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PREFACE

The Kansas Department of Transportation’s (KDOT) Kansas Transportation Research and New-
Developments (K-TRAN) Research Program funded this research project. It is an ongoing,
cooperative and comprehensive research program addressing transportation needs of the state of
Kansas utilizing academic and research resources from KDOT, Kansas State University and the
University of Kansas. Transportation professionals in KDOT and the universities jointly develop
the projects included in the research program.

NOTICE

The authors and the state of Kansas do not endorse products or manufacturers. Trade and
manufacturers names appear herein solely because they are considered essential to the object of
this report.

This information is available in alternative accessible formats. To obtain an alternative format,
contact the Office of Public Affairs, Kansas Department of Transportation, 700 SW Harrison, 2™
Floor — West Wing, Topeka, Kansas 66603-3745 or phone (785) 296-3585 (Voice) (TDD).

DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or the
policies of the state of Kansas. This report does not constitute a standard, specification or
regulation.
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Abstract

Cantilevered overhead sign structures (COSS) experience cyclic loading due to stochastic
loads such as natural wind gusts (NWG). Wind loading can produce large deflections in the
cantilever and large-magnitude stresses can develop at the box-type connection between the
cantilevered arm and mast where fatigue performance is a concern. Modifications to the sign
structures pose further concerns as changes to the aerodynamic properties could have unintended
consequences. A design consideration of COSS is serviceability of the sign through use of a steel
grate walkway that workers can use for maintenance on the sign. The steel grate walkways on
COSS are rarely used for maintenance, and thus are being removed by multiple state DOTs to
prevent vandalism. However, the impact on COSS with the removal of the walkways is unknown.

This report describes an investigation in which the dynamic and aerodynamic properties of
COSS were studied, and the effect of the walkway presence on structural response was explored.
Computer simulations of 32 different COSS configurations were carried out to see the effect of the
grate removal on the natural frequency and the mass of the overall structural system. Aerodynamic
performance was considered through the use of computational fluid dynamics (CFD) and
experimental testing, where wind pressure on the sign in both axial directions and effects of vortex
shedding were examined. Findings include: 1) the walkway had a minimal effect on the system’s
mass and natural frequencies, 2) the walkway had a minimal influence on the wind-induced force
on the sign, 3) vortex shedding was not exacerbated with removal of a walkway attachment, and
4) walkway removal did not significantly change stress magnitudes at the connection between the
cantilever and mast. Based on these findings, the removal of walkways from KDOT’s COSS was

not found to be problematic.
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Chapter 1: Introduction and Background

1.1 Background

Cantilevered overhead sign structures (COSS) are ubiquitous in highway infrastructure
across the United States. COSS are used to convey information to traveling motorists in an efficient
and effective manner. However, fatigue cracks have been discovered in COSS connections over
the past few decades, limiting the service lives of these structures, and sometimes even resulting
in complete failures. Because of such incidences, highway sign structures have received increasing
attention surrounding fatigue performance and design, with fatigue design provisions first being
included in the American Association of State Highway and Transportation Officials (AASHTO,
2001) Standard Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic
Signals (SLTS) in 2001.

There are four popular construction types for COSS: 1) monotube, 2) two-chord truss,
3) three-chord truss, and 4) four-chord truss, all of which are shown in Figure 1.1. These have the
same function and general shape, but different assemblies. The construction type is generally
uniform within a state, but varies across the United States.

COSS only require one support which reduces materials, earthwork, labor costs, and road
closures; thus, COSS can be a more attractive option to state DOTs when compared to a full-span
overhead sign structure. Additionally, using a single support reduces the number of hazards a

motorist can face in the event of an accident (Dexter & Ricker, 2002).



Figure 1.1: Popular COSS Construction Types: (a) monotube; (b) two-chord truss; (c)
three-chord truss; and (d) four-chord truss

COSS can experience high wind fluctuations from natural wind gusts. Natural wind
produces a significant load on COSS because the aluminum signs have a large surface area that
catches the wind. This wind loading can displace the COSS both vertically and horizontally, and
deflections can be quite substantial at the end of the cantilever. COSS undergo significant cyclical
loading in their lifetime due to wind loads, and experience substantial deflections in the mast truss.
Because of this, COSS are now designed with fatigue as a consideration.

Over the past three decades, a number of fatigue related failures have been observed in
COSS (Dexter & Ricker, 2002). Specifically, two-chord COSS experienced the highest number of
fatigue failures due to the dynamic response of natural wind gusts and susceptibility to vortex
shedding (Gallow, Fouad, & Hosch, 2015). Additionally, defective welds have been observed in
two-chord COSS. Such fabrication-related issues have resulted in the prevalence of crack

development and crack propagation in the connection between the mast truss and pole, called the



“box connection.” Figure 1.2 shows where state DOTs have been monitoring crack growth in a
box connection through discrete visual inspections. (Although the cracks are not visible in the

figure, marks indicating their growth are shown.)
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Figure 1.2: Typical crack monitoring at the box connection of a two-chord COSS

To accommodate maintenance of the signage and structure, COSS often include a steel
grate walkway in front of the sign, as shown in Figure 1.3. The walkway usually spans the whole
length of the sign and is typically made of steel grating supported on L-shaped hanger supports
suspended from the bottom chord of the truss. On occasion, the walkway attachment is removed
to reduce incidences of vandalism. The influence of walkway removal on the dynamic properties
of the structures and the aerodynamic shape of the sign is unknown. It is possible that removal of
the walkway could result in worsened fatigue performance of COSS, if it serves to substantially

disrupt air flow around the structure.
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Figure 1.3: Examples of a steel grate walkway on a two-chord COSS

1.2 Problem Statement

While intended to be a component for serviceability, the steel grate walkway can be a
liability for overhead sign structures (OSS). Vandals have been able to use walkways to deface
signs. To combat this, multiple state DOTs have removed walkways from OSS. Additionally, state
DOTs tend to now use bucket trucks for most maintenance on OSS, rendering the walkway
attachment somewhat unnecessary.

It is not evident what impact walkway removal has on the structural performance of COSS.
Two important structural characteristics are changed when the attachment is removed: 1) dynamic
properties of the COSS and 2) aerodynamic shape of the COSS. It is conceivable that such changes
may have significant effects on the fatigue performance of COSS. It is unclear how removing the
walkway attachment may affect the fatigue performance of two-chord COSS.

At first consideration, it may seem that removing mass at the end of a cantilever would
help improve fatigue performance of the structure by reducing natural frequencies, but it is possible
that other effects may have negative influence on fatigue performance. The removal of mass could
cause two-chord COSS to experience more fatigue cycles (Craig & Kurdila, 2006). The walkway
attachment could deflect wind gusts away from the sign, resulting in larger stress demands when
removed. The walkway could act as a diffuser to disrupt eddy interaction which leads to vortex
shedding. In other words, the steel grate walkway may be an unintended but important piece for

satisfactory fatigue performance.



1.3 Research Objectives

The aim of the research presented in this report is to characterize how the removal of
walkway attachments affects the dynamic properties and aerodynamic shape of two-chord COSS
used in the Kansas Department of Transportation highway inventory. This was achieved by using
both analytical and experimental techniques, specifically:

¢ Dimensional analysis of two-chord COSS — to capture a range of realistic
design characteristics and to produce a diverse group of two-chord COSS for
subsequent analytical modeling.

e Modal response definition —to characterize how two-chord COSS react under
natural wind gusts and certain aeroelastic phenomena, such as vortex shedding.

e Fundamental frequency calculation — to calculate changes in the dynamic
response for COSS with and without the walkway attachment.

e Computation fluid dynamic (CFD) modeling — to characterize how the
aerodynamic influence of the sign varies depending on the presence of the
walkway, considered by computing pressures on the sign, observing how wind
flows around the sign, and observing how eddies and vortices form and interact
in the wake of the sign.

e Experimental verification — to validate results obtained from the CFD
modeling through use of a wind tunnel at the University of Kansas.

¢ Dynamic loading — to characterize how COSS respond to natural wind using
loading data obtained from the CFD modeling.

By using this approach, conclusions have been drawn regarding the influence of the

walkway attachment on the fatigue performance of two-chord COSS.

It is important to note that truck-induced wind gusts (TIWG) were not investigated in this
research. TIWG result in considerably smaller-magnitude wind gusts when compared to natural
wind gusts (Creamer, Frank, & Klingner, 1979). Also, the walkway attachment is the most
influential area affected by TIWG. Without the attachment, TIWG would have negligible area to

project onto resulting in negligible force.



1.4 Report Organization

Section 1.5 presents a literature review of pertinent studies and findings on current
problems affecting COSS. The literature review also provides background information on the basis
of the methodology used in this research. Chapter 2 describes how the research was conducted.
Both analytical modeling techniques and experimental methods are described. Chapter 3 outlines
the results of both the analytical modeling and experimental testing. Chapter 4 summarizes the
results and formulates conclusions. Chapter 4 also includes recommendations for future work
around fatigue performance of COSS. The Appendix provides construction documentation and

additional results from the analytical modeling.

1.5 Literature Review

This section serves as background and context regarding performance problems
encountered with COSS, and outlines topics used as baseline assumptions in modeling techniques

summarized in Chapter 2.

1.5.1 Damage Reporting

Section 11 of the AASHTO (2015a) LRFD SLTS Specification outlines the requirements
and recommendations provided in NCHRP Reports 412 (Kaczinski, Dexter, & Van Dien, 1998)
and 494 (Fouad et al., 2003) for adequate fatigue design. Section 11 of this specification includes
updated loads for application on horizontal areas and also recommends the design of infinite
service life connections for both connections identified in NCHRP Report 412 (Kaczinski et al.,
1998).

Specification commentary provides additional information about galloping. The
commentary specifies that galloping produces the worst effects on nonsymmetrical cross sections
when including the shape of the sign in the cross section. Four-chord COSS have a more
symmetrical cross section than do two-chord COSS, when considering the sign in the cross section.
For that reason, the commentary specifies that galloping can be ignored for four-chord COSS,
which is one reason why more state DOTs are opting for the four-chord COSS construction type
over the two-chord design. Additionally, four-chord COSS do not utilize a box-connection, instead

using a collared plate connection.



1.5.1.1 NCHRP Report 412 (Kaczinski et al., 1998)

The National Cooperative Highway Research Program (NCHRP) Report 412 (Kaczinski
et al., 1998) describes the first phase of NCHRP Project 10-38, which aimed to improve the
performance of COSS by mitigating fatigue, improving established design criteria, and
investigating the root causes of why COSS are failing across the United States. Four wind loading
categories were identified as likely sources for large-amplitude vibrations, which when paired with
natural frequencies of COSS, could lead to fatigue failures. The four categories were: 1) natural
wind gusts, 2) truck-induced wind gusts, 3) galloping, and 4) vortex shedding. Revisions to the
AASHTO Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic
Signals were recommended.

NCHRP Report 412 included descriptions of the characteristics of natural wind gusts and
how they affect COSS. Natural wind gusts have a variability in velocity and direction of air flow,
and are characterized by a spectrum of fluctuating velocity components over a given plane
projected onto a structure. The fluctuating pressure inherent to natural wind gusts induces
vibrations onto a structure. Kaczinski et al. (1998) claimed that variations in velocity fluctuations
associated with natural wind gusts typically increase between 5 percent and 25 percent with intense
gusts. The subsequent AASHTO (2001) SLTS specifications compensate for this by applying a
gust factor of at least 1.14 to the design load, increasing for structures that require it. A case is
made that this factor is adequate for ultimate strength design of COSS, because state DOTs have
“no reported failures directly attributed to the exceedance of the ultimate strength of cantilevered
support structures due to extreme gust loading conditions” (Kaczinski et al., 1998). The authors
showed that natural wind gusts are purely aerodynamic and not aeroelastic like galloping and
vortex shedding. Therefore, “stiffening the structure or adding mass does not reduce the loading
effect as it does for aeroelastic phenomena.” The authors also claimed that “changing the natural
frequency through changes of mass and/or stiffness does not reduce the load effect significantly...”
(Kaczinski et al., 1998). This suggests that the variances in shape and mass across structures have
little effect on natural wind gusts.

A goal of NCHRP Project 10-38 was to categorize fatigue-critical connections in sign

structures to provide a way to better estimate remaining service life. Connections considered were:



1) the base of the supporting pole to the anchor bolts and 2) the connections between the supporting
pole and the mast truss, which vary by construction style. The connections were categorized with
respect to the AASHTO fatigue design curves shown in Figure 1.4 (AASHTO, 2015b). The
majority of connections between the supporting pole and the mast truss were classified as E or E’
connections, indicating very poor fatigue performance.

Evidence was presented that all COSS designed using the 1994 AASHTO Standard
Specifications for Structural Supports for Highway Signs, Luminaries, and Traffic Signals needed
to be reevaluated. In fact, 36 DOTs reported that they experienced fatigue problems with wind-
induced vibration of COSS. Generally, the reported vibrations were observed to occur in the plane
of the structure, activated by aeroelastic phenomena. The subsequent AASHTO (2001) SLTS
compensates for this by applying a vertical 21 psf (1,005 Pa) pressure to all horizontal areas of the

sign structures for sufficient strength for galloping.

1.5.1.2 NCHRP Report 494 (Fouad et al., 2003)

Work described in NCHRP Report 494 (NCHRP Project 17-10(2), Fouad et al., 2003) was
a continuation of the work begun under NCHRP Project 10-38, extending the research to non-
cantilevered sign structures, which have also exhibited fatigue problems. Eight state DOTs
reported problems with OSS. Fouad et al. (2003) made the case that COSS and OSS fatigue
problems stemmed from the same wind induced vibration. This resulted in the creation of new
fatigue criteria that would change the existing loading recommendation. As in the work done under
NCHRP 10-38, the four categories responsible for wind induced vibration were: 1) natural wind
gusts, 2) TIWG, 3) galloping, and 4) vortex shedding. The loading recommendations are as follows,
where the values are applied to all horizontal areas of all OSS:

e Natural wind gusts — 5.2 psf (250 Pa).

e Truck-induced wind gusts (TIWG) — 10.2 psf (490 Pa), recommendation also
provides a 7.5 psf (360 Pa) horizontal load to vertical faces, but this is
dramatically less than natural wind gusts.

e Galloping — 21 psf (1,000 Pa), can be ignored for non-cantilevered structures.

e Vortex Shedding — may be disregarded as long as “...sign blanks are used

during the construction...” (Fouad et al., 2003). This is to prevent exposed



shapes that are susceptible to eddy interaction at critical points in the span of
the sign structures.

These loading recommendations were adapted in the successive AASHTO Specifications
(AASHTO, 2004). Despite the research conducted in the report, it is still unclear whether or not
fatigue failures in COSS and OSS are primarily induced by large-magnitude loads produced by
galloping and vortex shedding, or if the problems primarily stemmed from fabrication errors. The
authors concluded that additional testing, inspections, and data collection would be required before
definitive conclusions can be drawn.

The authors recommended using additional gusset plates or thicker steel plates in the
connections between the supporting pole and the mast truss (typical connection shown in Figure
1.2), to increase the stiffness of the structure and provide additional moment capacity at the

connection.
1.5.2 Fatigue

1.5.2.1 Mechanical Behavior of Materials (Dowling, 1999)

A structure’s service life is a function of how adequately it can mitigate fatigue, where
fatigue is the progressive deterioration of a material over time. Fatigue is caused by crack
development at stress concentrations produced under cyclical loading. Cyclical stress range and
the anticipated number of loading cycles are used in engineering designs of structures subjected to
repeated loading. Fabrication of metal connections involves welding together steel plates and
drilling or punching holes for bolts. Both processes develop microscopic cracks in the connections.
This is due to residual stresses caused by rapid heating and cooling, and material yielding
exacerbating slip planes.

Fatigue cracks can develop in connections due to stress concentrations and the prevalence
of connection features, such as welds or holes. Knowing the nominal cyclical stress and anticipated
number of loading cycles, the fatigue life of a connection can be estimated. This is done using S-
N (stress range-number of cycles) curves, which are based on categories of connections, by
estimating the number of cycles until failure occurs under a certain stress range. Figure 1.4 shows

AASHTO S-N curves for all detail categories (AASHTO, 2015b). The fatigue performance of a



connection is categorized as showing decreasing fatigue performance as reference lines move from
A to E’. The horizontal lines represent a constant amplitude fatigue limit, such that a detail will

not experience failure under that stress range.
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Figure 1.4: AASHTO S-N curves for all detail categories
Source: AASHTO (2015b)

1.5.3 Dynamic Properties

1.5.3.1 Fundamentals of Structural Dynamics (Craig & Kurdila, 2006)

Resonance is an important consideration in the design of structures with large spans and/or
cantilevers, and is a phenomenon that occurs when the frequency of an oscillating load applied to
a structure matches the structure’s natural frequency. Even with seemingly insignificant loads,
resonance can result in harmonic, large-amplitude motion with catastrophic consequences. A
structure’s natural frequency is a dynamic property derived from two characteristics: mass (m) and

stiffness (k). Equation 1.1 defines a structure’s natural frequency (fu):

_ 1 stiffness _ 1 E .
fn=57"mass = Zn\/; Equation 1.1

Damping () is not present in the relationship because damping reduces the amplitude of

the response over time and does not affect natural frequency. Damping characterizes energy loss
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in a system, and cannot be derived from structural properties, unlike mass and stiffness. In most
cases, a damping magnitude is assumed in analyses based on engineering judgment; otherwise,
damping may be experimentally measured.

Most practical structures have multiple ways of deflecting due to varying directionally of
loading. These structures are multiple-degree-of-freedom (MDOF) systems, meaning that they
have more than one mode shape. A mode shape describes how a structure will deform under certain
loading patterns, and each mode shape has an associated natural frequency. Mode shapes are
activated under different loading conditions and result in different deflections and system behavior.
Stiffness and mass are not isotropic; thus, the dynamic properties of a system change depending
on the system’s orientation. Structures with long spans and/or cantilevers have multiple ways of
deflecting; thus, making them MDOF structures. Two-chord COSS are MDOF structures with two

characteristic mode shapes defined in Section 2.2.

1.5.4 Voortex Shedding

Vortex shedding is an aeroelastic phenomena that can produce vibrations in structures to
the point of extreme deflections and even failure. Vortex shedding occurs from the interaction of
eddies and vortices that curl behind an object in a constant stream of fluid. The formation of eddies
is caused by “a laminar boundary layer on the [edge of a surface that] often separates and forms a
separated shear layer” (Yarusevych, Sullivan, & Kawall, 2009). This separation and creation of

two different layers of flow are shown in Figure 1.5 and Figure 1.6.
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(a) Laminar Separated Transition

separation shear layer /

—_—
——
(b) Laminar Transition Reattachment
separation \ /
—
——

Figure 1.5: Flow layer development on an airfoil with a) separation and b) reattachment to
the cross section

Source: Yarusevych et al. (2009)

Direction of
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Wind direction
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wake of 'ﬂbfﬂlll‘lg
element

Figure 1.6: Vortex shedding on a cylinder
Source: Rice, LaFave, & Mehuys (2008)

Figure 1.5 shows the effect of the air stream reattachment to the structure, which causes

curls in the wake of the shape (Figure 1.6). These curls represent shear, and if the developing shear

begins to alternate symmetrically about a structure, movement will be induced (Holmes, 2007).
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The eddies that form in the shear layer push on the edges of a structure incrementally, and if the
oscillation of the eddy formation matches the structure’s natural frequency, resonance can occur -
especially in structures with long spans and cantilevers, such as cable-stayed bridges and sign
structures. Infamously, the Tacoma Narrows Bridge in Washington collapsed in 1940 due to vortex

shedding interacting with the long span of the bridge as shown in Figure 1.7.

Figure 1.7: Vortices interacting with the Tacoma Narrows Bridge cross section
Source: Voss (2016)

Vortex shedding typically develops at constant wind speeds of 45 mph (20.1 m/s) or lower
(AASHTO, 2001) and vibrates a structure in a direction perpendicular to the flow. Vortex shedding
typically affects shapes with large and smooth cross sections, such as large-diameter cylinders, but
“can occur in other bluff bodies such as triangles, rectangles, or H and L shapes” (Kacin, 2009).
Monotube-style COSS and OSS have been especially susceptible to vortex shedding. Figure 1.8
shows the large deflections that can occur under vortex shedding, with the long, exposed

cylindrical tube creating the conditions for this phenomenon.
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(b)

Figure 1.8: Monotube OSS experiencing galloping effects of vortex shedding (a)
downward; (b) upward

Source: Global News (2012)

AASHTO (2001) SLTS provides commentary describing when natural wind gusts can
affect sign structures to the point of producing vortex shedding. If wind speeds are between 10
mph (4.47 m/s) and 45 mph (20.1 m/s) then vortex shedding has a higher probability of occurring.
Conditions tend to be too turbulent at wind speeds higher than 45 mph (20.1 m/s) to produce vortex
shedding, and not significant enough to produce vortex shedding at wind speeds under 10 mph
(4.47 m/s; AASHTO, 2001).

Although vortex shedding is not a common phenomenon, its effects can be catastrophic, so

it is important to mitigate eddy interaction to combat this aeroelastic phenomena.
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Chapter 2: Methods

This chapter describes the research methodology used in this investigation. Both analytical

modeling techniques and experimental methods are detailed in this chapter.

2.1 Design Envelope and Model Selection

The Kansas Department of Transportation (KDOT) provided this project with construction
specifications for two-chord COSS used in the KDOT highway inventory. The specifications
include six “Dimension Design” groups, which define member sizes, dimensions, and spacing. A
Dimension Design group is usually dependent on the size of the sign the two-chord COSS is
supporting. Characteristics such as pole height, mast truss length, and sign size are site dependent,
for which KDOT provided 110 examples of constructed COSS. From the specifications and
constructed examples, three variable design characteristics were identified as shown in Figure 2.1:
1) sign size (x;); 2) mast truss length (x2); and 3) pole height (x3). It is important to note that the
sign’s aspect ratio (x;/y) is generally dependent on the size of the sign. Large signs generally have
lower aspect ratios where x; = y;, while smaller signs generally have higher aspect ratios where
X1 > yi.

The constructed examples display a wide range of variable design characteristics. Figure
2.2 shows a labeled photograph of a KDOT COSS, indicating common terminology for the various
elements of the structure. Figure 2.3 shows a dimensional envelope derived from the 110
constructed examples provided by KDOT. Since the size of the sign usually determines the
Dimension Design group for a given two-chord COSS, member section, dimensions, and spacing
are all a function of the sign size. Because of this, changes in sign size are strongly correlated with
structural mass and stiffness. The walkway has little effect on structural stiffness due to its

connection to butterfly supports which are not critical to the structure from a strength perspective.
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Figure 2.2: Constructed KDOT COSS
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Figure 2.3: COSS dimensional envelope (based on 110 examples provided by KDOT)

Twenty-seven base models were created, to capture combinations of three sizes for the
three variable design dimensions (sign size, x; & y; mast truss length, x2; and pole height, x3).
The sizes chosen were intended to capture a range of small/short, medium, and large/long
dimensions, based on the example set provided by KDOT. Medium values were chosen by
calculating the rounded average of the constructed examples. Small (short) and large (long) values
were chosen by the rounded-up standard deviation of the constructed examples in each direction.
Table 2.1 shows the calculated values for each design parameter.

In addition to the 27 base models, an additional five models representing extreme cases
were added, which represented the smallest and largest bounds of the constructed examples
provided by KDOT (one of the constructed examples had both the shortest pole and shortest mast

truss length which is why the addition is five and not six).
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Because sign size is closely correlated with the dimensions of two-chord COSS, Table 2.2
outlines each of the member sections and number of butterfly supports based on sign size, while
Table 2.3 outlines the member spacing as a function of sign size. This dimensional analysis yielded

32 sign structures that encompass the diverse dimensional parameters for KDOT two-chord COSS.

Table 2.1: Design Parameter Values

Small (Short) Medium Large (Long)
Characteristic
ft-in. (m) ft-in. (m) ft-in. (m)
Sign Length 12°-0” (3.658) | 16’-0” (4.877) | 20’-0” (6.096)
Sign Height 6’-0” (1.829) | 9-0” (2.743) | 12’-0” (3.658)
Aspect Ratio, (x1/y1) 2.0 1.8 1.7

Mast Truss Length | 12’-0” (3.658) | 16’-0” (4.877) | 20’-0” (6.096)
Pole Height 25’-0” (7.620) | 27°-0” (8.230) | 29'-0” (8.839)

Table 2.2: Member Sections Based on Sign Size

Section Small Sign Medium Sign Large Sign
Chord HSS8.625x0.5 | HSS10.75x0.307 | HSS12.75x0.375
or
(HSS21.91x1.27) | (HSS27.31x0.78) | (HSS32.39x0.95)
Web HSS3x0.375 HSS3x0.375 HSS3x0.375
e
(HSS7.62x0.95) | (HSS7.62x0.95) | (HSS7.62x0.95)
Pol HSS16x0.375 HSS18x0.375 HSS18x0.375
ole
(HSS40.64x0.95) | (HSS45.72x0.95) | (HSS45.72x0.95)
Z4x8.2 Z4x8.2 Z4x8.2
Butterfly Supports*
(210.16x20.83) (Z210.16x20.83) (210.16x20.83)

*Z-Shapes are similar to small wide flange beams, and not Z-Channels.
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Table 2.3: Member Spacing Based on Sign Size

Small Sign | Medium Sign | Large Sign
Section
ft-in. (m) ft-in. (m) ft-in. (m)
Vertical spacing between chords, A | 4'-0" (1.219) | 6-0” (1.829) | 6’-0” (1.829)
Truss panel length, N 7-0"(2.134) | 7-0" (2.134) | 7-0” (2.134)
Spacing between butterfly supports, Z | 4’-6” (1.372) | 4’-4” (1.321) | 5’-8" (1.727)
No. of Butterfly Supports 3 4 4

Model nomenclature represents the three variable design dimensions: x; & y;, x2, and x3.
The arrangement of the model nomenclature is shown below with x and y representing dimensions

in feet;

Sxq{xy1 — Lx; — Pxj Equation 2.1

The first two values following S define the sign size, where x1 defines the sign length, y1
defines the sign height, and the “x” separates the two dimensions. x> defines the mast truss length
from the pole. Finally, x3 defines the pole height. Figure 2.1 displays where the dimensions

correspond on a two-chord COSS.

2.2 Characteristic Mode Shapes

Two-chord COSS have two characteristic modes. These modes are characterized by
different deflections and are activated under different loading scenarios. The two modes are
dramatically different and produce peak stresses in different locations in COSS members and
connections. These critical loads come from wind, which is random in nature (stochastic) and can
cause harmonic responses under certain aeroelastic phenomena.

The first characteristic mode has a torsional mode shape and is produced at the lowest
natural frequency of all two-chord COSS systems. In this torsional mode, the sign and mast truss
rotate about the fixed pole. This mode is activated by natural wind gusts, and can cause large, out-
of-plane stress concentrations in the connection between the pole and mast arms. Figure 2.4 and

Figure 2.5 display the torsional mode shape.
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Figure 2.4: Torsional mode shape (3D perspective view)
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Figure 2.5: Torsional mode shape (top-down view)

Figure 2.6: Chopping mode shape (3D perspective view)
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Figure 2.7: Chopping mode shape (front-on view)

The second characteristic mode has a distinct “chopping” mode shape and occurs at the
second lowest natural frequency of all two-chord COSS systems. In the chopping mode, the sign
and mast truss displace vertically in-plane with the pole. This mode is activated by truck-induced
wind gusts and global and local vortex shedding. Global vortex shedding can occur in the wake of
the sign, while local vortex shedding can occur in the wake of both chords. The chopping mode
can produce large, in-plane stress concentrations in the connection between the pole and mast arms.
Figure 2.6 and Figure 2.7 display the chopping mode shape.

Both of these characteristic modes are investigated as removal of the walkway results in a
significant mass loss on the end of the cantilever. The end of a cantilever is the most influential
part when investigating the effect mass has on a system’s response frequency. The removal of the
walkway has little effect on the stiffness of the system, since it is not directly connected to any

critical members.

2.3 Finite Element Modeling — Fundamental Frequencies

The commercially-available finite element software package, Abaqus/CAE 2016 (Dassault
Systémes Simulia [DSS], 2014) was used to create 3D, linear-elastic, finite element models of the

32 OSS described in Section 2.1.
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2.3.1 Part and Assembly Creation and Meshing

Five parts were created for each COSS model. The butterfly supports, mast truss, and pole
were modeled using wire elements with sections defined from the construction specifications
provided by KDOT. The mast truss, which includes the two tube chords and pipe diagonals, was
created as one part, as opposed to separate parts and brought into the assembly for later
connectivity. The sign was modeled with infinitely stiff, 3D shell elements with a thickness of 1/16”
(0.159 cm). In practice, large overhead signs are created with aluminum channels where the flanges
are bolted together to achieve the desired height and thus are quite rigid. In addition, the signs are
laterally supported along the bottom chord, which provides additional stiffness. The walkway was
also modeled with infinitely stiff, 3D shell elements, here with a thickness of 1 1/2” (3.81 cm).
The sign and walkway were modeled as having infinite stiffness to help mediate local vibrations
contributing to global response frequencies. To consider the validity of these simplifications, the
dynamic properties of the COSS were also computed using the specified material stiffness, and the
global dynamic properties were negligibly affected as compared to the models with infinite
stiffness parameters defined for the sign and walkway. All five parts were initialized into the
assembly and placed according to the specifications.

After the parts were created and sections and orientations were assigned, the parts were
assigned a mesh. Meshing is generally not critical for frequency steps and should be assigned based
on the complexity of a member (DSS, 2015). Linear-beam meshing techniques were applied to the
butterfly supports, mast truss, and pole due to the parts being wire elements. Quad-dominated
meshing techniques were applied to the sign and walkway. The typical mesh density used for each
part (nodes are highlighted) is shown in Figure 2.8. All five parts’ mesh were sized controlled, and

Table 2.4 outlines the seed size of each part.
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Table 2.4: Part Meshing Seed Size

Seed Size
Part
in. (cm)
Sign 10.0 (254)

Butterfly Support | 4.00 (10.2)

Mast Truss 4.00 (10.2)

Pole 12.0 (30.5)

Walkway 10.0 (25.4)

a) sign

b) walkway c) butterflv support d)pole

e) mast truss

Figure 2.8: Typical mesh used for each part in the COSS dynamic models: a) sign, b)
walkway, c) butterfly support, d) pole, and e) mast truss
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2.3.2 Material Definition

Two materials were used for the modeling of the COSS in accordance with the construction
specifications. The pole, mast truss, butterfly supports, and walkway were modeled with nominal
linear-elastic properties for steel, while the sign was modeled with nominal linear-elastic properties
for aluminum. Table 2.5 outlines the materials and their pertinent properties (ASTM
A709/A709M-18, 2018; ASM International Handbook Committee, 1990). It is important to note
that the construction specifications allow for either a steel or aluminum walkway, but steel was
chosen due to its higher density, resulting in a greater effect on the reduction of mass when

removed.

Table 2.5: Dynamic Modeling Material Properties

[o} E v

Material | Description
Ib/ft® (kg/m?®) | ksi (GPa) -

Steel A709 Gr. 36 | 490.0 (7,849) | 29,000 (200) | 0.29

Aluminum | 6061-T6 168.5 (2,699) | 10,150 (70) | 0.33

2.3.3 Connections and Boundary Conditions

All connections between parts were modeled using tied constraints, which is reasonable
referencing the construction specifications. Below is a list of all the connections and how they
were modeled:

e Connections between pipe diagonals and tube chords (mast truss) — wire part

tied constraint — the end nodes in the pipe webs were connected to
corresponding nodes in the tube chords to create a single, rigid part.

e Connections between the walkway and butterfly supports — surface to node
region tied constraint — the wire elements in the butterfly supports’ horizontal
members contacting the walkway were master node regions, and the bottom of
the walkway was taken to be the slave surface.

e Connections between the sign and the butterfly supports — surface to node

region tied constraint — the wire elements in the butterfly supports’ vertical
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members contacting the sign were made master node regions, and the surface
facing the butterfly supports was the slave surface.

e Connections between the butterfly supports and mast truss — node region to
node region tied constraint — the wire elements in the chords of the mast truss
contacting the butterfly supports were assigned as master node regions, and the
wire elements in the butterfly supports’ vertical members contacting with the
chords of the mast truss were slave node regions.

e Connections between the mast truss and pole — node region to node region tied
constraint — the wire elements in the pole contacting the chords of the mast truss
were master node regions, and the two end nodes in the mast truss contacting
the pole were slave node regions.

e The base of the pole was modeled as a fully fixed support.

2.3.4 Step Creation

Natural frequencies were computed using a frequency step with computations performed
using linear perturbation. After the natural frequencies were computed, the walkway was removed
from the assembly along with Constraint 1 from Section 2.3.3 and the model execution was
repeated. Therefore, natural frequencies were determined for each model geometry twice — once
with the walkway in place, and once with the walkway removed. The mass percentage of the

walkway when compared to the whole system was recorded as well.

2.4 Loading Methodology

To analyze how the walkway attachment affected the aerodynamic shape of the sign, a two-
step approach was taken, utilizing computational fluid dynamics models and dynamic structural
models. The computational fluid dynamics models were created to determine the forces acting on
the sign under different wind velocities, and to examine interactions between the sign (with and
without the walkway) and wind. This is done by modeling the influential part of the sign structure
as a void space in a fluid domain. However, it is extremely difficult to also capture structural
interactions within a computational fluid dynamics model (i.e., true fluid-structure interaction).

Therefore, dynamic structural models were also utilized to examine structural responses (such as
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in-plane vibrations and associated stresses stimulated by aeroelastic phenomena) of the overall
COSS under time history loadings extracted from the computational fluid dynamics models.
Therefore, the first step was to create computational fluid dynamics (CFD) models of the COSS
and extract member forces induced by wind across a time history. The second step was to apply
those extracted forces from the CFD models and apply them as time-dependent loads within the

dynamic structural models. Figure 2.9 outlines the methodology framework.

Two-chord COS55 geometrical model
selection and wind speed selection

Y

CFD analysis

Y

Extracted forces

!

Applied loads

Y

Y

Dynamic structural models

:

Summarize data and form conclusions

Figure 2.9: Methodology framework

This process can be described as quasi-fluid-structure-interaction, since the whole sign
structure was not modeled in the fluid domain in the CFD analysis. Figure 2.10 highlights the
influential surfaces investigated between the two models. Detailed descriptions of the modeling

techniques are described in the subsequent section.
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Figure 2.10: Investigated surfaces between the dynamic loading model (left) and the CFD
model (right)

2.4.1 Design Loads and Wind Speed Selection

AASHTO (2015a) LRFD Specifications for Structural Supports for Highway Signs,
Luminaires, and Traffic Signals First Edition, in conjunction with American Society of Civil
Engineers (ASCE, 2010) 7-10: Minimum Design Loads for Buildings and Other Structures, define
the wind loads that COSS must be designed to resist.

Equation 2.2 defines the design wind pressure and is derived using standard air (defined in
Section 2.5.1) and the theoretical pressure equation for a fluid contacting a surface. The resulting

Pressure (P) is a function of the fluid’s density (p) and the speed at which the fluid is moving (V).
P= %pVZ Equation 2.2

Equation 2.3 is defined in ASCE 7-10 and calculates the design wind pressure for a
structure. This equation takes into account the structure’s location, height, surrounding features,
and dynamic response, giving it more factors than the previous equation. The first factor in
Equation 2.3 (0.00256) is equal to half of the density of air multiplied by the squared conversion
of mph to ft/s (this factor changes to 0.613 for SI units). The design wind pressure (P:) is calculated
in psf using the basic wind speed (V) in mph. K., K4, G, and Cy are all unitless factors and

coefficients and are defined in Table 2.6.
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P, =0.00256K,K,GV?*C, Equation 2.3

Table 2.6: Wind Pressure Equation Calculated Factors and Coefficients

Factor/Coefficient Variable | Value
Height and Exposure Factor K, 0.94
Directionality Factor K, 0.85
Gust Effect Factor G 1.14
Drag Coefficient Cy 1.18

KDOT’s COSS are designed to resist a 105 mph (46.9 m/s) wind speed for natural wind
loading, which corresponds to a wind load of 30.4 psf (1,460 Pa). Changing the wind speed in
Equation 2.3 results in a second order change in the design wind pressure.

The Gust Effect Factor which combines the dynamics of a structure with its design wind
load (more rigid structures have lower Gust Effect Factors), was calculated using Section 26.9 in
ASCE 7-10. It is typically used if a structure has a natural frequency lower than 1 Hz, which is
characteristic for some two-chord COSS. The Gust Effect Factor is a function of the natural
frequency of a structure and the height of the influential area. The Gust Effect Factor was
calculated to be less than the minimum of 1.14, so 1.14 was used. The mean hourly wind speed
(V) was calculated in the process and was determined to be 61.2 mph (27.4 m/s). The mean hourly
wind speed is an important value because it defines the average wind speed a structure is likely to
see at the structure’s height during severe weather events. The average sign height defined in
Section 2.1 was used to compute the mean hourly wind speed.

Three wind speeds were ultimately chosen for investigation: 1) 105 mph (46.9 m/s), 2) 61.2
mph (27.4 m/s), and 3) 30 mph (13.4 m/s) representing: 1) the basic design wind speed, 2) the

mean hourly wind speed, and 3) a relatively equidistant lower wind speed, respectively.
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2.5 Computational Fluid Dynamics (CFD) Modeling

The commercially-available Abaqus/CFD 2016 finite element analysis software (DSS,
2014) was used to create computational fluid dynamics models to quantify the forces that
developed in the COSS from natural wind gusts. The CFD models were also used to examine
changes in the aerodynamic behavior of the sign structures with removal of the walkway. It is
important to note that the CFD models are time-dependent.

The CFD models included the sign, chords directly behind the sign, butterfly supports, and
walkway attachment, which together are referred to as the “CFD Structure” herein. The pole,
webbing in the mast truss, and chords connecting the sign and pole were excluded from the CFD
model for simplicity and convergence. This portion of the COSS is at the end of the cantilever and
experiences the most significant loading when compared to the rest of the structure, making it the
most influential part for stress development in the connections. Additionally, the walkway only
spans in the CFD Structure’s domain, and has no effect on the aerodynamic behavior of the pole
or mast truss connecting the sign and the pole.

Since the mast truss and pole were omitted from the CFD models, the sign size and
presence of a walkway attachment were the influential design characteristics captured in the fluid
domain. The three sign sizes from the construction specifications, two attachment conditions, and
three wind speeds defined in Section 2.4.1 accounted for the 18 CFD models that were constructed.
The model creation process was similar across the different sign sizes and attachment conditions.
The fluid domains were the same for each wind speed. Different wind speeds only changed the

velocity and the time period.

2.5.1 Defining CFD Interaction Surfaces and Material Definition

Important characteristics of the CFD models were defined before modeling commenced.
Air is a compressible fluid, and its material properties change with atmospheric temperature and
pressure. Atmospheric pressure and temperature can vary throughout the year, resulting in a change
of density of £10% (Hall, 2015). Because of this, standard air was modeled. Standard air has a
pressure of 14.7 psi (1 atm) and a temperature of 59° F (15° C). The properties used for air in the
CFD are detailed in Table 2.7 (Hall, 2015; Kadoya, Matsunaga, & Nagashima, 1985).
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Table 2.7: CFD Material Properties

Material

o}

M

Description

Ib/ft® (kg/m?3)

Ib-s/ft? (Pa-s)

Air

Standard Air | 2.37-10 (3.80-102)

3.785:107 (1.789-10%)

The various surfaces in the CFD model were examined to determine how forces changed
on the sign over time. These surfaces were: a) sign face, b) back of sign, c) top of sign, d) bottom
of sign, e) top chord, f) bottom chord, g) top of grate, and h) bottom of grate, and are shown in
Figure 2.11. Surfaces g) and h) did not exist in the CFD models without the walkway attachment.
The vertical sides on the sign, walkway attachment, and chords were ignored for data extraction
due to the symmetry of the fluid domain, and pressure applied to the vertical edges of the dynamic
loading models would have a negligible effect on the torsional and chopping modes. The butterfly

supports were ignored for data extraction, since the sections are very small resulting in negligible

forces.

a) sign face

€) top chord

f) bottom chord

c) top of sign

o) top of grate

d) bottom of sign

h) bottom of grate

Figure 2.11: Influential surface locations used for force extraction from the CFD models:

a) sign face, b) back of sign, c) top of sign, d) bottom of sign, e) top chord, f) bottom

chord, g) top of grate, and h) bottom of grate

30




2.5.2 Part and Assembly Creation, and Boundary Condition Selection

The fluid domain for a CFD model can be very sophisticated, especially if the domain is
fluid moving around an object and not fluid moving through a space. Research performed by Chao,
Jiao, and Liu (2016) aimed to accurately describe the force applied by wind loading on large signs.
They achieved this by creating a CFD model of a very simple sign shape. The CFD modeling was
done using CFX by Ansys and the fluid domain is shown in Figure 2.12. Chao et al. (2016)
described the steps to produce a typical fluid domain around a large sign shape. There are two

important steps for correct fluid domain creation: 1) void space modeling and 2) boundary
condition selection. In particular:

e The CFD Structure being investigated should be modeled and cut from a larger domain,

leaving behind walls or void spaces that match the actual structure.

e Boundary conditions are the exterior faces of the larger domain. The faces should be

far enough away so that boundary effects do not interfere with the aerodynamic effects
being investigated.

Board: No Slip Wall
P

e

P g
_.-o-"“'f”"- il ’
L — 2 d_—'-""‘;.f’ -
e Outlet
e _—
_.—-"'---.-'_F-_

Lo Others: Slip Wall

Figure 2.12: CTX fluid domain
Source: Chao et al. (2016)

If the CFD Structure is too near a boundary condition, wakes and eddies will contact the
boundary faces and produce boundary effects. The effects will likely result in model divergence
as the low pressure turbulence contacting an inlet/outlet condition will cause cavitations. Model

divergence results in invalid data or model instability. This is most important for the fluid outlet
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boundary condition due to the significant turbulence in the wake of a flat plate. The outlet boundary
condition should be placed approximately eight times further away from the CFD Structure than
the fluid inlet.

The type of boundary condition is important, as well. If surrounding boundary conditions
(other than the inlet and outlet) are modeled as no-slip walls, turbulence from the walls will act in
conjunction with turbulence from the CFD Structure, creating a faux-bottleneck condition which
increases the fluid’s speed around the CFD Structure. Therefore, boundary conditions other than
the inlet and outlet should be modeled as slip walls, or as having pressurized inlet/outlet conditions.

A study performed by Gemba (2007) described the boundary layer created by flow over a
flat plate, while investigating functions to describe its shape in both laminar and turbulent flow. A
boundary layer inherently grows as it moves past its influential shape. It shifts from laminar to
turbulent flow, as shown in Figure 2.13. The boundary layer thickness is important to estimate to

mitigate boundary effects for both CFD modeling and wind tunnel testing.

Transition
Laminar |_ / Turbulent g

Zi3 =2
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L~

Figure 2.13: Profile of flow over a flat plate
Source: Gemba (2007)

Equation 2.4 and Equation 2.5 can be used to estimate the boundary layer thickness (0) as
a function of distance away (L) from the influential area for laminar and turbulent flow,

respectively.

_5L :
/, /Re Equation 2.4
or = OIBBZL/W Equation 2.5
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The Reynolds number (R.) is an important constant in these equations as it characterizes
the flow as laminar or turbulent. The Reynolds number of a fluid is defined by Equation 2.6, and

its variables are defined in Table 2.8 for standard air.

Re =— Equation 2.6

Table 2.8: Reynolds Number for Standard Air (CFD Modeling)

Variable Notation Value Units (S.1.)
Density P 2.37-103(3.79:10?) | Ib/ft3 (kg/m3)
Velocity* 4 44 (13.4) ft/s (m/s)
Characteristic Length** L 0.125 (3.81:10%?) ft (m)
Dynamic Viscosity u 3.785-107 (1.789:10%) | Ib-s/ft?> (Pa-s)
Reynolds Number Re 34400 -

*30 mph = 44 ft/s (13.4 m/s)
**1.5in. = 0.125 ft (3.81 cm)

The lower the fluid’s velocity, the larger the boundary layer thickness, and because of this
the lowest wind speed was chosen for this calculation. In this application, the characteristic length
is the thickness of the sign. Using the Reynolds number for a wind speed of 30 mph (13.4 m/s) and
a characteristic length of 1.5 in. (38.1 mm), a turbulent boundary layer thickness (dr) was
computed as a function of distance away from the CFD Structure (L). This is shown in Equation

2.7:
6r =0.0473L Equation 2.7

The turbulent boundary layer is critical for CFD modeling because turbulence can cause
cavitation conditions which result in model instability (Chao et al., 2016). Although this expression
estimates the size of the turbulent boundary layer, it is suggested that a larger distance be used.

In the CFD models created as part of this investigation, one part was created which was
used as the fluid domain for the assembly, the process for which is shown in Figure 2.14. The

domain was created by: (1) modeling a large, rectangular fluid domain, (2) cutting out the filled
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CFD Structure, and (3) resulting in a fluid domain around the CFD Structure. The fluid domain

was modeled as a solid object encompassing the air around the CFD Structure.
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a) full fluid domain b) filled CFD Structure c) resulting fluid domain

Figure 2.14: Fluid domain creation: a) full fluid domain, b) filled CFD Structure, and c)
resulting fluid domain

Below is a list of the boundary conditions that were assigned to the resulting fluid domain,
and their distance to the CFD Structure denoted by dn:

e Walls and ceiling — fluid inlet/outlet condition — specified pressure of 14.7 psi
(1 atm), dwans = 0.6+(Sign Length), dceiling = 1.5-(Sign Height).

e Ground — no slip fluid wall condition — dground = 17° - 4”7 (5.28 m). Sground 1S
defined in the construction specifications.

e Inlet — fluid inlet/outlet condition — specified velocity (see Section 2.4.1), dinlet
= Sign Height.

e Outlet — fluid inlet/outlet condition — specified pressure of 14.7 psi (1 atm),
doutlet = 8-Oinlet (DSS, 2015).

e Sign Interface — no-slip fluid wall condition — these boundaries are walls in the

fluid domain.

Dimensions of the boundary conditions were initially selected using Equation 2.7 with an

additional 2 ft (0.61 m) added to the calculation. Even with the extra distance, some models still

experienced boundary interactions at 30 mph (13.4 m/s). To resolve this, additional space was

formulated to create the rules defined in boundary condition distances (1) and (3).
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2.5.3 Fluid Domain Meshing

All of the CFD models utilized large, sophisticated domains, which required careful
meshing techniques. In Abaqus/CFD 2016, data can only be extracted at nodes (not elements), so
faces cannot be defined for data extraction. To determine the forces resulting on the CFD Structure
from natural wind gusts in the CFD simulations, nodes were carefully spaced such that forces at
nodes could be easily multiplied by the element’s area to obtain pressures. Additionally,
Abaqus/CFD 2016 produced the best results with a hex-mesh (DSS, 2015). Because of this, a hex-
mesh technique was assigned. This could only be done after systematic partitioning of the fluid
domain. Every face created by the cut-out region of the CFD Structure in the fluid domain was
extended to create a partition in the fluid domain. A typical, final extension-partitioned fluid
domain is shown in Figure 2.15. This step creates geometrically-sound baselines for seed
propagation, and is the only way a hex-meshing technique was able to be applied to this type of
domain. The mesh size was size controlled using 3” (7.62 cm) seed size. Nodes on the CFD

Structure’s surfaces were grouped by elemental area before the model was executed.

Figure 2.15: Typical partitioned fluid domain

Regions directly surrounding the CFD Structure were the most important to monitor.
Regions nearer to the boundaries were of less interest, other than checking for convergence and

mitigating boundary interactions. Because of this, the mesh was assigned an increased size around
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the perimeter of the fluid domain to improve efficiency of the model executions. The mesh size
was increased to a 9 in. (23 cm) seed size in these areas. Figure 2.16 shows the mesh for a typical
CFD model with a walkway attachment, and Figure 2.17 shows the mesh for a typical CFD model
without an attachment. Note, both figures are zoomed in, and do not show the full domain for the

sake of clarity.

Figure 2.16: Typical fluid domain mesh, with walkway attachment

Figure 2.17: Typical fluid domain mesh, without walkway attachment

2.5.4 Step Creation and Turbulence Modeling Parameters

Each CFD model underwent a time history flow step with a fixed time increment size of
0.01 seconds. The models’ time period was selected based on how long it took the model to produce
a constant laminar flow in the wake of the sign, rounded up to the nearest half second. Table 2.9

presents the time period modeled at the desired wind speeds in the CFD analysis.
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Table 2.9: CFD Model Time Period Definition

Wind Speed | CFD Time Period
mph (m/s) s
105 (46.9) 25
61.2 (27.4) 3
30 (13.4) 5

Turbulence modeling is an important and complex feature of CFD programs and is a
function of the fluid being modeled the fluid speed, the fluid domain, and expected turbulence.
Most turbulence modeling modules in CFD programs require constants to be defined before the
model is processed. These constants stem from fluid properties to eddy propagation. Generally,
the more complex a model, the more calibration is required for valid results.

Although the CFD models being created in this research project are unusual in nature, the
CFD Structure in the domain was relatively simple and large, which produce simple vortices in its
wake. Additionally, the fluid was modeled as a homogenous material, wind speeds were kept
constant in individual model runs, and boundary effects were mitigated. Ultimately, the turbulence
was experienced to be simple. For this reason, default turbulence modeling parameters were
selected. The default is Spalart-Allmaras turbulence modeling, and the constants prescribed with

this technique have been defined in Table 2.10.

Table 2.10: Spalart-Allmaras Turbulence Modeling Constants
Source: DSS (2015)

Constants Value
Co1 0.1355
Chb2 0.622
Cwi 7.1
Cv2 5
Cwi 3.2391
Cw2 0.3
Cus 2

o 0.6667
K 0.41
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Because turbulence was being modeled, all inlet/outlet boundary conditions needed to be
defined with kinematic eddy viscosities. This defines how turbulent the flow is as it enters the
domain. The CFD models in this research utilized constant, laminar wind speeds; therefore, all
kinematic eddy viscosities needed to be a small, non-zero value: 0.01 in.*/s (6.45-10° m?/s) was
selected.

Three variables were defined in the field output request: pressure, velocity, and vorticity.
Variables for the solver equations for the field output request were defined through an iterative
process that produced model convergence. Table 2.11 defines these variables for the time history

flow step. These variables were maintained the same for each CFD model and for each wind speed.

Table 2.11 CFD Model Solvers’ Variables Definition

Solver Momen.tum Pressyre Transport
Equation Equation Equation
Iteration Limit 600 1200 600
Convergence Checking
1 10 1
Frequency
Linear Convergence Limit 1-10-12 1-10-14 1-10-12

With converged output files from the CFD models, time history forces were extracted from
the influential surfaces defined in Section 2.5.1. Additional data, both qualitative and quantitative,
could also be extracted and observed anywhere in the fluid domain across the time history. This
included (but was not limited to) pressure heat-maps of the influential surfaces, velocity profiles
around the sign, velocity vector outputs, eddy location and propagation, critical eddy interaction,
porosity of the grate, and vorticity. See Appendices Al and A2 for eddy interaction and velocity

profile data.
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2.6 Finite Element Modeling — Dynamic Loading

Using the same Abaqus/CAE 2016 models used to determine the fundamental frequencies
(described in Section 2.3), in conjunction with the time-dependent forces extracted from the
Abaqus/CFD 2016 models described Section 2.5, dynamically-loaded models were constructed.

Only the 27 base models described in Section 2.1 were modeled dynamically, and not the
five extreme case models. This is because the CFD models only captured the small, medium, and
large sign sizes, and not the additional five unique sizes considered in the extreme case models.
The 27 base models, two grate conditions (with grate vs. without grate), and loading at the three
specified wind speeds accounted for 162 dynamically-loaded structural models. The only changes
to the Abaqus/CAE 2016 models from Section 2.3 and the dynamic loading models in this section

were the step creation and time-dependent load application.

2.6.1 Step Creation and Load Application

The step was changed from the frequency step used in prior models to a dynamic, implicit
loading step. The time period used for the dynamic loading step matched the output from the CFD
models for the respective wind speed outlined in Table 2.9, as well as the fixed time increment size
of 0.01 seconds. Stresses, strains, displacements, forces, and reactions were the variables defined
in the field output request.

Loads were modeled as a uniform unit load (with a value of 1) on the respective part in the
structural model. The unit loads would be later multiplied by the imported time-dependent
amplitudes from the CFD data. The top and bottom chord loads were modeled as being loaded by
uniform line loads. The sign face, back of sign, top of grate, and bottom grate loads were loaded
with uniform pressures. The top of sign and bottom of sign loads were modeled as uniform shell
edge loads. The loads from the CFD data were imported as smooth step amplitudes. The amplitudes
were then multiplied to each unit load from the influential surface for the given wind speed on the
respective part.

Displacements in the Y and Z direction at the top chord in the mast truss at the end of the
cantilever were extracted. Stresses in both box-connections and at the base of the pole were also
extracted. After the results were computed for the COSS with the walkway, the walkway was

removed from the assembly along with Constraint 1 from Section 2.3.3, and the model was
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executed in the new geometric configuration. The updated displacements and stresses were

recorded, producing two data sets for every sign geometry considered.

2.7 Experimental Methods

Experimental testing was conducted to validate and contextualize the CFD modeling
results. The experimental testing consisted of wind tunnel tests with the goal of determining forces
acting on the sign at various wind speeds. A scale model sign was constructed, supported in a wind
tunnel, and subjected to multiple wind speeds. Both qualitative and quantitative data were collected
from the wind tunnel testing, but due to physical limitations, some of the data observed in the CFD
modeling was unable to be observed in the experimental testing (such as pressure heat-maps or
velocity profiles). The quantitative data collected from wind tunnel testing consisted of force data
collected at different wind speeds. The qualitative data consisted of turbulence prevalence, which

revealed eddies and vortices.

2.7.1 Scale Model Construction

Similar to the CFD Structure modeled in the CFD analyses, the scaled physical model did
not include the pole, webbing in the mast truss, or chords connecting the sign to the pole. The
scaled model included the sign, three butterfly supports, and walkway attachment (grate). The
chords were excluded to simplify the contact connection from the scaled model to the load cells.
(It is important to note that the chords were found to not have experienced significant forces in the
CFD analysis.)

The wind tunnel used for the experimental testing had a closed, 4 ft (1.22 m) x 3 ft (0.91
m) cross-sectional testing area. Although the scaled model was significantly smaller than its
constructed counterpart, significant forces can still develop, especially at higher speeds (Barlow,
Rae, & Pope, 1999). For this reason, similar materials from the construction specifications were
selected for the scaled model, and for the sake of structural integrity. The sign was made out of
aluminum, and the butterfly supports and walkway components were steel.

The large sign size was selected (from Section 2.1) to be investigated in the wind tunnel
testing. This was partially to accommodate potential future testing of smaller sign sizes, which

could be accommodated in the wind tunnel at the same scale of the large sign size. Using the same
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process in Section 2.5.2, the boundary layer thickness for wind tunnel testing was estimated.
Unlike the CFD modeling, the laminar boundary layer was critical due to its stronger boundary
interaction. Boundary interactions from turbulent boundary layers are relatively small, and do not

affect experimental models (Barlow et al., 1999).

Table 2.12: Reynolds Number for Standard Air (Wind Tunnel Testing)

Variable Notation Value Units (S.1.)
Density P 2.37-102(3.79:10?) | Ib/ft3 (kg/md)
Velocity* v 7.333 (2.235) ft/s (m/s)
Characteristic Length** L 0.0417 (0.0127) ft (m)
Dynamic Viscosity M 3.785-107 (1.789:10%) | Ib-s/ft? (Pa-s)
Reynolds Number Re 1910 -

*5 mph = 7.333 ft/s (2.24 m/s)
**0.5in. = 0.0416 ft (12.7 mm)

Using the Reynolds number for a wind speed of 5 mph (2.24 m/s) (5 mph was the lowest
wind speed for wind tunnel testing) and a characteristic length of 0.5 in. (12.7 mm) (0.5 in. was
the thickness of the scale model sign), a laminar boundary layer thickness (J.) was derived as a

function of distance away from the model sign (L). This is shown in Equation 2.8:
6, =0.114L Equation 2.8

The laminar boundary layer thickness was calculated to be 4.3 in. (109 mm) on each side
of the sign to mitigate boundary effects up to 3 ft (0.91 m) downwind of the test set up. The
thickness was rounded up to 6 in. (152 mm). The sign’s length controlled the scale, which was
selected at a 20:3 size reduction. Drawings of the scaled sign are provided in the Appendix.

The scaled model aluminum sign imitated the shape of the construction specifications, and
not the CFD model. The aluminum sign piece, even at a 20:3 scale, would be too heavy to hang if
it was a solid piece. The construction specifications called for extruded aluminum channels to
compose the sign. The channels are connected to each other with bolts through their flanges, as

shown in Figure 2.18. The aluminum sign piece imitated this by attaching aluminum bars to the
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back of the aluminum sheet shown in Figure 2.19. The ribbing was attached to the aluminum sheet
using a two-part adhesive epoxy. The scaled aluminum sign piece was bolted to the butterfly
supports with angled wooden blocks between the two pieces. The wooden blocks gave the sign its

necessary 4% tilt.

Figure 2.18: Constructed extruded aluminum sign
Source: LouisianaDOTD (2016)

Figure 2.19: Physical scaled sign model

Although the construction specifications call for Z-Shapes (similar to small wide flange
beams, and not Z-channels) for the butterfly supports, it is commonplace to use similarly-sized

square HSS in the field. The scale model used scaled square HSS sections for the butterfly supports.
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The connection between the vertical and horizontal square HSS were welded together. Only three
butterfly supports were constructed instead of four to allow for easier walkway attachment
connectivity.

The scaled model walkway was constructed to have a similar porosity as walkways used
in the field. The walkway was constructed out of small steel bars. The bars were notched and then
welded together at each intersection. The walkway was attached to the butterfly supports with zip
ties for easy removal and reattachment. The heads of the zip ties were tucked into the voids of the

scaled walkway.

1-81/4”
(51.44 cm)

1'-2 5/8” (37.15 cm)
Figure 2.20: Scaled model used for experimental testing in the wind tunnel

2.7.2 Experimental Setup

Two series of experimental tests were conducted in the wind tunnel. The first series of tests
was aimed at collecting forces acting on the sign, produced by different wind speeds. These forces
were measured through use of load cells. Forces were recorded at wind speed increments of 5 mph
(2.24 m/s), starting at 10 mph (4.47 m/s) and capping at 40 mph (17.88 m/s). Each wind speed
increment was repeated three times. The test series was limited to a maximum wind velocity of 40
mph due to the turbulence caused by the large shape in the wind tunnel. The second series of tests
involved observing this turbulence through use of fog and lasers. Videos were recorded during this

test, and qualitative data was collected. Due to sensitive instrumentation in the wind tunnel, this
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test was only conducted at a wind speed of 5 mph (2.24 m/s). Both test series were conducted both
with and without the walkway attachment to observe its influence on the results.

The scaled model was hung in the wind tunnel using a system of rollers. Figure 2.21 shows
a schematic of the restraints used in the wind tunnel, and Figure 2.23 shows the actual test setup.
The rollers only supported the sign in the y-direction and were greased to mitigate friction forces
in the x-direction. Three load cells were placed behind the scaled model facing the x-direction;
their contact locations shown in Figure 2.22. The three load cells behind the sign captured the
forces that developed under the action of the experimental wind gusts. A fourth load cell was placed
underneath the sign in the y-direction. This load cell never came into contact with the sign
assembly during the tests and served as a vestigial instrument to record data if the scale model

dislodged from the test set-up.
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Figure 2.21: Wind tunnel test setup connectivity
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Figure 2.23: Experimental test setu

A fog machine was placed upstream of the scale model in the wind tunnel. The wind tunnel
used recycles the circulating air, yielding a uniformly translucent gas. A laser was placed outside
of the wind tunnel pointing into the testing area. The laser illuminated a plane where incongruities
in the fog could be easily seen. The incongruities in the fog displayed eddies and vortices created

by the presence of the scaled model. The laser plane was placed in front of the model, at the sign
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face, and behind the model. Figure 2.24 displays the laser plane used in this portion of the

experimental testing.

Figure 2.24: Typical laser plane (placed at the model sign face)
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Chapter 3: Results

In this chapter, the data produced from the finite element models and the experimental wind
tunnel testing is summarized. In each section, trends are identified in the data. Due to the number
of models produced from the dimensional analysis, most of the comparison data is graphed with
respect to the walkway attachment’s mass in terms of a percentage of the system mass. Trends are

better observable with this variable chosen as the control.

3.1 Finite Element Modeling — Fundamental Frequencies of the COSS

All 32 models’ modal response frequencies were computed, both with and without a
walkway, as shown in Table 3.1. Changes in mass resulted in changes in the modal frequency, as
defined in Equation 1.1. Mass and stiffness changed with each model, but only the mass
significantly changed upon removal of the walkway.

To determine the effect of the walkway on the modal response, the differential percentage
of the modal frequency was graphed over the walkway mass percentage of the system in Figure
3.1 for the torsional mode shape and in Figure 3.3 for the chopping mode shape. This data seems
marginally uncorrelated but clear groupings of data points are shown. Figure 3.2 (torsional mode
shape) and Figure 3.4 (chopping mode shape) display the same data in accordance to the models’
sign size. Here, groupings of data are easily seen as all similar sign sizes resulted in grouped data
points. Each sign size group, except the extreme models, show three sets of three points that make
three straight lines. Each line resembles a mast truss length and each dot on the line accounts for

one of the three pole heights.
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Table 3.1: COSS Modeled Natural Frequencies

walkway with without A with without A
Model mass % | walkway | walkway walkway | walkway
% Hz. Hz. % Hz. Hz. %
S20x12-L20-P25 4.63% 0.87 0.91 4.31% 1.25 1.30 4.35%
S20x12-L20-P27 4.52% 0.84 0.88 4.26% 1.17 1.21 3.79%
S20x12-L20-P29 4.45% 0.81 0.85 4.21% 1.10 1.14 3.68%
S20x12-L16-P25 4.81% 1.02 1.08 5.67% 1.39 1.44 3.70%
S20x12-L16-P27 4.70% 0.98 1.04 5.59% 1.30 1.35 3.57%
S20x12-L16-P29 4.63% 0.94 1.00 5.50% 1.22 1.26 3.46%
S20x12-L12-P25 5.14% 1.20 1.25 3.84% 1.61 1.67 3.71%
S20x12-L12-P27 5.02% 1.15 1.20 3.87% 1.49 1.55 3.57%
S20x12-L12-P29 4.93% 1.10 1.15 3.86% 1.39 1.44 3.44%
S$16x9-L20-P25 4.14% 0.97 1.02 4.87% 1.46 1.52 3.91%
S$16x9-L20-P27 4.04% 0.94 1.00 5.31% 1.37 1.42 3.76%
S$16x9-L20-P29 3.94% 0.92 0.97 5.55% 1.28 1.33 3.62%
S$16x9-L16-P25 4.44% 1.25 1.35 717% 1.70 1.77 3.85%
S$16x9-L16-P27 4.33% 1.21 1.30 6.58% 1.58 1.64 3.68%
S$16x9-L16-P29 4.24% 1.18 1.25 5.79% 1.47 1.53 3.52%
S$16x9-L12-P25 4.80% 1.55 1.68 7.80% 1.99 2.07 3.96%
S$16x9-L12-P27 4.70% 1.48 1.60 7.24% 1.84 1.91 3.74%
S$16x9-L12-P29 4.57% 1.41 1.52 7.22% 1.70 1.77 3.56%
S$12x6-L20-P25 3.34% 0.97 1.01 3.86% 1.33 1.37 3.20%
S$12x6-L20-P27 3.25% 0.94 0.97 3.79% 1.24 1.28 3.09%
S$12x6-L20-P29 3.19% 0.90 0.93 3.71% 1.16 1.20 2.98%
S$12x6-L16-P25 3.63% 1.19 1.24 4.01% 1.55 1.60 3.25%
S$12x6-L16-P27 3.55% 1.14 1.19 3.91% 1.44 1.48 3.12%
S$12x6-L16-P29 3.45% 1.09 1.13 3.81% 1.34 1.38 2.99%
S$12x6-L12-P25 3.88% 1.44 1.49 3.81% 1.78 1.83 3.05%
S$12x6-L12-P27 3.79% 1.36 1.41 3.70% 1.64 1.69 2.91%
S$12x6-L12-P29 3.68% 1.28 1.33 3.60% 1.51 1.55 2.80%
$23.5x11.5-L5.25-P29 5.83% 1.28 1.33 3.61% 1.55 1.60 3.38%
S$11x6-L19-P25 3.16% 0.95 0.99 3.57% 1.16 1.20 3.59%
S16x11-L21-P27 3.94% 0.89 0.93 3.71% 1.31 1.36 3.66%
S$18x8.5-L1-P23 6.11% 2.03 210 3.18% 2.34 2.41 2.94%
$18.5x11.5-L.12.75-P30 | 4.59% 1.12 1.17 3.85% 1.39 1.44 3.29%

48




6.00%

5.50% | * .
5.00% | . LS

450% | . .

Difference

4.00% r

3.50% r

3.00% ! !
3.00% 4.00% 5.00% 6.00% 7.00% 8.00%

Walkway Mass (percentage of system)

Figure 3.1: Torsional Mode Natural Frequency Change by Walkway Mass Percentage
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49



6.00%

550%

5.00%

@
< 'o. u ® [ arge Sign
£ 450% | a" Ee me . -
& m = R* ¢ m Medium Sign
a ] - .

200% | A A _ A Small Sign

_‘A AA A — Extreme Models
A -
3.50% A
3.00% ‘ ‘ - -
3.00% 4.00% 5.00% 6.00% 7.00% 8.00%

Walkway Mass (percentage of system)

Figure 3.4: Chopping Mode Natural Frequency Change Grouped by Sign Size

The following trends were identified using the data shown in Figure 3.2 and Figure 3.4, in
conjunction with the data in Table 3.1:

e A larger sign size, and subsequent structure, generally corresponded with a
higher natural frequency.

e The medium sign size COSS exhibited the largest average change in natural
frequency with removal of the walkway, followed by large sign size, then by
the extreme models, then by small sign size.

e Larger mast truss lengths corresponded with lower natural frequencies when
compared to shorter mast truss lengths; thus, a larger difference of natural
frequency with the walkway removed.

e Larger pole height corresponded with lower natural frequencies when compared
to smaller pole heights; thus, a larger difference of natural frequency with the
walkway removed.

e Removal of the walkway always resulted in a higher natural frequency when
compared to the case where the walkway was attached.

These trends were the same for both characteristic modes. Each of these trends was

consistent with typical cantilever dynamic behavior. The average percent change observed after

walkway removal was 5.06% for the torsional mode and 3.47% for the chopping mode.
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3.2 Computation Fluid Dynamic Modeling Results

Pressures were extracted from the influential surfaces from the 18 CFD models and were
then multiplied by respective areas to produce a time history of the applied force. The pressure
output was given in absolute pressure, so a correction of 14.7 psi or 1 atm (101.4 kPa) was
subtracted from each pressure value. The force applied to the CFD Structure in the direction of
flow is denoted here as the “X-Force,” and the force applied to the CFD Structure normal to the
direction of flow is denoted here as the “Y-Force.” The X-Force is the difference between the
pressure at the sign face and the pressure behind the sign, shown as surfaces a) (sign face) and b)
(back of sign), respectively in Figure 2.11. The resulting pressure behind the sign was negligible
in every test. The Y-Force was taken as the sum of the pressures sustained on surfaces ‘c’ through
‘h” in Figure 2.11 (surfaces ‘g’ and ‘h’ were ignored if the model did not have a walkway
attachment). Each force has been plotted against time, showing a comparison between the grate/no-
grate conditions. The X-Force is denoted in the figures ending in “a,” and the Y-Force is denoted
in the figures ending in “b.” The results for the force time-histories are presented in Figure 3.5

through Figure 3.22.
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Figure 3.5: X-Force on Large Sign at V=30 mph (13.4 m/s)
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Figure 3.22: Y-Force on Small Sign at V=105mph (46.9 m/s)

All the time history data exhibited similar shapes across the suite of models, and were
similar for both directions of loading. An initial spike in the load was recorded, where the peak
corresponded with the time it took for the gust of wind to travel from the fluid domain inlet to the
sign face. This spike was very pronounced in Figure 3.23 and Figure 3.24, which normalizes the
force on the sign for both pressure and time. Figure 3.23 and Figure 3.24 also show the variance
in eddies and vortices behind the sign that affected the wind loading on the sign over time. Some
models experienced a second, less intense and smoother peak in the load, followed by another
decline. This second peak was more prevalent and more pronounced in the Y-force data. The load

continued to decrease at a decreasing rate until it eventually reached a constant value for most
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models. For the Y-force, this constant value was close to zero. The time history data followed
typical behavior for a boundary layer forming on a bluff body subjected to a constant wind load,
hence the gradual decrease in load over time.

Differences in the time history data between the grate and no-grate conditions were minor
for almost all models, especially for the X-force data. There were greater differences between the
two conditions for the Y-force, which contributes to wind induced vibration. The greatest
observable differences were in the following three models: 1) Medium Sign at V=61.2 mph (27.4
m/s) model (Figure 3.14); 2) Medium Sign at V=105 mph (46.9 m/s) model (Figure 3.16); and 3)
Large Sign at V=105 mph (46.9 m/s) model (Figure 3.22).

All of the figures showing the X-forces include the theoretical value of force (F) and the
theoretical value of force with a shape factor (¥), as obtained by Equation 3.1and Equation 3.2,
respectively. The values for force were derived from pressures applied to a surface multiplied by
the surface’s area (4). Equation 3.1 is expanded from Equation 2.2. Note, density is denoted by p,

wind speed is denoted by ¥, and the shape factor is denoted by C.

F = %pAV? Equation 3.1
F, = %C pAV? Equation 3.2
1.00
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Figure 3.23: Normalized X-Force Time History Data
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All the X-force data was bounded by F and F: for the initial gust. The data trended to F
before ultimately dropping under the theoretical value as the model established a laminar solution.

The constant, final values were about 95% of the respective theoretical value.
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Figure 3.24: Normalized Y-Force Time History Data

Vortices and eddies were identified behind the sign shape. To study their interactions and
how they might affect structural behavior, time histories of the Y-component of velocity were
extracted at discrete points behind each CFD model. Where the Y-component of velocity
consistently changed magnitude in a harmonic manner, it could be inferred that there is heavy eddy
interaction which causes vortex shedding. The Y-component of velocity was extracted at the
centerlines of the sign’s height and length, behind the sign shape starting at a distance of 0.5-(Sign
Height) and increasing in increments of 0.25-(Sign Height), up to a distance of 3.0-(Sign Height)
for each CFD model. The time histories are shown in the Appendix, and all of the CFD models
exhibited insignificant eddy interaction.

The velocity profile under the sign face, in the wake of the walkway, was extracted as well.
The profile was extracted as wind velocity data points across a 6-ft line beneath the sign face. The
profile was captured at increments of 0.10s up to 0.50s, then 0.75s and 1.00s, and then continued

every 0.50s until the time history ended. The profile was also captured when the wind gust hit the
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sign face (this value changed for each wind speed), and these profiles have been presented in the
Appendix. These profiles show an influence of the walkway attachment, which slows the air
directly in its wake. The air moving around the walkway traveled slightly faster than the air
traveled when no walkway was present, resulting in a similar amount of air flow moving beneath

the sign.

3.3 Finite Element Modeling — Dynamic Loading

The loads discussed in Section 3.2 were applied to the influential surfaces of the finite
element models. Time history data describing displacements and stresses were extracted from these
models. The displacements were extracted from the top chord in the mast truss at the end of the
cantilever, and stresses were extracted from both box-connections and at the pole base.

The displacements were recorded in two cardinal directions, Z and Y. Z-displacements,
denoted as AUz, are the displacements associated with the torsional mode response, which was
activated by the natural wind gusts. The mode shape is shown in Figure 2.4. Y-displacements,
denoted as AUy, are displacements associated with the chopping mode response, which is activated
by aeroelastic phenomena. The mode shape is shown in Figure 2.6. Z-displacements were found
to be much larger than Y-displacements.

Stresses in the box connection between the pole and mast arm were extracted for bending
about the Y-axis and about the Z-axis. Stresses caused by bending about the Y-axis, denoted as
S33, were associated with the torsional mode response. Stresses caused by bending about the Z-
axis, denoted as S11, were associated with the chopping mode response. The torsional stresses in
the pole, denoted as S21, were also extracted. The stresses considered are shown in Figure 3.25.

All stress and displacement data were recorded as time histories. To simplify the data to a
single value for each time history response, the range of displacements and the absolute maximum
stress values were determined. These values were compared between the cases with and without
the walkway attached, using a percent difference, with the case where the walkway was attached
as the baseline. The percent change data for all critical loading demand cases are shown in Table

3.2, Table 3.3, and Table 3.4, organized by wind speed.
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Figure 3.25: Pertinent locations where stresses were computed
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Table 3.2: Percent Change in Loading Demands for V=30mph (13.4 m/s)

Model Displacements Top Chord Bottom Chord Pole
ode

AUz AUy S33 S11 S33 S11 S21
S20x12-L20-P25 -4% -260% -1% -183% -2% -175% -6%
S20x12-L20-P27 -4% -278% 0% -204% -3% -196% -5%
S20x12-L20-P29 -4% -253% 1% -195% -3% -193% -1%
S20x12-L16-P25 -3% -223% -2% -210% -3% -209% -4%
S20x12-L16-P27 -3% -233% -1% -202% -4% -198% -1%
S20x12-L16-P29 -3% -239% 0% -210% -4% -195% -1%
S20x12-L12-P25 -6% -237% -2% -174% -5% -192% -T%
S20x12-L12-P27 -4% -194% -2% -150% -4% -154% -4%
S20x12-L12-P29 -5% -191% -1% -145% -4% -171% -6%
S16x9-L20-P25 3% -12% 0% -58% 0% -58% 2%
S$16x9-L20-P27 2% -16% 0% -55% -1% -56% 4%
S$16x9-L20-P29 1% -6% 1% -31% -1% -33% 3%
S16x9-L16-P25 1% -30% 0% -62% -1% -64% 2%
S$16x9-L16-P27 1% -17% 0% -43% -1% -49% 3%
S16x9-L16-P29 1% -12% -1% -26% -1% -31% 2%
S$16x9-L12-P25 0% -27% 0% -49% -1% -46% 1%
S$16x9-L12-P27 0% -24% 0% -36% 0% -38% 2%
S16x9-L12-P29 1% -42% -1% -32% 0% -46% -1%
S12x6-L20-P25 2% -37% 0% -39% 1% -43% 5%
S12x6-L20-P27 2% -30% 0% -24% 1% -30% 4%
S12x6-L20-P29 2% -36% 0% -28% 1% -36% 1%
S12x6-L16-P25 1% -22% 1% -27% -1% -31% 4%
S12x6-L16-P27 1% -29% 1% -23% -1% -25% 2%
S12x6-L16-P29 1% -41% 1% -19% 1% -29% 1%
S12x6-L12-P25 1% -37% 2% -24% -1% -28% 0%
S12x6-L12-P27 2% -26% 2% -37% -2% -38% 2%
S12x6-L12-P29 0% -27% 1% -8% 1% -15% 2%
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Table 3.3: Percent Change in Loading Demands for V=61.2 mph (27.4 m/s)

Model Displacements Top Chord Bottom Chord Pole
ode

AUz AUy S33 S11 S33 S11 S21
S20x12-L20-P25 0% -26% 2% -38% 0% -35% -2%
S20x12-L20-P27 0% -22% 2% -35% 0% -34% 0%
S20x12-L20-P29 0% -23% 2% -18% -1% -19% 2%
S20x12-L16-P25 1% -27% 0% -34% 0% -29% -3%
S20x12-L16-P27 3% -31% 1% -15% -1% -15% 3%
S20x12-L16-P29 0% -28% 3% -9% -2% -T% 2%
S20x12-L12-P25 -1% -37% 0% -21% -1% -29% -4%
S20x12-L12-P27 0% -29% 0% -3% -2% -21% 1%
S20x12-L12-P29 -1% -23% 0% -6% -1% -17% -2%
S16x9-L20-P25 2% -39% 0% -115% -1% -107% 2%
S$16x9-L20-P27 0% -45% -1% -122% -1% -123% 3%
S16x9-L20-P29 0% -54% -1% -108% -2% -105% 2%
S16x9-L16-P25 0% -56% 0% -122% -1% -111% 3%
S$16x9-L16-P27 0% -35% -1% -115% -1% -108% 4%
S16x9-L16-P29 1% -39% -1% -119% -1% -112% 1%
S$16x9-L12-P25 -1% -61% 0% -129% -3% -118% 0%
S$16x9-L12-P27 -2% -72% -1% -115% -1% -118% 2%
S16x9-L12-P29 -1% -62% -1% -104% -1% -104% 0%
S12x6-L20-P25 2% -11% 1% -32% 0% -28% 5%
S12x6-L20-P27 2% -9% 1% -19% 1% -37% 3%
S12x6-L20-P29 2% -17% 0% -14% 2% -19% 5%
S12x6-L16-P25 2% -23% 2% -20% 0% -31% 2%
S12x6-L16-P27 2% -28% 2% -22% -1% -39% 1%
S12x6-L16-P29 2% -14% 2% -27% 0% -35% -2%
S12x6-L12-P25 3% -21% 3% -23% 0% -20% 1%
S12x6-L12-P27 3% -28% 3% -28% -1% -24% 1%
S12x6-L12-P29 2% -25% 1% -39% -1% -24% 2%
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Table 3.4: Percent Change in Loading Demands for V=105mph (46.9 m/s)

Model Displacements Top Chord Bottom Chord Pole

AUz AUy S33 S11 S33 S11 S21

S$20x12-L20-P25 -3% 26% 0% -27% -1% -22% -4%
S$20x12-L20-P27 -3% 18% 0% -18% -2% -20% -3%
S$20x12-L20-P29 -3% 13% 1% -15% -2% -15% 1%
S$20x12-L16-P25 -3% 27% -1% 2% -1% -1% -3%
S$20x12-L16-P27 -3% 28% 0% 9% -2% 5% 2%
S$20x12-L16-P29 -3% 21% 0% 7% -2% 0% 0%
S20x12-L12-P25 -1% 25% 0% 14% -2% 15% -3%
S20x12-L12-P27 -1% 29% -1% 20% -2% 20% 2%
S$20x12-L12-P29 -2% 31% 0% 22% -2% 24% -1%
S$16x9-L20-P25 -1% -12% 0% -39% -1% -33% 2%
S$16x9-L20-P27 -1% -7% -1% -35% -1% -46% -1%
S$16x9-L20-P29 0% -8% -1% -38% -2% -35% 2%
S$16x9-L16-P25 -1% -43% 0% -51% -1% -47% 3%
S$16x9-L16-P27 -1% -44% 0% -53% 0% -54% 2%
S$16x9-L16-P29 -2% -25% -1% -48% -1% -32% 2%
S$16x9-L12-P25 0% 15% 0% -27% -1% -32% 0%
S$16x9-L12-P27 -2% -3% 0% -31% -1% -36% 1%
S$16x9-L12-P29 2% -24% -1% -40% -1% -48% -1%
S$12x6-L20-P25 2% -1% 1% -39% 0% -28% 5%
S$12x6-L20-P27 2% -10% 1% -33% 1% -28% 3%
S$12x6-L20-P29 1% -12% 0% -16% 2% -23% 2%
S$12x6-L16-P25 3% 7% 2% -35% 0% -38% 5%
S$12x6-L16-P27 2% -8% 2% -37% 0% -40% 6%
S$12x6-L16-P29 3% -11% 2% -38% -1% -39% -2%
S$12x6-L12-P25 3% -12% 3% -76% 0% -35% 3%
S$12x6-L12-P27 4% -10% 2% -T7% 1% -30% 1%
S$12x6-L12-P29 3% -21% 2% -62% -1% -32% 7%

Trends from both characteristic modes were identified from the values reported in Table
3.2, Table 3.3, and Table 3.4:

Removal of the walkway had a minimal effect on responses in the torsional mode,
including displacements and stresses in both the box-connection and the pole. The maximum
increase in AUz displacement was 4%. The maximum increase in bending stress in the box-

connection under this mode (S33) was 3%. The maximum torsional stress increase (S21) was 7%.
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Removal of the walkway decreased, and in some cases greatly decreased, displacements
and stresses affected in the chopping mode in all sign structures at all wind speeds, except the large
sign structures with an applied wind speed of 105 mph (46.9 m/s). This latter behavior was caused
by a second distinct peak in the applied Y-Force shown in Figure 3.10 at approximately 0.75
seconds. This increased the AUy displacement by a maximum of 31%, and increased the bending
stress in the box-connection (S11) by a maximum of 24%, both occurring in model S20x12-L12-
P29.

Values extracted for stress and displacement can found in the Appendix.

3.4 Experimental Results

Force data was recorded for a scaled model sign shape subjected to experimental wind
gusts in a wind tunnel using a series of load cells. Seven different wind speeds were used, with a
maximum wind speed of 40 mph (17.9 m/s) and a minimum wind speed of 10 mph (4.5 m/s). The
wind speed was changed in increments of 5 mph (2.2 m/s). Data was recorded three times for each
wind speed, and the average response was calculated. Since the scaled model was a relatively large
shape as compared to the cross-section of the wind tunnel, the force applied by the wind was
artificially smaller due to the blockage effect (Sahini, 2004). Corrected values were determined by
multiplying the average force at each wind speed by the blockage correction factor (%), defined

by Equation 3.3:

Y=1+ ¢Cdj—"‘ Equation 3.3

Variables for the blockage correction factor have been defined in Table 3.5. The blockage
ratio (¢) is defined by Equation 3.4, where the height of the model is denoted by (%) and the height

of the cross-sectional testing area is defined by (H).

¢ =h/H Equation 3.4
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Table 3.5: Blockage Correction Factor
Source: Sahini (2004)

Value
Variable Notation Units (S.I)
w/ Walkway | w/o Walkway

Model Height h 1.969 (0.600) | 1.688 (0.515) ft (m)

Wind Tunnel Height H 3.00 (0.914) 3.00 (0.914) ft (m)
Blockage Ratio ()] 0.6563 0.5625 -
Shape Factor Cy 1.18 1.18 -

Model Area Am 5.063 (0.4703) | 5.063 (0.4703) | ft? (m?)

Wind Tunnel Area Ay 12.00 (1.115) | 12.00 (1.115) ft? (m?)
Blockage Correction Factor W 1.33 1.28 -

Figure 3.26 shows the measured forces behind the sign for the different wind speeds. Upper
and lower theoretical bounds (Equation 3.1 and Equation 3.2) have also been included in the plot.

The measured forces corresponded well with the predicted range. Wind speeds between 20
mph (8.9 m/s) and 40 mph (17.9 m/s) produced forces that fell between the theoretical bounds,
while the 10 mph (4.5 m/s) and 15 mph (6.7 m/s) produced measured forces that fell just under the
lower theoretical bound, as shown in Equation 3.1. Overall, the walkway was found to have a
minimal effect on the forces measured under wind loading, with removal of the walkway tending
to result in slightly lower forces behind the sign.

To compare to the physical measurements against the CFD-derived data, the peak force
values from each CFD model at 30 mph (13.4 m/s) and the experimental results were normalized

by area to yield the pressure applied to the sign conveyed in Table 3.6.
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Figure 3.26: Experimental Loading Data

Table 3.6: Applied Pressure to CFD Models and Scale Model at V=30 mph (13.4 m/s)

w/ Walkway | w/o Walkway
Sign Size
psf (Pa) psf (Pa)
Small 2.66 (127.4) | 2.63 (125.9)
Medium 2.66 (127.4) | 2.70 (129.3)
Large 255(122.1) | 2.53 (121.1)
Experimental | 2.56 (122.6) | 2.45(117.3)

Overall, the applied wind loading pressures from the CFD models and the experimental
testing were similar, with the largest difference being 10%. The presence of a walkway attachment
did not significant change the force response of the sign shape.

Turbulence created by wind loading on the sign shape and the walkway in the experimental

testing was studied using a fog and laser technique. Laser planes at the sign face and behind the
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sign showed the largest change and the greatest turbulence when compared to the laser plane in
front of the sign face. Figure 3.27 and Figure 3.28 show the turbulence with the walkway
attachment in place, and Figure 3.29 and Figure 3.30 show the turbulence without the walkway

attachment in place.

Figure 3.29: Laser plane behind scale model, without the walkway attachment in place
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Figure 3.30: Laser plane at sign face, without the walkway attachment in place
This technique indicated that the walkway itself produced turbulent flow, which can affect

the downstream sign shape. The eddies and vortices in the wake of the sign developed over a

greater distance below the sign shape when the walkway attachment was present.
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In this chapter, conclusions are offered based on results presented in the previous chapter.
These are organized by how the dynamic properties change (Section 4.1) and how the aerodynamic

shape and subsequent forces on the sign shape changed (Section 4.2). Suggestions for future work

Chapter 4: Conclusions and Recommendations

are also offered in this chapter.

4.1 Conclusions Regarding Changes to Dynamic Properties with Walkway

Removal

Analyzing the results of the fundamental frequencies for both characteristic mode shapes

has led to multiple conclusions regarding two-chord COSS dynamic properties, and the effect that

the presence of a walkway attachment has on them:

Removal of the walkway always resulted in a higher natural frequency for
COSS with an average of 5.1% increase in the torsional mode and 3.5% increase
in the chopping mode.

Variable design characteristics, such as: sign size, mast arm length, and pole
height had a greater effect on both fundamental natural frequencies than did the
presence of a walkway.

The torsional mode shape always exhibited a lower natural frequency than the
chopping mode shape.

The torsional mode natural frequency exhibited more variability across models
with the removal of the walkway, especially in medium sign sized COSS
systems.

The maximum differential percentage for the torsional mode natural frequency
was 7.8%, for model S16x9-L12-P25, with the average resulting in 4.7%
change.

The maximum differential percentage for the chopping mode natural frequency
was 5.1%, for model S20x12-L.20-P25, with the average resulting in 3.5%
change.

The walkway had little to no effect on the damping ratio for the COSS studied.
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e The walkway did not significantly change the dynamic properties of two-chord
COSS systems.

e Comparing and contrasting the data in Table 3.1, sign size was found to have
the greatest influence on the dynamic properties of two-chord COSS. This is
because member sizes and spacing are dependent on the size of the sign the
members are supporting. It is important to note that there are not three sign sizes
on similar structures, but rather three sign sizes on three different supporting
structures. After sign size, the mast truss length had the second greatest effect

on the dynamic properties, followed by the pole length.

4.2 Conclusions Regarding Changes to Aerodynamic Shape and Loading
Conditions

Examination of the results from the CFD and dynamically-loaded structural models has led

to the following conclusions on how the walkway attachment changes the aerodynamic shape:

e The walkway did not deflect wind away from the sign, and wind loading on the
sign shape was equivalent with or without the walkway attachment present.

e Wind loading in the experimental testing and CFD models produced similar
pressures for a wind speed of 30 mph (13.4 m/s) (the common wind speed
between the two modalities), with a 10% maximum difference.

e The Y-component of the velocity did not appear to change in a manner that
would be consistent with vortex shedding and/or galloping based off the data in
Appendix Al.

e Removal of the walkway did not significantly change or increase the stresses in
the box-connection or the pole, with an average change of -0.3% in S33 stresses,
-55% in S11 stresses, and 0.8% in S21 stresses.

e Removal of the walkway did not significantly change the aerodynamic shape.

e Expanding on these, it appears that the walkway does not significantly act as a
diffuser to disrupt eddy interaction simply due to its placement on the sign
structure. The walkway causes its own turbulence which can negatively affect

the succeeding sign shape. Ultimately, the walkway attachment was found to
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have a very minimal effect on the load the sign structure experiences from
natural wind gusts, the aeroelastic phenomena produced in the wake of the sign

structure, and displacements and stresses developed by the natural wind gusts.

4.3 Future Work

The following suggestions are offered for future work, to improve the state-of-the-art
around analyzing and designing COSS:

e Development of fluid-structure interaction models with deformable fluid
domains for more accurate analytical models.

e Deployment of instruments such as accelerators and anemometers in the field
on constructed COSS, to develop an improved understanding of how different
wind loading scenarios affect sign structures.

e Additional wind tunnel testing with differently sized sign shapes to develop an
improved understanding of how walkway removal affects sign shapes of all
sizes and to further validate CFD modeling techniques.

e Extension of these methods to other COSS construction types.
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