

 

 

 

Section 1 Section 2 
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Figure 7-3: Structure A Section 1 

 

 
Figure 7-4: Structure A Section 2 
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Figure 7-5:  Structure B Sections 

 

 
Figure 7-6: Structure B Section 1 

 

 
Figure 7-7: Structure B Section 2 

Section 1 Section 2 Section 3 Section 4 
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Figure 7-8: Structure B Section 3 

 

 
Figure 7-9: Structure B Section 4 

 

 

7.3.3.2   Extreme Wind Stress Response 

 

The static stress response due to the extreme wind loadings was measured for load 

cases 1 through 12.  For each load case, the envelopes of the maximum and minimum 

axial stresses (both measured using the formula for S11) were created in SAP for each 
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critical support member.  The stress envelopes for the support members under each load 

case can be found in Appendix C.  As an example, Figure 7-10 shows the stress 

envelopes for post 4 of the Structure A model for load case 1.  The stress envelopes show 

both the maximum and minimum axial stresses as well as the location of these stresses in 

the support member.  These stress envelopes were used to record the absolute maximum 

stress and its corresponding location for each support member.  For example, the absolute 

maximum stress for post 4 of the Structure A model under load case 1 was 11308 psi.  

This stress occurred at the base of the post.   

 

 
Figure 7-10:  Stress Envelopes for Post 4 of Structure A 

 

Member Stresses from SAP 

 

Tables were developed to record the absolute maximum stress for each critical 

support member under the different load cases for extreme wind.  The stress results were 

grouped so that each table included the results from three load cases which had varying 
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VMS drag coefficients with all other parameters constant.  This was done so that the 

stress results from the load cases with the new VMS drag coefficients (1.22 and 1.0) 

could be compared to the stress results from the load cases with the AASHTO VMS drag 

coefficient (1.7).  The comparison between the stress results for the different load cases 

was performed using stress reduction ratios.   

Two sets of stress reduction ratios were calculated for each critical support 

member.  The first set of stress ratios was calculated for a standard VMS by dividing the 

maximum stress in each support member for the load case with a VMS drag coefficient 

of 1.22 by the maximum stress for the load case with a VMS drag coefficient of 1.7.  The 

second set of stress ratios was calculated for a VMS with modified edges by dividing the 

maximum stress in each support member for the load case with a VMS drag coefficient 

of 1.0 by the maximum stress for the load case with a VMS drag coefficient of 1.7.  

These stress ratios were included in the tables which record the absolute maximum 

stresses for the support members. 

Tables 7-8, 7-9, 7-10, and 7-11 show the maximum stresses in the critical support 

members and the corresponding stress ratios for load cases 1-3, 4-6, 7-9, and 10-12, 

respectively.  Each table also includes the overall maximum stress in the upright posts, 

truss chords, and truss diagonals for each load case as well as the corresponding stress 

ratios. 
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Table 7-8:  Member Stresses (psi) for Load Cases 1-3 (Structure A, V = 90 mph) 

Structure A:  Extreme Wind (90 mph) 

  Member ID 

Max σ               

(Cd 1.7) 

Max σ         

(Cd 1.22) 

Max σ          

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Uprights 

Post 1a 8152 6305 5460 0.77 0.67 

Post 1b 5999 4607 3969 0.77 0.66 

Post 2a 11105 8789 7815 0.79 0.70 

Post 2b 4597 3745 3472 0.81 0.76 

Post 3 9217 6822 5726 0.74 0.62 

Post 4 11308 8771 7669 0.78 0.68 

Max Stress for Posts: 11308 8789 7815 0.78 0.69 

              

Truss 

Chords 

Chord 1a 13088 9877 9306 0.75 0.71 

Chord 1b 19442 16632 15366 0.86 0.79 

Chord 2a 15529 12721 11436 0.82 0.74 

Chord 2b 16256 12867 11343 0.79 0.70 

Chord 3a 18688 15723 14382 0.84 0.77 

Chord 3b 24298 20614 18927 0.85 0.78 

Chord 4a 9207 6060 4619 0.66 0.50 

Chord 4b 8508 4448 2642 0.52 0.31 

Max Stress for Chords: 24298 20614 18927 0.85 0.78 

              

Horizontal 

Truss 

Webs 

Diagonal 1 9608 7934 7168 0.83 0.75 

Diagonal 2 5526 3893 3146 0.70 0.57 

Diagonal 3 13836 11050 9775 0.80 0.71 

Diagonal 4 4266 2486 1672 0.58 0.39 

Max Stress for Diagonals: 13836 11050 9775 0.80 0.71 
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Table 7-9:  Member Stresses (psi) for Load Cases 4-6 (Structure A, V = 150 mph) 

Structure A:  Extreme Wind (150 mph) 

  Member ID 

Max σ               

(Cd 1.7) 

Max σ          

(Cd 1.22) 

Max σ          

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Uprights 

Post 1a 22638 17509 15159 0.77 0.67 

Post 1b 16843 12978 11206 0.77 0.67 

Post 2a 29334 22902 19953 0.78 0.68 

Post 2b 11746 9162 7978 0.78 0.68 

Post 3 28292 21641 18593 0.76 0.66 

Post 4 32193 24951 21631 0.78 0.67 

Max Stress for Posts: 32193 24951 21631 0.78 0.67 

              

Truss 

Chords 

Chord 1a 36653 26774 22245 0.73 0.61 

Chord 1b 55050 37539 30415 0.68 0.55 

Chord 2a 34294 26496 22921 0.77 0.67 

Chord 2b 38567 29154 24840 0.76 0.64 

Chord 3a 38994 30760 27079 0.79 0.69 

Chord 3b 49056 38823 34133 0.79 0.70 

Chord 4a 30117 21377 17371 0.71 0.58 

Chord 4b 38176 26900 21732 0.70 0.57 

Max Stress for Chords: 55050 38823 34133 0.71 0.62 

              

Horizontal 

Truss 

Webs 

Diagonal 1 21826 17178 15047 0.79 0.69 

Diagonal 2 17083 12549 10471 0.73 0.61 

Diagonal 3 34344 26609 23063 0.77 0.67 

Diagonal 4 16179 11236 8970 0.69 0.55 

Max Stress for Diagonals: 34344 26609 23063 0.77 0.67 
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Table 7-10:  Member Stresses σ (psi) for Load Cases 7-9 (Structure B, V = 90 mph) 

Structure B:  Extreme Wind (90 mph) 

  
Member 

ID 

Max σ               

(Cd 1.7) 

Max σ          

(Cd 1.22) 

Max σ          

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Uprights 

Post 1 7748 6531 5974 0.84 0.77 

Post 2 13442 12544 12132 0.93 0.90 

Post 3 9277 7098 6107 0.77 0.66 

Post 4 19688 16546 15107 0.84 0.77 

Max Stress for Posts: 19688 16546 15107 0.84 0.77 

              

Truss 

Chords 

Chord 1a 6813 5667 5142 0.83 0.75 

Chord 1b 7963 5566 4917 0.70 0.62 

Chord 1c 16551 12101 10063 0.73 0.61 

Chord 1d 13615 10109 10127 0.74 0.74 

Chord 2a 12372 11105 10526 0.90 0.85 

Chord 2b 21387 18676 17434 0.87 0.82 

Chord 2c 24201 20896 19383 0.86 0.80 

Chord 2d 19423 16453 15094 0.85 0.78 

Chord 3a 12403 11270 10811 0.91 0.87 

Chord 3b 21686 18943 17688 0.87 0.82 

Chord 3c 30556 26742 24996 0.88 0.82 

Chord 3d 25026 22194 21131 0.89 0.84 

Chord 4a 4523 3900 3801 0.86 0.84 

Chord 4b 7174 4197 2834 0.59 0.40 

Chord 4c 8530 4995 3393 0.59 0.40 

Chord 4d 8388 5163 4669 0.62 0.56 

Max Stress for Chords: 30556 26742 24996 0.88 0.82 

              

Horizontal 

Truss Webs 

Diagonal 1 9349 8223 7708 0.88 0.82 

Diagonal 2 5567 4525 4048 0.81 0.73 

Diagonal 3 19275 16558 15314 0.86 0.79 

Diagonal 4 7065 4597 3467 0.65 0.49 

Max Stress for Diagonals: 19275 16558 15314 0.86 0.79 
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Table 7-11:  Member Stresses (psi) for Load Cases 10-12 (Structure B, V = 150 mph) 

Structure B:  Extreme Wind (150 mph) 

  
Member 

ID 

Max σ               

(Cd 1.7) 

Max σ          

(Cd 1.22) 

Max σ          

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Uprights 

Post 1 24860 20085 18018 0.81 0.72 

Post 2 28791 24794 22962 0.86 0.80 

Post 3 33025 25294 21750 0.77 0.66 

Post 4 47986 39259 35259 0.82 0.73 

Max Stress for Posts: 47986 39259 35259 0.82 0.73 

              

Truss 

Chords 

Chord 1a 18913 15729 14270 0.83 0.75 

Chord 1b 32846 24704 20972 0.75 0.64 

Chord 1c 55542 40931 34234 0.74 0.62 

Chord 1d 43017 31372 26368 0.73 0.61 

Chord 2a 25629 22112 20500 0.86 0.80 

Chord 2b 45314 37783 34332 0.83 0.76 

Chord 2c 51328 42151 37944 0.82 0.74 

Chord 2d 42349 34102 30321 0.81 0.72 

Chord 3a 25726 21981 20264 0.85 0.79 

Chord 3b 45653 38036 34546 0.83 0.76 

Chord 3c 62685 50900 46045 0.81 0.73 

Chord 3d 50039 39650 36001 0.79 0.72 

Chord 4a 18433 14511 12713 0.79 0.69 

Chord 4b 32678 24352 20536 0.75 0.63 

Chord 4c 37594 27444 22792 0.73 0.61 

Chord 4d 33099 24141 20035 0.73 0.61 

Max Stress for Chords: 62685 50900 46045 0.81 0.73 

              

Horizontal 

Truss Webs 

Diagonal 1 22794 19667 18233 0.86 0.80 

Diagonal 2 16997 14104 12778 0.83 0.75 

Diagonal 3 44524 36978 33519 0.83 0.75 

Diagonal 4 26694 19840 16698 0.74 0.63 

Max Stress for Diagonals: 44524 36978 33519 0.83 0.75 

 

 

 

 

 

 

 



 

153 

 

Member Stress Locations 

 

Figures were created to show the locations of the maximum stresses in the upright 

posts and truss chords for each extreme wind load case.  Stress ratios were included in the 

figures for the FIU load cases to show the stress reduction in the support members due to 

the new VMS drag coefficients.   

Figure 7-11 through Figure 7-13 show the maximum stress locations for load 

cases 1 through 3, respectively.  These three load cases represent Structure A subject to 

90 mph extreme wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  As 

seen in the figures, the maximum stresses in the upright posts occurred at the bases of 

posts 2, 3, and 4, and close to the stub connection in post 1.  The maximum stresses in the 

truss chords occurred behind the VMS sign panel at connections between the truss chords 

and the truss webs and between the front truss chords and the sign.   

Figure 7-14 through Figure 7-16 show the maximum stress locations for load 

cases 4 through 6, respectively.  These three load cases represent Structure A subject to 

150 mph extreme wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  

As seen in the figures, the maximum stresses in the upright posts occurred at the bases of 

posts 2, 3, and 4, and close to the stub connection in post 1.  The maximum stresses in the 

truss chords occurred behind the right side of the VMS sign panel at connections between 

the truss chords and the truss webs and between the front truss chords and the sign.   

Figure 7-17 through Figure 7-19 show the maximum stress locations for load 

cases 7 through 9, respectively.  These three load cases represent Structure B subject to 

90 mph extreme wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  For 

load cases 7 and 8, the maximum stresses in the upright posts occurred at the bases of 
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posts 1, 3, and 4, and at the WT truss support connection in post 1.  The maximum 

stresses in the truss chords occurred behind the VMS sign panel at connections between 

the truss chords and the truss webs and between the front truss chords and the sign.  For 

load case 9, the maximum stresses in the upright posts occurred at the bases of posts 1 

and 3, and at the WT truss support connection in posts 2 and 4.  The maximum stresses in 

the truss chords occurred behind the VMS sign panel and close to the ends of the truss 

chords.   

Figure 7-20 through Figure 7-22 show the maximum stress locations for load 

cases 10 through 12, respectively.  These three load cases represent Structure B subject to 

150 mph extreme wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  

As seen in the figures, the maximum stresses in the upright posts occurred at the bases of 

the posts.  The maximum stresses in the truss chords occurred behind the VMS sign panel 

at connections between the truss chords and the truss webs and between the front truss 

chords and the sign.   

 

 
Figure 7-11: Max stress locations for load case 1 (Structure A, V = 90 mph, Cd = 1.7) 
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Figure 7-12: Max stress locations for load case 2 (Structure A, V = 90 mph, Cd = 1.22) 

 

 

 
Figure 7-13: Max stress locations for load case 3 (Structure A, V = 90 mph, Cd = 1.0) 
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Figure 7-14: Max stress locations for load case 4 (Structure A, V = 150 mph, Cd = 1.7) 

 

 

 
Figure 7-15: Max stress locations for load case 5 (Structure A, V = 150 mph, Cd = 1.22) 
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Figure 7-16: Max stress locations for load case 6 (Structure A, V = 150 mph, Cd = 1.0) 

 

 

 
Figure 7-17: Max stress locations for load case 7 (Structure B, V = 90 mph, Cd = 1.7) 

 

 

 
Figure 7-18: Max stress locations for load case 8 (Structure B, V = 90 mph, Cd = 1.22) 

 

 



 

158 

 

 
Figure 7-19: Max stress locations for load case 9 (Structure B, V = 90 mph, Cd = 1.0) 

 

 

 
Figure 7-20: Max stress locations for load case 10 (Structure B, V = 150 mph, Cd = 1.7) 

 

 

 
Figure 7-21: Max stress locations for load case 11 (Structure B, V = 150 mph, Cd = 1.22) 
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Figure 7-22: Max stress locations for load case 12 (Structure B, V = 150 mph, Cd = 1.0) 

 

Maximum Member Stresses 

 

The SAP stress results were analyzed to select the maximum member stresses for 

each extreme wind load case.  Table 7-12 shows the maximum stresses for the upright 

posts, truss chords, and truss diagonals organized according to the load cases and 

parameters, along with the corresponding stress ratios.  The maximum post stress for 

each load case was selected to be the maximum stress of all four upright posts.  The 

maximum chord stress for each load case was selected to be the maximum stress of all 

four truss chords.  Finally, the maximum diagonal stress for each load case was selected 

to be the maximum stress of all four horizontal truss diagonals which were analyzed.   

The maximum member stresses in Table 7-12 are displayed graphically for 

groups of three load cases in Figures 7-23 through 7-26.  The extreme wind load cases 

were divided into groups of three with the VMS drag coefficient varying from 1.7 to 1.22 

to 1.0 for each group of three load cases.  Each figure shows the comparison between the 

maximum member stresses for the posts, chords, and diagonals due to the variation of the 

VMS drag coefficient, along with the corresponding stress reduction ratios.  The 

maximum member stresses decrease significantly as the VMS drag coefficient decreases.  
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Also, all of the figures show that the truss chords experience the largest stresses, with the 

upright posts and truss diagonals experiencing smaller stresses. 

 

Table 7-12:  Maximum Stresses for Load Cases 1-12 

Load 

Case 

Parameters Maximum Member Stress (psi) 

Structure 

Wind 

Speed 

(mph) VMS Cd 

Upright 

Posts 

Truss 

Chords 

Truss 

Diagonals 

1 A 90 1.7 AASHTO 11308 24298 13836 

2 A 90 1.22 FIU 8789 (0.78) 20614 (0.85) 11050 (0.80) 

3 A 90 1.0 FIU 7815 (0.69) 18927 (0.78) 9775 (0.71) 

4 A 150 1.7 AASHTO 32193 55050 34344 

5 A 150 1.22 FIU 24951 (0.78) 38823 (0.71) 26609 (0.77) 

6 A 150 1.0 FIU 21631 (0.67) 34133 (0.62) 23063 (0.67) 

7 B 90 1.7 AASHTO 19688 30556 19275 

8 B 90 1.22 FIU 16546 (0.84) 26742 (0.88) 16558 (0.86) 

9 B 90 1.0 FIU 15107 (0.77) 24996 (0.82) 15314 (0.79) 

10 B 150 1.7 AASHTO 47986 62685 44524 

11 B 150 1.22 FIU 39259 (0.82) 50900 (0.81) 36978 (0.83) 

12 B 150 1.0 FIU 35259 (0.73) 46045 (0.73) 33519 (0.75) 
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Figure 7-23:  Max Member Stresses for Load Cases 1-3 (Structure A, V = 90 mph) 

 

 
Figure 7-24:  Max Member Stresses for Load Cases 4-6 (Structure A, V = 150 mph) 
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Figure 7-25:  Max Member Stresses for Load Cases 7-9 (Structure B, V = 90 mph) 

 

 
Figure 7-26:  Max Member Stresses for Load Cases 10-12 (Structure B, V = 150 mph) 
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7.3.3.3   Fatigue Wind Stress Response 

 

Critical fatigue connections were analyzed for the fatigue load cases in SAP based 

on the requirements of the AASHTO Supports Specifications.  Chapter 11 of the 

AASHTO Supports Specifications provides common fatigue details for sign support 

structures.  Two of these fatigue details which are unique to the structures analyzed in 

SAP are shown in Figure 7-27.  Fatigue detail 5.4 was analyzed for the welded 

connections between the upright posts and the base plates which support the structure.  

Fatigue detail 5.5 was analyzed for the welded connections between the truss chords and 

truss diagonal webs.  In each of these fatigue details, the axial stress range in the support 

members at the connection location represented the constant amplitude fatigue threshold 

(CAFT).   

 

 
Figure 7-27:  Fatigue Details for Analysis (AASHTO 2013) 

 

The static stress response due to the fatigue wind loadings was measured for load 

cases 13 through 18.  For each load case, the envelopes of the maximum and minimum 

axial stresses (both measured using the formula for S11) were created in SAP for each 

critical support member.  The stress envelopes for the support members under each load 

(b) Fatigue Detail 5.4 (a) Fatigue Detail 5.5 
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case can be found in Appendix C.  As an example, Figure 7-28 shows the stress 

envelopes for post 4 of the Structure A model for load case 13.  The stress envelopes 

show both the maximum and minimum axial stresses at any point along the support 

member’s length.  These stress envelopes were used to record the absolute maximum 

stress at the fatigue connection locations for each support member.  For example, the 

absolute maximum stress at the base of post 4 of the Structure A model under load case 

13 was 2788 psi.   

 

 
Figure 7-28:  Stress Envelopes for Post 4 of Structure A 

 

Fatigue Stresses from SAP 

 

Tables were developed to record the absolute maximum stress at the critical 

fatigue connection locations for the different load cases of fatigue wind.  The stress 

results were grouped so that each table included the results from three load cases which 

had varying VMS drag coefficients with all other parameters held constant.  This was 
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done so that the stress results from the load cases with the new VMS drag coefficients 

(1.22 and 1.0) could be compared to the stress results from the load cases with the 

AASHTO VMS drag coefficient (1.7).  The comparison between the stress results for the 

different load cases was performed using stress reduction ratios.   

Two sets of stress reduction ratios were calculated for each critical fatigue 

connection location.  The first set of stress ratios was calculated for a standard VMS by 

dividing the maximum stress at each connection location for the load case with a VMS 

drag coefficient of 1.22 by the maximum stress for the load case with a VMS drag 

coefficient of 1.7.  The second set of stress ratios was calculated for a VMS with 

modified edges by dividing the maximum stress at each connection location for the load 

case with a VMS drag coefficient of 1.0 by the maximum stress for the load case with a 

VMS drag coefficient of 1.7.  These stress ratios were included in the tables along with 

the absolute maximum stresses for the fatigue connection locations. 

Tables 7-13 and 7-14 show the maximum stresses at the fatigue connection 

locations and the corresponding stress ratios for load cases 13-15 and 16-18, respectively.  

Each table also includes the overall maximum stress at the base of the posts for fatigue 

detail 5.4 and along the truss chords and diagonals for fatigue detail 5.5, as well as the 

corresponding stress ratios.   
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Table 7-13:  Member Stress Ranges (psi) for Load Cases 13-15 (Structure A) 

Structure A:  Fatigue Wind 

  Member ID 

σ Range             

(Cd 1.7) 

σ Range        

(Cd 1.22) 

σ Range         

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Fatigue 

Detail 5.4 

(Upright to 

Base Plate 

Connection) 

Post 1a 1487 1152 1000 0.77 0.67 

Post 2a 2432 1883 1632 0.77 0.67 

Post 3 2547 1979 1720 0.78 0.68 

Post 4 2788 2170 1887 0.78 0.68 

Max Stress: 2788 2170 1887 0.78 0.68 

              

Fatigue 

Detail 5.5 

(Chord to 

Web 

Connection) 

Chord 1a 3137 2294 1909 0.73 0.61 

Chord 1b 5533 3981 3274 0.72 0.59 

Chord 2a 2498 1832 1558 0.73 0.62 

Chord 2b 2968 2165 1845 0.73 0.62 

Chord 3a 2918 2146 1794 0.74 0.61 

Chord 3b 3999 2932 2445 0.73 0.61 

Chord 4a 2784 2039 1699 0.73 0.61 

Chord 4b 3953 2990 2552 0.76 0.65 

Max Stress: 5533 3981 3274 0.72 0.59 

            

Diagonal 1 1626 1229 1048 0.76 0.64 

Diagonal 2 1537 1150 974 0.75 0.63 

Diagonal 3 2731 2071 1770 0.76 0.65 

Diagonal 4 1582 1160 968 0.73 0.61 

Max Stress: 2731 2071 1770 0.76 0.65 
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Table 7-14:  Member Stress Ranges (psi) for Load Cases 16-18 (Structure B) 

Structure B:  Fatigue Wind 

  Member ID 

σ Range             

(Cd 1.7) 

σ Range        

(Cd 1.22) 

σ Range         

(Cd 1.0) 

σ Ratio   

(Cd 1.22) 

σ Ratio   

(Cd 1.0) 

Fatigue 

Detail 5.4 

(Upright to 

Base Plate 

Connection) 

Post 1 2509 2102 1916 0.84 0.76 

Post 2 2104 1763 1608 0.84 0.76 

Post 3 3286 2626 2326 0.80 0.71 

Post 4 3781 3037 2697 0.80 0.71 

Max Stress: 3781 3037 2697 0.80 0.71 

              

Fatigue 

Detail 5.5 

(Chord to 

Web 

Connection) 

Chord 1a 1808 1491 1347 0.82 0.75 

Chord 1b 3314 2619 2303 0.79 0.69 

Chord 1c 5343 4096 3527 0.77 0.66 

Chord 1d 4089 3096 2643 0.76 0.65 

Chord 2a 1768 1471 1336 0.83 0.76 

Chord 2b 3187 2545 2252 0.80 0.71 

Chord 2c 3657 2865 2505 0.78 0.68 

Chord 2d 3054 2350 2030 0.77 0.66 

Chord 3a 1861 1542 1396 0.83 0.75 

Chord 3b 3194 2544 2248 0.80 0.70 

Chord 3c 4680 3636 3159 0.78 0.68 

Chord 3d 3842 2927 2510 0.76 0.65 

Chord 4a 1897 1562 1410 0.82 0.74 

Chord 4b 3395 2685 2361 0.79 0.70 

Chord 4c 3872 3006 2611 0.78 0.67 

Chord 4d 3293 2528 2180 0.77 0.66 

Max Stress: 5343 4096 3527 0.77 0.66 

            

Diagonal 1 1798 1531 1409 0.85 0.78 

Diagonal 2 1517 1270 1157 0.84 0.76 

Diagonal 3 3384 2740 2446 0.81 0.72 

Diagonal 4 2608 2024 1757 0.78 0.67 

Max Stress: 3384 2740 2446 0.81 0.72 
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Fatigue Stress Locations 

 

Figures were created to show the locations of the maximum fatigue stresses in the 

upright posts and truss chords for each fatigue wind load case.  Stress ratios were 

included in the figures for the FIU load cases to show the stress reduction at the fatigue 

connection locations due to the new VMS drag coefficients.   

Figure 7-29 through Figure 7-31 show the fatigue stress locations for load cases 

13 through 15, respectively.  These three load cases represent Structure A subject to 

fatigue wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  As seen in 

the figures, the fatigue stresses in the upright posts were measured at the bases where the 

posts connect to the base plates.  The maximum fatigue stresses in the truss chords 

predominantly occurred behind the right side of the VMS sign panel.   

Figure 7-32 through Figure 7-34 show the fatigue stress locations for load cases 

16 through 18, respectively.  These three load cases represent Structure B subject to 

fatigue wind with the VMS drag coefficient varying from 1.7 to 1.22 to 1.0.  As seen in 

the figures, the fatigue stresses in the upright posts were measured at the bases where the 

posts connect to the base plates.  The maximum fatigue stresses in the truss chords 

occurred behind the VMS sign panel.   
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Figure 7-29: Fatigue stress locations for load case 13 (Structure A, Cd = 1.7) 

 

 

 
Figure 7-30: Fatigue stress locations for load case 14 (Structure A, Cd = 1.22) 
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Figure 7-31: Fatigue stress locations for load case 15 (Structure A, Cd = 1.0) 

 

 

 
Figure 7-32: Fatigue stress locations for load case 16 (Structure B, Cd = 1.7) 

 

 

 
Figure 7-33: Fatigue stress locations for load case 17 (Structure B, Cd = 1.22) 
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Figure 7-34: Fatigue stress locations for load case 18 (Structure B, Cd = 1.0) 

 

Maximum Fatigue Stress Ranges 

 

The SAP stress results were analyzed to select the maximum equivalent stress 

ranges at the critical connection locations for each fatigue wind load case.  Table 7-15 

shows the maximum stresses for the upright posts, truss chords, and truss diagonals at the 

connections organized according to the load cases and parameters, along with the 

corresponding stress reduction ratios.  The maximum stress in the upright posts at the 

base plate connections for each load case was selected to be the maximum stress of all 

four base plate connections.  The maximum stresses in the truss chords and diagonals at 

the chord-to-web connection for each load case were selected to be the maximum stresses 

of all chord-to-web connections.   

 

Table 7-15:  Maximum Stress Ranges for Load Cases 13-18 

Load 

Case 

Parameters Maximum Connection Stress Range (psi) 

Structure VMS Cd 

Fatigue Detail 5.4 Fatigue Detail 5.5 

Upright Posts 

Truss 

Chords 

Truss 

Diagonals 

13 A 1.7 AASHTO 2788 5533 2731 

14 A 1.22 FIU 2170 (0.78) 3981 (0.72) 2071 (0.76) 

15 A 1.0 FIU 1887 (0.68) 3274 (0.59) 1770 (0.65) 

16 B 1.7 AASHTO 3781 5343 3384 

17 B 1.22 FIU 3037 (0.80) 4096 (0.77) 2740 (0.81) 

18 B 1.0 FIU 2697 (0.71) 3527 (0.66) 2446 (0.72) 
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The maximum connection stresses in Table 7-15 are displayed graphically for 

groups of three load cases in Figures 7-35 and 7-36.  The fatigue wind load cases were 

divided into groups of three with the VMS drag coefficient varying from 1.7 to 1.22 to 

1.0 for each group of three load cases.  Each figure shows the comparison between the 

maximum connection stresses for the posts, chords, and diagonals due to the variation of 

the VMS drag coefficient, along with the corresponding stress reduction ratios.  The 

maximum connection stresses decrease significantly as the VMS drag coefficient 

decreases.  Also, both figures show that the truss chords experience the largest fatigue 

stresses at the chord-to-web connections when compared to the other member 

connections.  

 

 
Figure 7-35:  Max Connection Stresses for Load Cases 13-15 (Structure A) 

 

2788 

5533 

2731 

2170 

3981 

2071 
1887 

3274 

1770 

0

1000

2000

3000

4000

5000

6000

Posts Chords Diagonals

M
ax

 M
e

m
b

e
r 

St
re

ss
 (

p
si

) 

Load Cases 13-15 (Span = 71 ft) 

VMS Cd = 1.7 VMS Cd = 1.22 VMS Cd = 1.0

0.78 
0.68 

0.72 
0.59 

0.76 
0.65 



 

173 

 

 
Figure 7-36:  Max Connection Stresses for Load Cases 16-18 (Structure B) 

 

 

7.4 Stress Reduction  
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The results of the sensitivity analysis were summarized using stress reduction 

ratios for the critical support members of the VMS structures under both extreme wind 

and fatigue wind loadings.  The AASHTO load cases, with VMS drag coefficients of 1.7, 

were set as the control load cases.  Thus, the stress reduction ratios were calculated by 

dividing the FIU stresses by the AASHTO stresses. 

Table 7-16 shows the stress reduction ratios for the extreme wind load cases.  The 

stress ratios for the support members are organized according to the parameters of the 

sensitivity study.  The parameters for the extreme wind load cases included the VMS 

drag coefficient, the span of the structure, and the design wind speed.  The extreme wind 
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(upright posts, truss chords, and horizontal truss diagonals) due to the varying VMS drag 

coefficients.   

Table 7-17 shows the stress reduction ratios for the fatigue wind load cases, which 

are also organized according to the parameters of the sensitivity study.  The parameters 

for the fatigue wind load cases included the VMS drag coefficient and the span of the 

structure.  The fatigue wind stress ratios were based on the overall maximum stresses at 

the fatigue connection locations due to the varying VMS drag coefficients.   

 

Table 7-16:  Stress Ratios for Extreme Wind (Load Cases 1-12) 

EXTREME WIND 

Parameters Stress Ratios (FIU stress / AASHTO stress) 

VMS Drag 

Coefficient 

Structure      

(Span) 

Design 

Wind Speed 

Upright 

Posts 

Truss 

Chords 

Horizontal Truss 

Diagonals 

Standard FIU 

Cd = 1.22 

Structure A   

(71 ft) 

90 mph 0.78 0.85 0.80 

150 mph 0.78 0.71 0.77 

Structure B  

(145 ft) 

90 mph 0.84 0.88 0.86 

150 mph 0.82 0.81 0.83 

Modified FIU 

Cd = 1.00 

Structure A   

(71 ft) 

90 mph 0.69 0.78 0.71 

150 mph 0.67 0.62 0.67 

Structure B  

(145 ft) 

90 mph 0.77 0.82 0.79 

150 mph 0.73 0.73 0.75 

 

 

Table 7-17:  Stress Ratios for Fatigue Wind (Load Cases 13-18) 

FATIGUE WIND 

Parameters Stress Ratios (FIU stress / AASHTO stress) 

VMS Drag 

Coefficient 
Structure (Span) 

Fatigue Detail 5.4 Fatigue Detail 5.5 

Base of Upright 

Posts 

Truss 

Chords 

Horizontal 

Truss Diagonals 

Standard FIU 

Cd = 1.22 

Structure A (71 ft) 0.78 0.72 0.76 

Structure B (145 ft) 0.80 0.77 0.81 

Modified FIU 

Cd = 1.00 

Structure A (71 ft) 0.68 0.59 0.65 

Structure B (145 ft) 0.71 0.66 0.72 
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7.4.2 Discussion of Stress Ratio Results 

 

The stress ratio tables for extreme wind and fatigue wind show that reducing the 

VMS drag coefficient from 1.7 to 1.22 (for a standard VMS) or 1.0 (for a modified VMS) 

results in significant stress reductions in critical member supports and at fatigue 

connections.  The amount of stress reduction for each type of support member or fatigue 

connection depends on the parameters of the sensitivity study. 

 

7.4.2.1   Upright Posts 

 

For the extreme wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the upright posts ranged from 0.78 to 0.84.  These stress ratios corresponded to 

stress reductions of 16% to 22% in the posts.  For the extreme wind load cases with a 

VMS drag coefficient of 1.0, the stress ratios of the upright posts ranged from 0.67 to 

0.77.  These stress ratios corresponded to stress reductions of 23% to 33% in the posts.  

Thus, the smaller VMS drag coefficient for extreme wind resulted in greater stress 

reduction of the upright posts.   

For the fatigue wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the upright-to-base plate connections ranged from 0.78 to 0.80.  These stress 

ratios corresponded to stress reductions of 20% to 22% at the post connections.  For the 

fatigue wind load cases with a VMS drag coefficient of 1.0, the stress ratios of the 

upright-to-base plate connections ranged from 0.68 to 0.71.  These stress ratios 

corresponded to stress reductions of 29% to 32% in the posts.  Thus, the smaller VMS 

drag coefficient for fatigue wind resulted in greater stress reduction of the upright-to-base 

plate connections.   
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The upright posts experienced about the same level of stress reduction for both 

the extreme wind and fatigue wind load cases.  However, the extreme wind load cases 

resulted in a larger range of stress reduction for the upright posts than the fatigue wind 

load cases.  This was attributed in part to the additional variable of design wind speed for 

the extreme wind load cases. 

 

7.4.2.2   Truss Chords 

 

For the extreme wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the truss chords ranged from 0.71 to 0.88.  These stress ratios corresponded to 

stress reductions of 12% to 29% in the chords.  For the extreme wind load cases with a 

VMS drag coefficient of 1.0, the stress ratios of the truss chords ranged from 0.62 to 

0.82.  These stress ratios corresponded to stress reductions of 18% to 38% in the chords.  

Thus, the smaller VMS drag coefficient for extreme wind resulted in greater stress 

reduction of the truss chords.   

For the fatigue wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the chords at the chord-to-web connections ranged from 0.72 to 0.77.  These 

stress ratios corresponded to stress reductions of 23% to 28% in the chords.  For the 

fatigue wind load cases with a VMS drag coefficient of 1.0, the stress ratios of the chords 

at the chord-to-web connections ranged from 0.59 to 0.66.  These stress ratios 

corresponded to stress reductions of 34% to 41% in the chords.  Thus, the smaller VMS 

drag coefficient for fatigue wind resulted in greater stress reduction of the chords at the 

chord-to-web connections.   

The truss chords experienced slightly more stress reduction at the chord-to-web 

connections for the fatigue wind load cases than for the extreme wind load cases.  Also, 
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the range of stress reduction of the chords was greater for extreme wind than for fatigue 

wind.  

 

7.4.2.3   Truss Diagonals 

 

For the extreme wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the truss diagonals ranged from 0.77 to 0.86.  These stress ratios corresponded to 

stress reductions of 14% to 23% in the diagonals.  For the extreme wind load cases with a 

VMS drag coefficient of 1.0, the stress ratios of the truss diagonals ranged from 0.67 to 

0.79.  These stress ratios corresponded to stress reductions of 21% to 33% in the chords.  

Thus, the smaller VMS drag coefficient for extreme wind resulted in greater stress 

reduction of the truss diagonals.   

For the fatigue wind load cases with a VMS drag coefficient of 1.22, the stress 

ratios of the diagonals at the chord-to-web connections ranged from 0.76 to 0.81.  These 

stress ratios corresponded to stress reductions of 19% to 24% in the diagonals.  For the 

fatigue wind load cases with a VMS drag coefficient of 1.0, the stress ratios of the 

diagonals at the chord-to-web connections ranged from 0.65 to 0.72.  These stress ratios 

corresponded to stress reductions of 28% to 35% in the diagonals.  Thus, the smaller 

VMS drag coefficient for fatigue wind resulted in greater stress reduction of the 

diagonals at the chord-to-web connections.   

The truss diagonals experienced slightly more stress reduction at the chord-to-web 

connections for the fatigue wind load cases than for the extreme wind load cases.  Also, 

the range of stress reduction of the chords was greater for extreme wind than for fatigue 

wind.  
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7.4.2.4   Member Comparisons 

 

The upright posts, truss chords, and truss diagonals all experienced significant 

stress reductions due to the new VMS drag coefficients.  Of these three types of 

members, the truss chords experienced the greatest range of stress reduction based on the 

parameters of the sensitivity study.  The amount of stress reduction in the truss chords 

ranged from 12% to 38% for extreme wind and from 23% to 41% for fatigue wind.  In 

addition, the truss chords experienced the highest potential for stress reduction of all three 

types of support members. 

 

 

7.5 Analysis of Study Parameters 

 

The stress reduction ratios were analyzed to determine the impact of the different 

parameters of the sensitivity study.  This was done by varying a single parameter at a 

time while holding all others constant, and graphing the increase or decrease in the stress 

ratios of the upright posts, truss chords, and horizontal truss diagonals.   

The first parameter examined was the span of the VMS structures.  Figures 7-37, 

7-38, and 7-39 show the effect of varying the structure span on the stress ratios for the 

upright posts, truss chords, and truss diagonals, respectively.  Each figure contains six 

plots, all of which hold the wind speed and VMS drag coefficient constant while varying 

the structure span.  The structure span is set as the independent variable and the stress 

ratio is set as the dependent variable.  In each figure, the stress ratios increase with an 

increase in the structure span.  Thus, increasing the structure span results in less stress 

reduction of the support members and fatigue connections.   
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The second parameter examined was the design wind speed.  Figures 7-40, 7-41, 

and 7-42 show the effect of varying the wind speed on the stress ratios for the upright 

posts, truss chords, and truss diagonals, respectively.  Each figure contains four plots, all 

of which hold the structure span and VMS drag coefficient constant while varying the 

wind speed (the fatigue load cases are not included since this parameter only applies to 

extreme wind).  The wind speed is set as the independent variable and the stress ratio is 

set as the dependent variable.  In each figure, the stress ratios decrease with an increase in 

the wind speed.  Thus, increasing the design wind speed for a structure results in greater 

stress reduction of the support members. 

The third and final parameter examined was the VMS drag coefficient.  Figures 

7-43, 7-44, and 7-45 show the effect of varying the VMS drag coefficient on the stress 

ratios for the upright posts, truss chords, and truss diagonals, respectively.  Each figure 

contains six plots, all of which hold the structure span and wind speed constant while 

varying the VMS drag coefficient.  The VMS drag coefficient is set as the independent 

variable and the stress ratio is set as the dependent variable.  In each figure, the stress 

ratios increase with an increase in the VMS drag coefficient.  Thus, increasing the VMS 

drag coefficient results in less stress reduction of the support members and fatigue 

connections. 
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Figure 7-37:  Effect of Structure Span on Stress Ratios for Upright Posts 

 

 
Figure 7-38:  Effect of Structure Span on Stress Ratios for Truss Chords 
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Figure 7-39:  Effect of Structure Span on Stress Ratios for Truss Diagonals 

 

 
Figure 7-40:  Effect of Wind Speed on Stress Ratios for Upright Posts 
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Figure 7-41:  Effect of Wind Speed on Stress Ratios for Truss Chords 

 

 
Figure 7-42:  Effect of Wind Speed on Stress Ratios for Truss Diagonals 
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Figure 7-43:  Effect of VMS Drag Coefficient on Stress Ratios for Upright Posts 

 

 
Figure 7-44:  Effect of VMS Drag Coefficient on Stress Ratios for Truss Chords 
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Figure 7-45:  Effect of VMS Drag Coefficient on Stress Ratios for Truss Diagonals 

 

 

7.6 Conclusions of Sensitivity Study 

 

A sensitivity study was conducted to examine the impact of the newly developed 

VMS drag coefficients on the design of sign structures.  Static analyses were performed 

in SAP to measure the stress response due to wind loadings with varying VMS drag 

coefficients.  The stress response was examined in critical support members for extreme 

wind load cases and at critical connections for fatigue wind load cases.  The study 

considered three different VMS drag coefficients: Cd = 1.7 from the AASHTO Supports 

Specifications, Cd = 1.22 for a standard VMS based on the FIU Wall of Wind testing, and 

Cd = 1.0 for a VMS with modified edges.  Other parameters such as structure span and 

design wind speed were also analyzed.   
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Stress ratios were developed to quantify the impact of changing the VMS drag 

coefficients on the design of the sign support structure.  These stress ratios were 

calculated using maximum stresses in the support members and at connection details.  

The stress ratios showed that the new VMS drag coefficients resulted in significant 

reduction of member and connection stresses.   

For the extreme wind load cases, using a drag coefficient of 1.22 for a standard 

VMS resulted in member stress reductions ranging from 12 to 29%, while using a drag 

coefficient of 1.0 for a modified VMS resulted in member stress reductions ranging from 

18 to 38%.  These reductions in member stresses depended on a number of factors 

including structure span, design wind speed, and member type (post, chord, or diagonal). 

For the fatigue wind load cases, using a drag coefficient of 1.22 for a standard 

VMS resulted in stress reductions at critical connections ranging from 19 to 28%, while 

using a drag coefficient of 1.0 for a modified VMS resulted in stress reductions ranging 

from 28 to 41%.  These stress reductions at connection details depended on a number of 

factors including structure span and connection type (fatigue details 5.4 and 5.5). 

The study also concluded that the level of stress reduction due to using the new 

VMS drag coefficients depends on the following parameters: structure span, design wind 

speed, and reduction of the drag coefficient.  The study found that increasing the structure 

span will decrease the amount of stress reduction in the support members and 

connections.  On the other hand, increasing the design wind speed for the structure will 

increase the amount of stress reduction.  Finally, decreasing the drag coefficient will 

increase the amount of stress reduction in the support members and connections. 
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PROPOSED CODE LANGUAGE AND COMMENTARY CHAPTER 8   

 

8.1 Chapter Overview 

 

This chapter presents the code language and commentary for incorporation of the 

proposed VMS drag coefficients into the AASHTO Supports Specifications. 

 

8.2 Proposed Drag Coefficients for AASHTO Supports Specifications 

 

We propose the following changes to the AASHTO Supports Specifications: 

 

1. Remove the drag coefficient of 1.7 for Variable Message Signs (VMS) from 

Table 3.8.6-1 of the Specifications. 

2. Add Table 8-1 to Section 3.8.6 of the Specifications.   

 

Table 8-1:  VMS Drag Coefficients, Cd 

Aspect 

Ratio 

Depth Ratio 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

1.0 1.21 1.18 1.15 1.12 1.08 1.04 0.98 

2.0 1.21 1.20 1.18 1.17 1.14 1.11 1.09 

3.0 1.22 1.22 1.22 1.21 1.20 1.18 1.16 

4.0 1.25 1.25 1.24 1.24 1.23 1.22 1.21 

5.0 1.28 1.27 1.26 1.25 1.24 1.23 1.22 
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8.3 Proposed Commentary for AASHTO Supports Specifications 

 

The drag coefficients for Variable Message Signs (VMS) are organized according 

to aspect and depth ratios.  The drag coefficient values were developed through 

experimental testing and analytical studies at Florida International University (FIU) and 

the University of Alabama at Birmingham (UAB).   

Experimental testing was conducted at the FIU Wall of Wind facility to develop 

the proposed drag coefficients for VMS.  The testing was performed on scaled models of 

VMS structures for both extreme level winds and fatigue level winds.  The study 

concluded that the same drag coefficients should be used for both extreme wind design 

and fatigue wind design of VMS structures. 

Analytical studies were conducted at UAB to verify the accuracy of the proposed 

drag coefficients and investigate the impact of the drag coefficients on the design of VMS 

structures.  Finite element modeling was used to compare maximum stresses in VMS 

structures for the proposed drag coefficients versus the existing drag coefficient of 1.7 

specified in Table 3.8.6-1 of the 2013 AASHTO Supports Specifications.  The analyses 

showed potential stress reductions ranging from 12 to 29% for ultimate design of support 

members and 19 to 28% for fatigue design of critical connections as a result of using the 

proposed VMS drag coefficients. 

The testing and analysis also showed that constructing VMS with rounded or 

chamfered edges has the potential to even further reduce the drag coefficients for VMS.  

The development of drag coefficients for VMS with rounded and chamfered edges can be 

considered for a future research study. 
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CONCLUSIONS AND FUTURE RESEARCH CHAPTER 9   

 

9.1 Chapter Overview 

 

This chapter provides a summary of the conclusions from the Wall of Wind 

testing at FIU and the experimental and analytical studies conducted at UAB for the VMS 

project.  In addition, recommendations for future research are discussed. 

 

9.2 Summary of Findings 

 

9.2.1 Wall of Wind Testing at FIU 

 

Experimental testing was conducted at the FIU Wall of Wind facility to develop 

drag coefficients for VMS panels.  Multiple models with varying aspect and depth ratios 

were constructed for testing.  The models were tested at different wind speeds and 

directions of wind approach.  The study also examined the effects of edge modifications 

(round and chamfered edges) on the reduction of the drag coefficient.  Additional testing 

was performed to determine the effects of Reynolds number and wind driven rain on the 

models, as well as to investigate galloping potential.   

The Wall of Wind testing yielded several findings regarding the dependency of 

the drag coefficient on the VMS size, shape, and orientation with respect to the wind 

direction.  The testing demonstrated that the drag coefficient increases with increasing 

aspect ratio as the flow becomes more two-dimensional and the end effects are reduced.  

On the other hand, it was determined that the drag coefficient decreases with increasing 
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depth ratio due to the smaller wake region and reattachment of flow.  In addition, the 

study showed that the drag coefficient is generally larger when the wind direction is 

normal to the front face of the VMS (0º) than when the wind direction is at an angle to 

the VMS (~45º). 

The study also concluded that constructing VMS panels with round or chamfered 

edges instead of sharp edges would significantly decrease the magnitude of the drag 

coefficient.  This development could potentially lead to economic savings in the design of 

sign support structures for VMS panels. 

The Wall of Wind study also determined that the drag coefficient for VMS panels 

is not significantly affected by Reynolds number or wind driven rain.  However, it was 

observed that VMS panels could be susceptible to galloping for certain configurations. 

The results of the Wall of Wind study were generally in good agreement with the 

research findings of previous studies on drag coefficients for signs.  It was also 

determined that the drag coefficient value of 1.7 for the design of VMS panels in the 

current ASSHTO Supports Specifications is too conservative.  A summary table listing 

drag coefficient values for VMS panels based on aspect and depth ratios was provided for 

consideration. 

 

9.2.2 Drag Coefficient Verification Study at UAB 

 

A study was conducted at UAB to verify the VMS drag coefficient results from 

the FIU Wall of Wind testing.  The study compared experimental field data collected 

from a VMS structure in Alabaster, AL (Structure A) as part of a previous ALDOT study 

to analytical results obtained from a SAP model of the structure.  Two VMS drag 

coefficients were used in the analysis: Cd = 1.22 from the FIU Wall of Wind testing and 
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Cd = 1.7 from the AASHTO Supports Specifications.  The drag coefficients were based 

on the dimensions of the VMS sign panel.   

Plots of quasi-static stress range versus average wind velocity were created for 

several locations on two upright posts of Structure A.  The plots showed that the VMS 

drag coefficient from the FIU Wall of Wind testing accurately modeled the behavior of 

the sign structure under fatigue level winds, while the VMS drag coefficient from the 

AASHTO Supports Specifications was too conservative.  Thus, the study concluded that 

the drag coefficient results from the FIU Wall of Wind testing are relatively accurate and 

should be considered for incorporation into the AASHTO Supports Specifications. 

 

9.2.3 Sensitivity Study at UAB 

 

A sensitivity study was conducted at UAB to examine the impact of the newly 

developed VMS drag coefficients on the design of sign structures.  Two VMS structures 

with different span lengths (Structures A and B) were analyzed during the sensitivity 

study.  Static analyses were performed in SAP to measure the stress response due to wind 

loadings with varying VMS drag coefficients.  The stress response was examined in 

critical support members for extreme wind load cases and at critical connections for 

fatigue wind load cases.  The study considered three different VMS drag coefficients: Cd 

= 1.7 from the AASHTO Supports Specifications, Cd = 1.22 for a standard VMS based 

on the FIU Wall of Wind testing, and Cd = 1.0 for a VMS with modified edges.  Other 

parameters such as structure span and design wind speed were also analyzed.   

Stress ratios were developed to quantify the impact of changing the VMS drag 

coefficients on the design of the sign support structure.  These stress ratios were 

calculated using maximum stresses in the support members and at connection details.  
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The stress ratios showed that the new VMS drag coefficients resulted in significant 

reduction of member and connection stresses.   

For the extreme wind load cases, using a drag coefficient of 1.22 for a standard 

VMS resulted in member stress reductions ranging from 12 to 29%, while using a drag 

coefficient of 1.0 for a modified VMS resulted in member stress reductions ranging from 

18 to 38%.  These reductions in member stresses depended on a number of factors 

including structure span, design wind speed, and member type (post, chord, or diagonal). 

For the fatigue wind load cases, using a drag coefficient of 1.22 for a standard 

VMS resulted in stress reductions at critical connections ranging from 19 to 28%, while 

using a drag coefficient of 1.0 for a modified VMS resulted in stress reductions ranging 

from 28 to 41%.  These stress reductions at connection details depended on a number of 

factors including structure span and connection type (fatigue details 5.4 and 5.5). 

The study also concluded that the level of stress reduction due to using the new 

VMS drag coefficients depends on the following parameters: structure span, design wind 

speed, and reduction of the drag coefficient.  The study found that increasing the structure 

span will decrease the amount of stress reduction in the support members and 

connections.  On the other hand, increasing the design wind speed for the structure will 

increase the amount of stress reduction.  Finally, decreasing the drag coefficient will 

increase the amount of stress reduction in the support members and connections. 

 

9.3 Recommendations for Future Research 

 

The research performed for the VMS project was limited to the scope of the 

study.  However, the research findings led to other points of study which can be 
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considered for future research.  Recommendations for future research based on the 

findings of the VMS project are provided below: 

 

 More extensive testing and analysis can be performed to further investigate the 

impact of using rounded and chamfered edge modifications on VMS.  Further 

study could lead to new drag coefficients for round and chamfer edge applications 

which could be incorporated in the AASHTO Supports Specifications. 

 More extensive experimental testing of full-scale VMS structures can be 

conducted to further analyze the behavior of the structures for different wind 

conditions.  The amount of experimental data used for the drag coefficient 

verification study was limited due to the low wind speeds and varying wind 

directions measured.  Further experimental testing could attempt to collect data 

during higher wind intervals. 

 Wind tunnel testing can be performed for full-scale VMS structures to analyze the 

behavior of the structures under extreme wind loading conditions.  This would 

require a very large wind testing facility to accommodate the size of full-scale 

structures.   
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APPENDIX A 

 

SHOP DRAWINGS OF VMS STRUCTURES 
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Structure A – Alabaster VMS Structure 
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Structure B – Birmingham VMS Structure 
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APPENDIX B 

 

PRESSURE CALCULATIONS  
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Pressure Calculations for Drag Coefficient Verification Study 

     

 
 

   

    

    

 
ρ = 0.002367 slug/ft3 

 

 
 

   

    

    

 
z10 32.8 ft 

 
zVMS 24.6 ft 

 
V10/VVMS 1.041954 

  

 

Y-direction 

  
Uprights 
0 - 10 ft 

Uprights 
10 - 20 

ft 

Uprights 
20 - 28 

ft 
Bottom 
Chords 

Top 
Chords 

Vertical 
Truss 
Webs 

End 
Truss 
Web 

W6x9 
Track 

Hanger 

C8x11.5 
Track 
Side 

Support 
Ladder 
Angle 

Cd  1.2 1.2 1.2 1.2 1.2 1.1 1.2 1.7 2.0 2.0 

z (ft)  5 15 24 22.7 26.5 24.6 24.6 23.4 20.7 14 

(V/VVMS)
2 0.634 0.868 0.993 0.977 1.021 1.000 1.000 0.986 0.952 0.851 

P/VVMS
2  0.00090 0.00123 0.00141 0.00138 0.00145 0.00130 0.00142 0.00198 0.00225 0.00201 

Diam. (ft) 0.7188 0.7188 0.7188 0.2917 0.2917 0.1583 0.1096 0.3333 0.6667 0.2500 

P*d/VVMS
2  0.00064 0.00088 0.00101 0.00040 0.00042 0.00020 0.00015 0.000661 0.001502 0.000504 

AASHTO 
VMS 
Ratio 0.32181 0.44048 0.50379 0.20121 0.21031 0.10245 0.07735 0.32857 0.74661 0.25037 

FIU VMS 
Ratio 0.44843 0.61378 0.70200 0.28037 0.29305 0.14276 0.10779 0.45785 1.04036 0.34887 

 

 

 

 

 

 

 

 

 

 

𝑷 =
𝟏

𝟐
𝝆𝑽𝟐𝑪𝒅 (𝒑𝒔𝒇) 

𝑉𝑧 = 𝑉10(
𝑧

𝑧10
)1/7 
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X-direction 

  
Uprights 
0 - 10 ft 

Uprights 
10 - 20 ft 

Uprights 
20 - 28 ft 

Upright 
Webs 

End Truss 
Web 

WT6x13 
Truss 

Support 

W6x9 
Track 

Hanger 
Ladder 
Angle 

Ladder 
Rungs 

Cd  1.1 1.1 1.1 1.1 1.1 1.7 2.0 1.7 1.1 

z (ft)  5 15 24 14 24.6 22.5 23.4 14 14 

(V/VVMS)
2 0.634 0.868 0.993 0.851 1.000 0.975 0.986 0.851 0.851 

P/VVMS
2  0.000826 0.001130 0.001293 0.001108 0.001302 0.001961 0.002333 0.001713 0.001108 

Diam. (ft) 0.7188 0.7188 0.7188 0.1583 0.1096 0.5000 0.5000 0.1667 0.0833 

P*d/VVMS
2  0.000594 0.000812 0.000929 0.000175 0.000143 0.000981 0.001167 0.000285 0.000092 

AASHTO 
VMS 
Ratio 0.50149 0.68641 0.78507 0.14826 0.12054 0.82860 0.98581 0.24119 0.07803 

FIU VMS 
Ratio 0.50149 0.68641 0.78507 0.14826 0.12054 0.82860 0.98581 0.24119 0.07803 

 

 

  

Y-direction X-direction 
AASHTO 

VMS 
FIU       

VMS VMS 

Cd  1.7 1.22 1.0 

z (ft)  24.6 24.6 24.6 

(V/VVMS)
2 1 1 1 
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Pressure Calculations for Sensitivity Study 

 

Structure A – Alabaster VMS Structure 

 

Extreme Wind (90 mph) 

 

 
 

   

    

    

    

    

 
G 1.14 

 

 
V 90 mph 

 
Ir 1 

  

 

Y-direction 

  
Uprights        
0 - 16 ft 

Uprights      
16 - 22 ft 

Uprights      
22 - 28 ft 

Bottom 
Chords 

Top 
Chords 

Vertical 
Truss Webs 

Cd  1.2 1.2 1.2 1.2 1.2 1.1 

z (ft)  16 19 25 22.7 26.5 24.6 

Kz  0.860 0.892 0.945 0.926 0.957 0.942 

Pz (psf)  24.410 25.309 26.814 26.275 27.145 24.496 

Diam. (ft)  0.7188 0.7188 0.7188 0.2917 0.2917 0.1583 

Pz*d (plf)  17.544 18.191 19.273 7.664 7.917 3.879 

       

       Y-direction (continued) 

  
Vertical 
Struts 

W6x9 Track 
Hangers 

C8x11.5 
Track Side 

Support 

Ladder 
Angle 0 - 

16 ft 

Ladder 
Angle 16 

- 22 ft 

Ladder 
Angle 22 - 

25.3 ft 

Cd  1.2 1.7 2 2 2 2 

z (ft)  24.6 23.4 20.7 16 19 23.7 

Kz  0.942 0.932 0.908 0.860 0.892 0.935 

Pz (psf)  26.723 37.461 42.949 40.683 42.181 44.191 

Diam. (ft)  0.1096 0.3333 0.6667 0.2500 0.2500 0.2500 

Pz*d (plf)  2.928 12.486 28.634 10.171 10.545 11.048 

 

 

𝑃𝑧 = 0.00256𝐾𝑧𝐺𝑉2𝐼𝑟𝐶𝑑   (𝑝𝑠𝑓) 

𝐾𝑧 = 2.01(
𝑧

900
)2/9.5 
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Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

z (ft)  23.1 23.1 23.1 

Kz  0.930 0.930 0.930 

Pz (psf)  37.360 26.811 21.976 

 

 

Extreme Wind (150 mph) 

 

 
 

   

    

    

    

    

 
G 1.14 

 

 
V 150 mph 

 
Ir 1 

  

 

Y-direction 

  
Uprights        
0 - 16 ft 

Uprights      
16 - 22 ft 

Uprights      
22 - 28 ft 

Bottom 
Chords 

Top 
Chords 

Vertical 
Truss Webs 

Cd  1.2 1.2 1.2 1.2 1.2 1.1 

z (ft)  16 19 25 22.7 26.5 24.6 

Kz  0.860 0.892 0.945 0.926 0.957 0.942 

Pz (psf)  67.804 70.302 74.484 72.986 75.403 68.045 

Diam. (ft)  0.7188 0.7188 0.7188 0.2917 0.2917 0.1583 

Pz*d (plf)  48.734 50.530 53.535 21.288 21.993 10.774 

  

 
 
 
 
 
 
 
 
 
 

    

       

𝑃𝑧 = 0.00256𝐾𝑧𝐺𝑉2𝐼𝑟𝐶𝑑   (𝑝𝑠𝑓) 

𝐾𝑧 = 2.01(
𝑧

900
)2/9.5 
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Y-direction (continued) 

  
Vertical 
Struts 

W6x9 
Track 

Hangers 

C8x11.5 
Track Side 

Support 

Ladder 
Angle 0 - 

16 ft 

Ladder 
Angle 16 

- 22 ft 
Ladder Angle 

22 - 25.3 ft 

Cd  1.2 1.7 2 2 2 2 

z (ft)  24.6 23.4 20.7 16 19 23.7 

Kz  0.942 0.932 0.908 0.860 0.892 0.935 

Pz (psf)  74.231 104.060 119.304 113.007 117.171 122.752 

Diam. (ft)  0.1096 0.3333 0.6667 0.2500 0.2500 0.2500 

Pz*d (plf)  8.135 34.683 79.540 28.252 29.293 30.688 

 

 

  

Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

z (ft)  23.1 23.1 23.1 

Kz  0.930 0.930 0.930 

Pz (psf)  103.777 74.476 61.046 

 

 

 

Fatigue Wind 

 

 

 
 

  

   

   

 
IF 1 

 

Y-direction 

  Uprights  
Truss 

Chords 

Vertical 
Truss 
Webs 

Vertical 
Struts 

W6x9 
Track 

Hangers 

C8x11.5 
Track Side 

Support 
Ladder 
Angle 

Cd  1.2 1.2 1.1 1.2 1.7 2 2 

PNW (psf)  6.240 6.240 5.720 6.240 8.840 10.400 10.400 

Diam. (ft)  0.7188 0.2917 0.1583 0.1096 0.3333 0.6667 0.2500 

PNW*d  4.485 1.820 0.906 0.684 2.946 6.934 2.600 

 

𝑃𝑁𝑊 = 5.2𝐶𝑑𝐼𝐹  (𝑝𝑠𝑓) 
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Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

PNW (psf)  8.840 6.344 5.200 

 

 

 

Structure B – Birmingham VMS Structure 

 

Extreme Wind (90 mph) 

 

 

 
 

   

    

    

    

    

 
G 1.14 

 

 
V 90 mph 

 
Ir 1 

  

 

 

Y-direction 

  
Uprights 
0 - 11 ft 

Uprights 
11 - 16 ft 

Uprights 
16 - 21 ft 

Bottom 
Chords 

Top 
Chords 

Vertical 
Truss Webs 

Cd  1.2 1.2 1.2 1.2 1.2 1.1 

z (ft)  16 18.2 23.2 20.6 25.6 23.1 

Kz  0.860 0.884 0.931 0.908 0.950 0.930 

Pz (psf)  24.410 25.081 26.396 25.743 26.948 24.174 

Diam. (ft)  0.7188 0.7188 0.7188 0.4636 0.4636 0.1979 

Pz*d (plf)  17.544 18.027 18.972 11.934 12.493 4.784 

  

 
 
 
 
 

    

       

𝑃𝑧 = 0.00256𝐾𝑧𝐺𝑉2𝐼𝑟𝐶𝑑   (𝑝𝑠𝑓) 

𝐾𝑧 = 2.01(
𝑧

900
)2/9.5 
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Y-direction (continued) 

  
Vertical 
Struts 

W6x9 
Track 

Hangers 

C8x11.5 
Track Side 

Support 

Ladder 
Angle 0 - 

11 ft 

Ladder 
Angle 11 

- 16 ft 
Ladder Angle 

16 - 17.2 ft 

Cd  1.2 1.7 2 2 2 2 

z (ft)  23.1 22.5 18.6 16 18.2 21.3 

Kz  0.930 0.925 0.888 0.860 0.884 0.914 

Pz (psf)  26.372 37.153 41.993 40.683 41.801 43.208 

Diam. (ft)  0.1383 0.3333 0.6667 0.2500 0.2500 0.2500 

Pz*d (plf)  3.648 12.383 27.997 10.171 10.450 10.802 

 

 

  

Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

z (ft)  23.1 23.1 23.1 

Kz  0.930 0.930 0.930 

Pz (psf)  37.360 26.811 21.976 

 

 

 

 

Extreme Wind (150 mph) 

 

 
 

   

    

    

    

    

 
G 1.14 

 

 
V 150 mph 

 
Ir 1 

  

 

 

 

 

 

𝑃𝑧 = 0.00256𝐾𝑧𝐺𝑉2𝐼𝑟𝐶𝑑   (𝑝𝑠𝑓) 

𝐾𝑧 = 2.01(
𝑧

900
)2/9.5 
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Y-direction 

  
Uprights 
0 - 11 ft 

Uprights 
11 - 16 ft 

Uprights 
16 - 21 ft 

Bottom 
Chords Top Chords 

Vertical 
Truss Webs 

Cd  1.2 1.2 1.2 1.2 1.2 1.1 

z (ft)  16 18.2 23.2 20.6 25.6 23.1 

Kz  0.860 0.884 0.931 0.908 0.950 0.930 

Pz (psf)  67.804 69.669 73.321 71.509 74.857 67.150 

Diam. (ft)  0.7188 0.7188 0.7188 0.4636 0.4636 0.1979 

Pz*d (plf)  48.734 50.074 52.700 33.151 34.702 13.290 

       

       Y-direction (continued) 

  
Vertical 
Struts 

W6x9 
Track 

Hangers 

C8x11.5 
Track Side 

Support 

Ladder 
Angle 0 - 

11 ft 

Ladder 
Angle 11 - 

16 ft 
Ladder Angle 

16 - 17.2 ft 

Cd  1.2 1.7 2 2 2 2 

z (ft)  23.1 22.5 18.6 16 18.2 21.3 

Kz  0.930 0.925 0.888 0.860 0.884 0.914 

Pz (psf)  73.255 103.204 116.647 113.007 116.114 120.024 

Diam. (ft)  0.1383 0.3333 0.6667 0.2500 0.2500 0.2500 

Pz*d (plf)  10.134 34.398 77.769 28.252 29.029 30.006 

 

 

 

  

Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

z (ft)  23.1 23.1 23.1 

Kz  0.930 0.930 0.930 

Pz (psf)  103.777 74.476 61.046 

 

 

 

 

 

 

 



 

219 

 

Fatigue Wind  

 

 

 
 

  

   

   

 
IF 1 

 

 

Y-direction 

  Uprights  
Truss 

Chords 

Vertical 
Truss 
Webs 

Vertical 
Struts 

W6x9 
Track 

Hangers 

C8x11.5 
Track Side 

Support 
Ladder 
Angle 

Cd  1.2 1.2 1.1 1.2 1.7 2 2 

PNW (psf)  6.240 6.240 5.720 6.240 8.840 10.400 10.400 

Diam. (ft)  0.7188 0.4636 0.1979 0.1383 0.3333 0.6667 0.2500 

PNW*d  4.485 2.893 1.132 0.863 2.946 6.934 2.600 

 

 

  

Y-direction 

AASHTO 
VMS 

Standard 
FIU VMS 

Modified 
FIU VMS 

Cd  1.7 1.22 1.0 

PNW (psf)  8.840 6.344 5.200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑃𝑁𝑊 = 5.2𝐶𝑑𝐼𝐹  (𝑝𝑠𝑓) 
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APPENDIX C 

 

SAP STRESS DIAGRAMS FOR SENSITIVITY STUDY 
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Structure A – Alabaster VMS Structure 
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238 

 

 
 

 
 



 

239 

 

 
 

 
 



 

240 

 

 
 

 
 



 

241 

 

 
 

 
 

 

 

 

 

 

 

 

 



 

242 

 

Upright 4 
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Diagonal 1 
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Structure B – Birmingham VMS Structure 
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