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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to thosewho arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.
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FOREWORD

By David B. Beal,

Saff Officer
Transportation Research
Board

This report contains the findings of a study to develop recommended revisions to
the AASHTO Sandard Specifications for Structural Supports for Highway Sgns,
Luminaires and Traffic Sgnals. The report describes the research effort and provides
recommendations for updating and refining the specifications. A strategic plan for fur-
ther enhancement of the specifications and for conversion of the specifications to load
and resistance factor format is aso included. The material in this report will be of
immediate interest to specification writers, structural engineers, and designers.

The AASHTO Sandard Specificationsfor Sructural Supportsfor Highway Sgns,
Luminairesand Traffic Sgnals, fourth edition, includes many of the recommended pro-
visions developed in NCHRP Project 17-10. Nevertheless, when those specifications
were published, information needed to provide comprehensive specifications was
either unavailable or incomplete for severa topics. In particular, information was
needed on the consequences of changes in the wind speed map, fatigue in noncan-
tilevered structures, foundation selection criteria, drag coefficients for multisided
tapered poles, connection plate flatness criteria, strength of rectangular poles bent about
the diagonal, and performance specifications for fiber-reinforced composite structural
elements. A strategic plan for future enhancement of the specifications, including con-
version to load and resistance factor design format, also was needed.

Under NCHRP Project 17-10(2), researchers at the University of Alabamaat Bir-
mingham addressed these topics with the assistance of Elizabeth Calvert. This report
summarizes the findings and recommendations for each of the topics listed above,
which can be used to devel op comprehensive support specifications. The enhancements
outlined in the strategic plan may be undertaken as time and resources permit. A series
of unpublished appendixes that provide full details of the research findings and rec-
ommendations for each topic are available from NCHRP in electronic form.
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STRUCTURAL SUPPORTS FOR HIGHWAY SIGNS,

SUMMARY

LUMINAIRES, AND TRAFFIC SIGNALS

NCHRP Project 17-10 was conducted for the main purpose of revamping the 1994
edition of the AASHTO Sandard Specifications for Structural Supports for Highway
Sgns, Luminaires and Traffic Sgnals (hereafter referred to as the Supports Specifica-
tions). The project addressed specific technical topics; provided major updates based on
current codes and standards; presented new wind maps and wind loading criteria; and
introduced new sections on fiber-reinforced composites, wood structures, and fatigue
design. Project 17-10 resulted in atotally revised Supports Specifications that was sub-
mitted to the AASHTO Highway Subcommittee on Bridgesand Structures (HSCOBS),
adopted in 1999, and published in 2001.

In spite of the extensive research efforts performed under NCHRP Project 17-10, a
number of technical issues still needed further investigation or refinement. The project
panel identified and prioritized a number of technical topics for study in NCHRP
Project 17-10(2). The main objective of NCHRP Project 17-10(2) was to enhance the
Supports Specifications developed under Project 17-10 and to provide a strategic plan
for future development of the specifications. Specific technical topics addressed by
Project 17-10(2) included the following:

« Wind load analysis. A report for consideration by the AASHTO HSCOBS was
prepared to address the basis for the differences in the wind speed maps, the dif-
ferences in design loads resulting from wind speed maps, and the treatment of
gustsin the 1994 and 2001 Supports Specifications. Approximate gust effect fac-
tors for wind-sensitive structures were also devel oped.

- Fatigueand vibrationin noncantilevered support structures. Fatigueand vibra-
tion in noncantilevered support structures were studied, and a set of fatigue loads
was recommended. Additionally, connection details to minimize fatigue effects,
effectiveness of gussets in reducing fatigue problems, and vibration-mitigation
measures were evaluated and documented. The material is presented in a format
that is suitable for consideration for inclusion in the specifications.

» Foundationsand anchor bolts. Selection criteriaand design guidance for support
structure foundations were provided, and a simplified design method for anchor



bolt design was proposed based on state-of-the-art information on anchorage to
concrete.

« Drag coefficient transitionsfor multisided to round shapes. A drag coefficient
transition equation was devel oped for tapered pol esthat transition from multisided
shapes to round shapes.

« Connection plate and base plate flatness toler ances. Current practice and state
DOT specifications were reviewed to identify the need for structure-specific con-
nection plate and base plate flatness tolerances for erection. Tolerances based on
the findings were recommended.

» Bending about the diagonal for rectangular steel sections. Strength and failure
criteria for bending about the diagonal axis of rectangular steel sections were
established. Design guidelineswere devel oped and proposed for bending about the
diagonal for rectangular steel sections.

« Fiber-reinforced composites. A performance specification, including acceptance
testing procedures, was developed for fiber-reinforced composite support struc-
tures.

+ Design examples. Sixteen design examplesthat represent good design practicefor
various types of support structures while illustrating key features of the specifica-
tions were devel oped.

+ Retrofit and rehabilitation of fatigue-damaged support structures. A report that
addresses for retrofitting and rehabilitating fatigue-damaged support structures
was prepared. Guidance on repair and replacement decisionswas also provided as
part of this report.

Furthermore, a strategic plan for future enhancement of the Supports Specificationswas
developed, including a plan for conversion of the specificationsto load and resistance
factor design (LRFD) philosophy and format. Theimportance of converting to an LRFD
approach was emphasized, and the necessary analytical work to achievethis conversion
was reviewed.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 BACKGROUND

NCHRP Project 17-10, whose results are summarized in
NCHRP Report 411 (1), was conducted for the main purpose
of revamping the 1994 edition of AASHTO's Sandard Spec-
ifications for Sructural Supports for Highway Sgns, Lumi-
nairesand Traffic Sgnals (2) (hereafter referred to asthe Sup-
ports Specifications). The project addressed specific technical
topics; provided major updates based on current codes and
standards; presented new wind maps and wind loading crite-
ria; and introduced new sections on fiber-reinforced compos-
ites, wood structures, and fatigue design. NCHRP Report 411
adopted an allowable stress design (A SD) philosophy and was
presented in auser-friendly specification/commentary side-by-
sideformat. Project 17-10resulted in atotally revised Supports
Fecifications that was submitted to the AASHTO Highway
Subcommittee on Bridges and Structures (HSCOBS), adopted
in 1999 (3), and published in 2001 (4).

1.2 RESEARCH PROBLEM STATEMENT

In spite of the extensive research efforts performed under
NCHRP Project 17-10, a number of technical issues till
needed further investigation or refinement. The project panel
identified and prioritized a number of technical topics for
study in NCHRP Project 17-10(2). Addressing these topics
would result inamore comprehensive and enhanced state-of -
the-art Supports Specifications. The 2001 Supports Specifi-
cations also had to be upgraded to the more rational load and
resistance factor design (LRFD) philosophy. LRFD was and
isthe basisfor most design specifications, sinceit providesa
consistent approach with respect to strength evaluation and
structural safety. Furthermore, since the Supports Specifica-
tions was and is a comprehensive document incorporating
various materials, design criteria, and structure types, astrate-
gic plan for future enhancement and maintenance of the spec-
ifications was needed.

1.3 RESEARCH OBJECTIVES AND APPROACH

1.3.1 Objectives

The main objective of NCHRP Project 17-10(2) was to
address a number of additional technical topics to further

enhance the Supports Specificati ons devel oped under Project
17-10 and to provide a strategic plan for future devel opment
of the specifications. Topics addressed by Project 17-10(2)
included the following:

* Impact of the newly adopted wind loading criteria and
wind map;

+ Treatment of wind-sensitive structures;

+ Fatigue of noncantilevered support structures;

+ Anchor bolt design details, including embedment length
and pretensioning;

+ Foundation selection criteria;

+ Drag coefficient transition for multisided tapered poles,

« Connection plate flatness criteria;

 Flexural strength of square or rectangular steel tube sec-
tions bent about the diagonal;

» Performance specifications and acceptance testing for
fiber-reinforced composite members;

» A set of complete and detailed design examples illus-
trating the use of the 2001 Supports Specifications;

* Retrofitting and rehabilitating of fatigue-damaged struc-
tures; and

» Development of astrategic plan for converting the spec-
ifications to an LRFD philosophy and a plan depicting
future enhancements to the specifications.

1.3.2 Approach

Theresearch consisted of an extensive review and analysis
of theoretical and experimental research investigationsrelated
to the project topics. Unpublished works and currently ongo-
ing research studies were also identified and obtained. The
primary focus was to obtain the most up-to-date technical
information that has materialized since the completion of
NCHRP Project 17-10. The assembled information was eval-
uated and presented in the form of design equations, allow-
able stresses, improved methods of analysis, design details,
construction tolerances, procedures for repair of structures,
and recommendations for improved design and fabrication.

1.4 SCOPE OF THE INVESTIGATION

The planned work for this project consisted of the follow-
ing thirteen tasks:



» Task 1—Literature review, industry contacts, and
survey. Review relevant practice, performance data,
research findings, and other information related to sign,
signal, and luminaire structures. Thisinformation will be
assembled from foreign and domestic technical literature
and from unpublished experiences of engineers, owners,
material suppliers, fabricators, and others. Information
on actual field performance is of particular interest.
Task 2—Wind loadsreport. Develop areport for con-
sideration by HSCOBS that addresses the basis for the
differences in the wind speed maps, the differences in
design loads resulting from wind speed maps, and the
treatment of gusts in the current specifications and the
specifications proposed in NCHRP Project 17-10. Use
the information in ANSI/ASCE 7-95 or successor doc-
ument to develop gust effect factors using the proce-
dures presented in its commentary for wind-sensitive
structures.

Task 3—Interim report. Submit an interim report,
within 6 months, that documents the results of Tasks 1
and 2 and expands on the work plan for Tasks 4 through
13. Following project panel review of theinterim report,
meet with the panel to discuss the interim report and
remaining tasks.

Task 4—Fatigue and vibration in noncantilevered
support structures. Develop areport for consideration
by the AASHTO HSCOBS that addresses fatigue and
vibration in noncantilevered support structures. Thereport
shall include (a) proposed connection design detailing
that minimizesfatigue effectsfor support structures other
than cantilevered, (b) an evaluation of the effectiveness
of gussetsin reducing fatigue problems, (c) recommen-
dations for appropriate design and fabrication guide-
lines, and (d) proposed vibration mitigation measures.
All material shall be prepared in a format suitable for
consideration for inclusion in the specifications.

Task 5—Foundationsand anchor bolts. Provide selec-
tion criteria and design guidance for support-structure
foundations, including reinforced and unreinforced cast-
in-place drilled piles, steel screw-in foundations, and
spread footings. Include design detailsfor anchor bolts. At
aminimum, address anchorage type (hooked or straight),
embedment length, and pretensioning.

Task 6—Drag coefficient transitionsfor multisided to
round shapes. Use existing research findings to develop
drag coefficients for tapered poles that transition from
multisided shapes to round shapes.

Task 7—Connection plate and base plate flatness
tolerances. Review current practiceto identify the need
for structure-specific connection plate and base plate

flatness tolerances for erection. Recommend tolerances
based on the findings.

+ Task 8—Bending about thediagonal for rectangular
steel sections. Establish strength and failure criteriafor
bending about the diagonal axis of rectangular sections.
Recommend design guidelines.

» Task 9—Fiber-reinforced composites. Develop per-
formance specifications and acceptance testing proce-
dures for fiber-reinforced composite support structures.

» Task 10—Design examples. Prepare complete design
examples that show good design practice for support
structures while illustrating key features of the specifi-
cations. Examplesshall cover arealistic number of struc-
ture types covered by the specification. At least one
example shall be prepared for each material coveredin
the specification.

« Task 11—Retrofit and rehabilitation of fatigue-
damaged support structures. Prepare a manual for
retrofitting and rehabilitating fatigue-damaged support
structures. It is anticipated that this manual can be
developed using the experience of the states and fabri-
cators. Guidance on repair/replacement decisionsisalso
provided.

+ Task 12—Strategic plan for future enhancements.
Develop a strategic plan for future enhancements to
the support structure specifications. In particular, aplan
for conversion of the specifications to LRFD philoso-
phy and format shall be developed. The strategic plan
includesadiscussion of datarequirementsand necessary
experimental and analytical work needed for LRFD
specifications.

» Task 13—Final report. Submit afinal report that doc-
umentsthe entire research effort. The reports devel oped
in Tasks 2, 4, and 11 and the design examples prepared
in Task 10 shal be included as separate appendices.
Where applicable, suggested changes to the specifica
tions are recommended.

1.5 ORGANIZATION OF THE REPORT

Chapter 2 summarizes the work performed and findings
that fulfill the 12 objectives of the project. Chapter 3 dis-
cusses the proposed technical revisions to the specifica-
tions and the recommended changes. Chapter 4 provides
the study conclusions and suggested topics for future
research. The appendixesprovide detail ed reports on sel ected
topics.




CHAPTER 2
RESEARCH FINDINGS

The project initially focused on 12 topics that were identi-
fied as needing revisions and updates. The following isalist
of the topics that were studied in this project:

+ Impact of the newly adopted wind loading criteria and
wind map;

+ Treatment of wind-sensitive structures;

« Fatigue of noncantilevered support structures,

+ Anchor bolt design details, including embedment length
and pretensioning;

+ Foundation selection criteria;

+ Drag coefficient transition for multisided tapered poles
where the cross-section is nearly round;

+ Connection plate flatness criteria;

+ Flexural strength of square or rectangular steel tube sec-
tions bent about the diagonal;

+ Performance specifications and acceptance testing for
fiber-reinforced composite members;

+ Retrofitting and rehabilitating of fatigue-damaged struc-
tures;

» A set of complete and detailed design examples illus-
trating the use of the 2001 Supports Specifications; and

» Development of astrategic plan for converting the spec-
ifications to an LRFD philosophy and a plan depicting
future enhancements to the specifications.

Thischapter summarizesthework performed and theresearch
findings. Where applicable, suggested changes to the speci-
fications are described.

2.1 LITERATURE REVIEW, INDUSTRY
CONTACTS, AND SURVEY

Thework for the project included reviewing relevant prac-
tice; performance date; research findings; and other informa-
tionrelated to sign, signal, and luminaire support structures.
This information was assembled from foreign and domes-
tic technical literature and from unpublished experiences of
engineers, owners, material suppliers, fabricators, and oth-
ers. Information on actual field performance was of partic-
ular interest.

It isrecognized that a significant portion of NCHRP Proj-
ect 17-10(2) work was of a practical nature, depending on
field experiences, and was not readily available in the pub-
lished literature. Hence, much of the information devel oped
in the project was based on the experiences of state depart-
ments of transportation (DOTS), manufacturers of support
structures, material suppliers, and engineers. Close contacts
with these parties were maintained throughout the duration
of the project and provided an essential ingredient to the suc-
cess of the project. Information gained from these sources
was studied and evaluated with special care, since no offi-
cial peer-reviewed publication of the material is available.
Based on the surveys of Task 1, the state DOTs and manu-
facturerswith the most pertinent information related to Proj-
ect 17-10(2) were identified. Typical state DOTSs that were
contacted included Wyoming, Florida, New Y ork, Califor-
nia, Michigan, Texas, and Virginia. Typica manufacturers
that were contacted included Hapco, Newmark, P&K Pole
Products, Shakespeare, Strongwell, Union Metal, Vamont,
Walpar, and Whatley. Visits, as necessary, were made to
gather test data and discuss important details and design
information.

2.1.1 State DOT Survey and Results

The survey sent by the research team to state DOTS, as
well as the results of that survey, are given in Appendix A.
Forty-seven agencies responded. Many state DOTs provided
materials such as repair manuals, sample calculations, and
sample designs that were referenced in later stages of this
research. Some states also identified additional manufactur-
ersthat were contacted.

2.1.2 Manufacturers’ Survey and Results

The survey sent by the research team to support struc-
ture manufacturers, aswell asthe results of that survey, are
provided in Appendix A. In addition to survey responses,
some of the support structure manufacturers provided sam-
ple drawings, test data, calculations, and product catal ogs,
which were reviewed as part of the project work. Additional
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manufacturers identified by state DOTs were contacted to
expand on thisinformation.

2.2 WIND LOADS REPORT

The 2001 Supports Specifications has been updated to
reflect currently accepted wind engineering practice. Wind
loading provisions in the specifications are based on ASCE
7-95 (5), with specific modifications for structural supports
for highway signs, luminaires, and traffic signals. The new
wind load provisionsin the Supports Specifications are based
on a 3-second gust wind speed, rather than a fastest-mile
wind speed, and a new map has been adopted. An increase or
reduction in calculated wind pressures result from the use of
the updated wind map.

The main goal of thistask isto provide an in-depth expla-
nation of the new wind map (3-second gust) and its impact
on the calculated design wind pressures on structural sup-
ports. In addition, the flexibility of the structural support as
it affects the gust effect factors is considered, and methods
for incorporating the flexibility of the structure in the wind
loading computation are evaluated.

A complete document entitled “Wind Loads Report” is
provided in Appendix B. It provides a detailed study of the
new wind load provisions in the 2001 Supports Specifica-
tions. More specificaly, the report addresses the following:

» Thebasisfor wind pressure calculationsin the 1994 and
2001 specifications,

+ Wind load comparisons between the 1994 and the 2001
specifications,

» Recommendations for gust effect factors for flexible
structures, and

+ Suggested research needs pertaining to wind loads for
structural supports.

Analytical studies performed showed that the new wind
provisions will generally result in wind provisions that will
be significantly different from those calculated using the
1994 Qupports Soecifications. On average, wind loads on sup-
port structures, except for an increase for roadside signs,
computed in accordance with the new wind provisions are
comparable to the loads computed using the 1994 Supports
Soecifications. In comparing the 1994 and 2001 Supports
Foecificationswind load provisions, it isapparent that changes
in wind pressure, either decreasing or increasing, are highly
site specific. Thewind pressureswill doublefor ashort street-
lighting pole in Mobile, Alabama, or Orlando, Florida. The
wind pressures will be reduced by half for aroadside signin
Hawaii.

The effect of the flexibility of support structures on the
gust effect factor was studied. Equations provided by ASCE

7-98 for wind-sensitive structures were reviewed to deter-
mine the applicability to support structures. Simplified equa
tions were developed for high mast lighting and traffic sig-
nal structures. These equations should be used with caution
and may result in an increase in wind pressure on the struc-
tures. Until further verification of these equations using wind
tunnel testing, it is recommended that they be used for gen-
eral guidance.

2.3 FATIGUE AND VIBRATION IN
NONCANTILEVERED SUPPORT
STRUCTURES

The 1994 edition of the Supports Specifications provides
little guidance on the design for fatigue and vibration. NCHRP
Project 17-10 introduced a new section entitled “Fatigue
Design,” which is based primarily on the work of NCHRP
Project 10-38 (6). The “ Fatigue Design” section of the Sup-
ports Specifications addresses fatigue design of cantilevered
steel and aluminum structures. Noncantilevered structures
were not included, since such structures were not within the
scope of NCHRP Project 10-38. Therefore, the overall objec-
tive of the task represented by this section of the report was
to address fatigue and vibration in noncantilevered support
structures.

Theresults of the survey sent to state DOTsindicated con-
cernsfor fatigue of noncantilevered support structures. Out of
the 48 replies received, 8 identified problems with noncan-
tilevered support structures. State DOTs that indicated hav-
ing experienced problems were contacted. Also, the research
team met with researchers of NCHRP Project 10-38(2) and
visited alocal sign support manufacturer. The effort included
acomprehensive literature review of up-to-date publications
regarding the fatigue of support structures. Related issues
such as vibration mitigation methods and the effects of gus-
sets were also investigated. Finally, an in-depth analytical
investigation, using finite element analysis, was conducted to
determine equivalent static fatigue loads for noncantilevered
structures. This section summarizes the major research find-
ings of thiswork. A detailed report documenting the analyt-
ical procedures and resultsis presented in Appendix C. The
DOT survey results regarding fatigue and vibration in non-
cantilevered support structures is provided in the appendix,
aswell as an extensive reference list.

2.3.1 Susceptibility of Noncantilevered Support
Structures to Wind-Induced Vibration

Fatigue and vibration problemsthat have occurred in non-
cantilevered support structures were investigated. However,
the question of susceptibility to wind vibration phenomena



such as galloping and vortex shedding is unresolved. A pre-
sentation of the different wind loading phenomena and why
they occur, along with adiscussion of the susceptibility issue,
isprovided in Appendix C, whereit is pointed out that labo-
ratory testing and further field eval uation are needed to deter-
mine susceptibility. Such testing was not included in the scope
of thisproject. However, the research continued with the task
of establishing equivalent static fatigue loads by assuming
that noncantilevered structures were susceptible to the same
vibration phenomena as cantilevered support structures and
by using the finite element methods as an analysistool. Asa
result of communication with researchers, manufacturers,
and state DOT engineersregarding susceptibility issues, gal-
loping loads were excluded for truss support structureswhile
the loads for other types of noncantilevered support struc-
tures were adjusted using importance factors that are similar
to the factors used for cantilevered structures.

2.3.2 Establishing Equivalent Static Fatigue
Loads for Noncantilevered Support
Structures

Finite element analyses were conducted using six sup-
port structure models to determine the applicability of the
fatigue loads for cantilevered support structures recom-
mended by NCHRP Project 10-38 to noncantilevered sup-
port structures. The analytical study, which is presented in
Appendix C, resulted in the following load recommenda-
tions for noncantilevered support structures:

» Galloping. Apply 21-psf shear pressurevertically tothe
projected area of the signs mounted to monotube sup-
port structures as viewed in the normal elevation (same
as cantilevered support structures). Galloping will only
apply to horizontal monotubes; noncantilever structures
and truss-type supports are excluded.

« Vortex shedding. Apply the static load model for vor-
tex shedding of a cantilevered nontapered element in
the support specifications suggested by NCHRP Proj-
ect 17-10 to the nontapered element in the noncan-
tilevered support structure. Thismode involvesthetrans-
verse application of the equivalent static pressure range
to anontapered horizontal member (vertical direction) of
the monotube structures. This design requirement may
be disregarded as long as the signs or sign blanks are
used during construction.

» Natural wind loads. Usethe value of 5.2 psf multiplied
by the drag coefficient, which is the same value as that
used for cantilevered structures. The natural wind gust
pressure range shall be applied in the horizontal direc-
tion to the exposed area of all support structure mem-
bers, signs, and attachments.
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* Truck-induced loads. Use 7.5 psf for the horizontal
pressure applied to the area of the sign and the area of
the support structures and 10.2 psf for vertical pressure
applied to the area of the support structure and the pro-
jected areaof the sign. These pressures should be applied
along the entire span of the structure or along 24 feet of
the span, whichever is smaller.

 Deflection. Use the limits as provided in the current
specifications of L/150 for deflection due to dead load
and iceload and not excessive for vertical deflection due
to galloping and vertical truck-induced fatigue loads.

It should be pointed out that the recommendations were
based on the analysis of selected support structures. Exper-
imental work is needed to verify the susceptibility of these
structuresto the vibration phenomenon. Because of the lack
of such experimental work and fatigue case documentation,
the research team used fatigue design loads devel oped from
the analytical study as abasisto correlate the loads for non-
cantilevered support structures with the loads used for can-
tilevered structures and applied importance factors to adjust
these load values. Importance factors for noncantilevered
support structures were based on discussions with other
researchers and NCHRP Project 17-10(2) panel comments.
These factors are similar to the factors for cantilevered sign
support structures. Galloping was excluded as aloading case
for truss support structures because other researchers indi-
cated that noncantilevered truss support structures are not
susceptible to galloping. Section 2.3.6 introduces impor-
tance factors for vibration and fatigue design for noncan-
tilevered sign support structures.

2.3.3 Fatigue Categorization of Connection
Details for Noncantilevered Support
Structures

The research team reviewed sign support structure draw-
ings and specifications provided by state DOTSs. The research
team also studied NCHRP reports dealing with fatigue in
bridge connectionsthat provided the basisfor categorization
in the AASHTO LRFD Bridge Design Specifications (7).
Details for noncantilevered support structures were com-
pared with the cantilevered structure details and were cate-
gorized. The various types of connections, the factors that
affect the fatigue resistance of welded connections, and the
fatigue resistance of bolted connections were synthesized.
Categorization of details was suggested. Ten examples of
these connection details are presented in Appendix C. The
connections included the typical beam column connections
in monotube support structures, splice joints in monotube
support structures, and U-bolts used in the chord to the
upright connection in truss structures.
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2.3.4 Effectiveness of Gussets in Sigh Support
Structures

Results of the effectiveness of gussets in sign support
structures were based on astudy by Gilani and Whittaker (8,
9). An example that demonstrates the effect of gusset plates
was provided. Providing gusset plates was recommended to
increase the moment capacity of the connection. The moment
capacity can be further increased by appropriate design of
the gusset.

2.3.5 Vibration Mitigation Measures in Sign
Support Structures

Various vibration mitigation measures were studied.
These include those considered by Kaczinski et al. (6), Cook
et al. in Florida (9a), and Hamilton et al. in Wyoming (9b).
The effectiveness of these measuresin increasing the damp-
ing in support structures was discussed. A brief analytical
study was conducted to demonstrate the effect of increased
damping. Some of the devices were shown to increase the
damping; however, the only way to verify the effectiveness
of vibration mitigation is through testing and/or monitoring
of structuresin service.

2.3.6 Suggested Additions to Section 11 of the
2001 Specifications

Add to Specifications, Section 11.4:

d) Noncantilevered overhead sign and traffic signal sup-
port structures

Add to Specifications, Table 11-1:

Importance Factors for Vibration and Fatigue Design for
Noncantilevered Sign Support Structures

Category Structure Importance Factors
Type Galloping Vortex Natural Truck Gust
shedding Wind
I Truss X X 1.0 1.0
Monotube 1.0 X 1.0 1.0
Il Truss X X 0.85 0.9
Monotube 0.72 X 0.85 0.9

* Use the value of 1.0 for construction stage if signs or sign blanks are not used.

Change to Specifications, Section 11.7.1:

From “Overhead cantilever . . .” to“Overhead cantilevered
and noncantilevered . . .”

Add to Specifications, Section 11.7.1, Commentary:

Galloping loads are applied to monotube noncantilevered
support structures. Overhead noncantilevered truss-type

support structures do not appear to be susceptible to gal-
loping because of their inherently high degree of three-
dimensional rigidity.

Add to Specifications, Section 11.7.2:

The equivalent static pressure Pys shall be applied trans-
versely (vertical direction) to nontapered horizontal mono-
tubes of noncantilevered support structuresif signsor sign
blanks are not used during construction.

Change to Specifications, Section 11.7.3:

From“ Overhead cantilever . . .” to " Overhead cantilevered
and noncantilevered . . .”

Add to Specifications, Section 11.7.4:

Noncantilevered overhead sign and traffic signa support
structures shall be designed to resist the following static,
truck-induced, gust pressure range of

Pre = 360Cq1¢ (Pa) Eqg. 11-7
Pre = 7.5 Cylr (psf)
Prc = 490C,1 ¢ (Pa) Eg. 11-8

PTG = 102Cd I E (pSf)

The pressure range given by Eq. 11-7 shall be applied hor-
izontally to the area of signs and horizontal members,
while the values given by Eq. 11-8 shall be applied in the
vertical direction to the area of the structure elements and
the projected area of the sign. These pressures should be
applied along the entire span of the structure or 24 feet (8
meters) of the span, whichever is smaller.

Add to Commentary, Section 11.7.4:

Regarding the noncantilevered sign support structures, the
pressure values were based on analytical work of project
NCHRP Project 17-10(2) considering truck-induced pres-
sure values measured by Cook (1996). The values mea-
sured were applied to four noncantilever sign support struc-
tures as a dynamic load, and the equivalent static loads
were obtained. The average value of the static loads was
then multiplied by the factor of 1.3 to account for increase
in the relative truck speed due to head wind.

Change to Specifications, Section 11.8 (Deflection):

From “cantilevered single-arm . . .” to“ cantilevered single-
arm and noncantilevered monotube.. . .”



Add to Specifications, Table 11-2:

Construction Detail Stress Application Example
Category
Mechanically 25. Boltsintension D Beam column connection for 16
Fastened monotube structures
Connections
Fillet-Welded 26. Fillet weld with one side E Beam column connection for 16
Connections normal to the applied stress monotube structures
Mechanically 27. High-strength boltsin D Monotube or truss-chord splice 17
Fastened tension
Connections
Fillet-Welded 28. Fillet weld with one side E Monotube or truss-chord splice 17
Connections normal to the applied stress
Mechanically 29. U-boltstied to the D Horizontal truss connection with | 18
Fastened transverse truss column to the vertical truss
Connections keep the chordsin place
Mechanically 30. Net section of full- B Truss-bolted joint 18
Fastened tightened, high-tension
Connections boltsin shear
Add to the Specifications, Figure 11-1:
<
[
@Gﬂl Bolted commection
‘\_ . >i - (Detail 27)
Bolted commection
(Detail 25)
e

Fillet weld
(Detail 28)

Beam-Colunm Cormection for monotube stiucture

Example 16 Monotube beam splice

Exanple 17

 U-bolts
= - T (Detail 29)
[ .
High-tension Z;é
bolts 4 e .
(Detail 30) ¥
/ fs 4
4
I

Beam-Columm Comnection for Truss Structiwe
Exanple 18
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2.4 ANCHORAGE TO CONCRETE

The 2001 Supports Specifications document does not
address the design of anchorage to concrete. NCHRP Proj-
ect 17-10 proposed a revision to the 1994 AASHTO Sup-
ports Specifications and addressed the issue of anchor bolt
design, among other topics (10, 11). On the issue of anchor
bolt design, the topics addressed were anchor bolt materi-
als, allowable stresses, the use of hooked bolts, minimum
embedment length of headed cast-in-place anchor bolts, the
effect of edge distance, and the effect of spacing between
anchor bolts.

The latest American Concrete Institute (ACI) anchorage
procedure was evaluated. This procedure has been published
by a number of sources, including the ASCE (12), the Inter-
national Conferenceof Building Officials(13), and Cook (14).
The procedure was published as Appendix D in the 2002 edi-
tion of the ACI 318 Building Code Requirements for Struc-
tural Concrete and Commentary.

The research team obtained an updated copy of this proce-
dure, which includes the use of anchor boltsover 25inchesin
length outlined in document CB-30, dated June of 2000 (16).
Thisis the current state of the art in anchorage to concrete.
The procedure is presented in a LRFD format. Using awind
load factor of 1.3 in accordance with ACI 318 (15), and the
appropriate strength reduction factors (¢q) (16), the equations
have been converted for use in the Supports Specifications.

2.4.1 NCHRP Report 411 Recommendations

The 1994 edition of the Supports Specifications (2) con-
tains little information on the design of embedment length,
effect of edge distance, spacing of anchors, or fatigue of
anchors in tension (1). NCHRP Project 17-10 reviewed 17
documents and proposed arevision to the anchor bolt section
of the 1994 Supports Specifications. The project addressed
the following issues:

« Anchor bolt material,
« Allowable stresses, and
* The use of hooked bolts.

Appendix C was added to the report and addressed these
topics:

+ Minimum embedment length of headed cast-in-place
anchor bolts,

» The effect of edge distance, and

» The effect of spacing between anchor bolts.

However, Appendix C wasnot includedinthe2001 AASHTO
Supports Specifications (4).

2.4.1.1 Anchor Bolt Materials

The 1994 Qupports Specifications allowed many different
types of anchoring materials, including anchor bolts, bolts
made from reinforcing steel, and other threaded materials (1).
NCHRP Report 411 proposed that anchor materials be lim-
ited to grades 36-, 55-, and 105-ksi steel because of informa-
tion from AASHTO M314 and other ASTM standards.

Tension in the anchor bolt is resisted by bearing of the
embedded anchor end on the concrete. The bearing areamay
be provided by one of the following:

» Headed boalt,

Headed bolt with washer,
Nut,

Nut with washer, and
Hook of bent bolt.

2.4.1.2 Allowable Stress

NCHRP Report 411 compared the allowable tensile and
shear stressesin the current Supports Specifications to those
in the American Institute of Steel Construction (A1SC) man-
ual. The failure mode of the 1994 Supports Specificationsis
based on theyield stressand tensile stress area. It allowed for
atensile stress of 50% of the yield stress and an allowable
shear stress of 30% of theyield stress. Inthe AISC ASD pro-
cedure, the allowable tensile stress is limited to 33% of the
ultimate stress, and the allowable shear stress is limited to
17% of the ultimate stress (17). Thislimit differs from steel
design inthe AISC LRFD manual, which basesitsfailure on
ultimate strength and nominal area (18). NCHRP Report 411
recommended that the current Supports Specificationsallow-
able stresses remain at 50% of yield stress (F,) for tensile
loads because it was the more conservative value (1). This
cautious approach seemed appropriate because of the lack of
information at the time that the report was written.

2.4.1.3 Use of Hooked Bolts

NCHRP Report 411 recommended the use of headed
anchor bolts over hooked bolts, but allowed hooked bolts up
to 55-ksi steel, since research showed that hooked anchor
bolts made from higher-strength steel did not develop their
full tensile strength. Headed bolts give much more efficient
pullout strengths than hooked bolts because hooked bolts can
straighten and pull out under high tensile loads, and crushing
inthe concrete occurs at the area of the hook. It also noted that
AISC LRFD (18) states that high-strength steels are not
recommended for use in hooked bolts because bending with
heat might materially alter the steel’s strength. Also, ACI
355.1R-91 states that hooked bolts have been known to
straighten out in pullout tests, and headed anchors of the
same size and length have significantly higher capacities (19).



Nevertheless, hooked anchor bolts should be alowed because
alarger-diameter hooked bolt may be cheaper than asmaller-
diameter headed bolt of equivalent capacity.

2.4.2 Review of Current State Transportation
Agency Practice

State transportation agencies were asked about typical bolt
meaterias, diameters, and lengths. The results are reported in
Tables 15 to 21 of Appendix A. The survey results indicated
that awide variety of anchor bolt strengths are in use, with
ASTM A36, A307, and A325 being the most common. Bolt
diametersranged from aminimum of 0.5 inch to amaximum
of 2.5 to 3.25 inches, depending on the type of structure.
Average bolt diameters were between 1 and 2 inches for all
structure types investigated.

Anchor bolt lengths varied considerably. For street light
poles, bolt lengths ranged from 12 to 90 inches, with an aver-
age of approximately 40 inches. For overhead cantilever
structures, bolt lengths ranged from 30 to 180 inches, with an
average of approximately 58 inches. Reported anchor bolt
lengths were between these values for other structure types.
The longest values reported by state transportation agencies
exceeded the shortest by a factor of 4 to 7.5, depending on
type of structure, indicating that there is alack of standard-
ization in design procedures.

Both hooked and straight anchor bolts are commonly used.
Hooked bolts are used most commonly for lightly loaded
structures such astraffic signal supports and street light sup-
ports (60% to 70% of structures). Straight anchor bolts are
often used for heavily loaded structure types such as over-
head bridge, overhead cantilever, and high-level lighting poles
(42%t0 63% of structures). Pretensioned boltsarerarely used,
with only 5% to 10.5% usage reported, depending on struc-
ture type.

2.4.3 Review of the ACI Anchor Bolt Design
Procedure

As of the late 1990s, the main source of information on
cast-in-place anchors to concrete was ACl 349 Appendix B
(20) and the PCI Design Handbook (21). Recently, the pro-
posed Appendix D of ACl 318-02—published in Appen-
dixes A and B of Portland Cement Association publication
Srength Design of Anchorage to Concrete (14), in ASCE
Standard 7-98 (12), and in the 2000 International Building
Code (13)—has become the most current and completeinfor-
mation on anchorage to concrete.

This procedure has been in development since the mid
1970s, when ACI 349 Appendix B (20) and PCI Design Hand-
book (21) adopted the 45-degree cone method. The 45-degree
cone method was developed from tests conducted at the Uni-
versity of Tennessee for the Tennessee Valley Authority. In
the late 1980s, tests at the University of Stuttgart led to the
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development of the Kappa method. This development was
based on tests conducted on different types of anchor materi-
als, with avariety of embedment lengths and edge distances.

In the mid-1990s, the Kappa method was refined and
made easier to use by the original developers of the Kappa
method, which resulted in the Concrete Capacity Design
(CCD) method. Meanwhile, an international database was
compiled from anchor tests and field performance. ACI
committees 318, 349, and 355 evaluated the CCD method
and 45-degree cone method using this database. The result
was to recommend the CCD method proposed as ACI 318
Appendix D (15). In this method, the concrete breakout
strength cal cul ations are based on the same model suggested
by the Kappa method, which assumes a prism angle of 35
degrees.

The design procedureis based on ultimate strength design.
The procedure appliesto headed studs, headed bolts, hooked
bolts, and cast-in-place anchors, but not post-installed anchors.
Theprocedureisfor static loadsand does not apply to fatigue
or impact loading. The procedureis not for loads from blasts
and shock waves.

For bolts more than 25 inches long, additional reinforce-
ment in the direction of the load must be added (16). Appen-
dix D of the 2002 edition of the ACI 318 is outlined in the
June 2000 revision of draft CB-30 (16). The ACI procedure
refers to Chapter 12 of ACI 318 for attaching rebar to the
anchor (15) in caseswhere anchors are spliced to reinforcing
steel. The procedure addresses both the strength of the steel
anchors and the strength rel ated to the embedment in the con-
crete, with the smallest capacity controlling the design. The
strength of the steel anchors is based on the steel properties
and size of the anchor. The strength of the embedment is
based on embedment depth, spacing, concrete strength, edge
distance, and size of the head or hook. Concrete strengths
should be limited to 10,000 psi with this procedure.

2.4.4 Basic Principles

The ACI procedure provides for tension and shear fail-
ure modes and for tension-shear interaction. Tension failure
modes include steel strength of anchor in tension, concrete
breakout strength of anchor in tension, pullout strength of
anchor in tension, and concrete side-face blowout strength of
anchor intension. If concrete breakout and concrete side-face
blowout are prevented by using confining reinforcement in
the foundation, then only the steel strength of the anchor and
the pullout strength of the anchor need to be considered for
determining tension capacity.

Shear failure modes include steel strength of anchor in
shear and concrete breakout strength of anchor in shear. If
confining reinforcement is provided, concrete breakout in
shear can be prevented. Failure may also occur through inter-
action between tension and shear.
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2.4.5 Proposed Simplified Procedure

A simplified design procedure for anchor bolt design has
been developed. It is primarily based on the new provisions
on anchoring to concrete that are provided as Appendix D in
the 2002 edition of ACI 318 Building Code Requirementsfor
Sructural Concrete and Commentary. The procedureislim-
ited to the following conditions:

+ Anchor bolts are hooked or headed;

+ Foundations have vertica reinforcing steel and confin-
ing reinforcement, with anchor bolts placed inside of the
reinforcement;

+ Foundation-reinforcing steel is uncoated; and

« |f hooked boltsare used, thelength of thehook isat |east
4.5 times the anchor bolt diameter.

For cases where these assumptions do not apply, such as
when lightly loaded bolts are embedded in an unreinforced
foundation, designers should refer to the complete procedure
as documented in several sources (12-15). It isassumed that
shear will not govern capacity, since the high aspect ratio of
support structures ensures that tension bolt forces due to
overturning moment are higher than bolt shear forces by a
factor of 14 or more. Moreover, the use of confining rein-
forcement will prevent shear breakout.

Briefly, the procedure requires determination of (a) the
required anchor bolt diameter and bearing area for headed
bolts or (b) the required anchor bolt diameter for hooked
bolts. Next, the bolt length is determined so that the failure
plane will intersect the foundation-reinforcing steel below
the point where the capacity of the reinforcing steel is fully
developed. These equations are developed using awind load
factor of 1.3 and the appropriate ACI strength reduction fac-
tors () of 0.80 for steel strength and 0.75 for concrete bear-
ing, solving for required diameters.

Previous design proceduresdid not account for anchor bolt
head or hook bearing against concrete. High bearing stresses
can lead to localized concrete crushing, loose anchor bolts,
and, thus, poor structure performance.

2.4.5.1 Headed Bolt Diameter

The category of headed bolts includes (a) bolts with
head-bearing area increased by using nuts or washers and
(b) threaded rods with nuts, with or without washers. The
required bolt diameter, based on steel strength, is

N
Qancror = 1.44 ““Fi (Eq. 1)
y Tut

Where

N = tensile force on anchor bolt and
F.. = ultimate tensile strength of bolt, but not more than 1.9
timesthe bolt yield strength (1.9 F), or 125,000 psi.

2.4.5.2 Threaded Rod Adjustment

For threaded bolts, the bolt diameter, dahor, Must be
adjusted to account for the threads. The adjusted diameter,
danchors 18 iNCreased as follows, using an adaptation of a for-
mula from the CB-30 procedure commentary (16):

0.97430
n C (Eq.2)

:;nchor = danchor % +

Where

n, = number of threads per inch.

2.4.5.3 Bolt Head Diameter

The required bearing area of the anchor bolt head, A, is

A, = 0.191% (Eq. 3)

Where

f¢ = specified compressive strength of the concrete.

Bearing areas for various bolt sizes are provided in Table 2
of Cook (14). Therefore, for around washer, the required bolt
head diameter, die, IS

dhead = \ %Ab + dénzchor

For this equation, the actual anchor bolt diameter, not the min-
imum, must be used. This requirement is important because
therequired bolt diameter will be rounded up to the next avail-
able size. If the actual diameter is not used in the equation
above, the equation will not necessarily provide sufficient
bearing area. The required area may be provided by a bolt
head, by anut, or by awasher on top of abolt head or nut.

(Ea. 4)

2.4.5.4 Hooked Bolt Diameter

The required bolt diameter to prevent crushing failure of
the concrete against the hook is

N
Qanchor = 0-614\/F (Eq 5)
c

Thisformulaassumesthat the distance from theinner surface
of the shaft of a J-bolt or L-bolt to the outer tip of the J-bolt
or L-bolt (g,) isaminimum of 4.5 timesthe anchor diameter.

Anchor bolt steel strength should also be checked. How-
ever, combining the first equation with the hooked bolt equa-
tion indicates that the concrete bearing strength will govern



unless concrete strength f. is at least 18% of F,. Since A36
steel would require concrete with a strength of over 10,400
psi, it may safely be assumed that steel strength will not gov-
ern capacity for hooked bolts.

2.4.5.5 Anchor Bolt Length

Thelength of anchor embedded in the concrete, | pcner, Must
be sufficient to develop the yield strength of the reinforcing
steel, as described earlier.

fanchor = gd + CIOp + Sanchor (Eq 6)

Where

L4 = required reinforcing bar devel opment length,
Ciop = Clearance between top of vertical reinforcing steel
and top of foundation, and
Sachor = hOrizontal center-to-center spacing between anchor
bolt and vertical reinforcing stedl.

For Gr. 60 Number 6 and smaller bars, the required bar devel-
opment length is

éd = 2’42 db

At

(Eq.7)

Where

d, = diameter of the bar.

For Gr. 60 Number 7 and larger bars, the required bar devel-
opment lengthis

ly = 3;/20 dy (Eg. 8)

For epoxy-coated bars, the bar development length must be
increased by 20% or 50% according to the provisions of ACI
318 (15). These equations only provide for the anchor bolt
length within the concrete—the portion of the bolt protrud-
ing above the concrete must be added to determine the total
length of the bolt.

2.4.6 Sample Calculations and Discussion

In order to determine how the use of this procedure would
affect the design of anchorage for support structure founda-
tions, comparisons were made for anchor bolts with varying
applied forces, three grades of steel, and bolt diameters of up
to 2 inches. Shear |oads were assumed to be negligible. Con-
crete breakout and concrete side-face blowout were assumed
to be controlled by adequate vertical reinforcement and shear
reinforcement (confining steel). For all support structure foun-
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dations, 3,000-psi concrete was used. Results are shown in
Table 1.

Bolt sizes, as determined by the stedl in tension, were com-
pared for the 2001 Supports Specifications and the proposed
method using Equations 1 and 2. The bolt sizesare shownin
Columns 4 and 5 in Table 1. Bolt sizes range from 0 to 0.5
inches smaller for the proposed procedure.

Itisalsoimportant to consider the bearing area, sincelocal -
ized crushing failure of the concrete against the head of the
bolt could lead to bolt looseness and vibration of the support
structure. (Equation 3 is used to determine the minimum
bearing area of a headed bolt. (Equation 5 is used to deter-
mine the minimum bearing area of a hooked anchor bolt.
When using the proposed procedure for headed bolts without
washers, the bearing area of the bolt head or nut, rather than
the steel strength, governs the bolt size. This is shown by
comparing Column 5 and 7 in Table 1. When using the pro-
posed procedure for headed bolts with washers, the bearing
area of a hardened washer is usually adequate for bolt sizes
determined by steel strength, except for the 105-ksi yield
strength bolts. Thisis shown by comparing Column 5 and 6
in Table 1. When using the proposed procedure for hooked
bolts, the bearing area of the hook, rather than the steel
strength, governs the bolt size. Thisis shown by comparing
Column 8 to Columns 5, 6, and 7 in Table 1. The required
diameter for hooked anchor bolt is significantly higher than
it isfor headed bolts.

For headed bolts without washers, tensile capacity is
governed by the minimum required bearing area, rather
than by the steel strength. As aresult, there is no reduction
in bolt diameter for using higher strength steel, such as the
Grade 55 or 105-ksi steel, as shown in Column 7 in Table 1.
The same conclusion applies for hooked anchor bolts, as
shown in Column 8.

Required embedment length of a headed anchor bolt was
calculated for the pullout capacity of the concrete, using the
35-degree failure cone assumed in the ACI anchorage design
procedure (14, 16). Typical required embedment depthswere
16 to 24 inches for loads of approximately 50 to 90 kips.
However, this cal cul ation does not account for the reduction
in capacity dueto overlapping failure cones or edge distance.
In order to achieve this capacity, bolt spacing and/or edge
distance must be 48 to 72 inches—clearly impractical.

2.4.7 Transfer of Anchor Bolt Load to
Foundation Reinforcement

For most support structures, it isnot practical to resist bolt
tension loads through concrete breakout strength. A different
mechanism for resisting these loads is necessary. Therefore,
the anchor bolt tension forces should be transferred to the
foundation-reinforcing steel through the mechanism illus-
trated in Figure 1. In order to use this mechanism, the anchor
bolts must be inside the foundation reinforcement cage.

The previous design conditions, addressed above in Sec-
tion 2.4.6, ensure that the bolt diameter is large enough to
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TABLE 1 Calculated bolt sizes

Tension| Fy, | Fu [2001 Spec. Proposed Method
inBolt | (ksi) | (ksi) [ Min. Bolt [Min. Bolt| Min.Bolt | Min.BoltDia | Min. Bolt
(kips) Dia Based| Dia | Dia Based | Based on Bearing | Dia. Based
on Steel |Based on| on Bearing |of Hex Head or Nut| on Bearing
Strength | Steel | Areawith (in) of Hooked
(in) Strength | Hardened Bolt (in)
(in) |Washer (in)
3 36 | 58 2 2’ vz vz 5/8"
10 36 | 58 7/8" 3/4” 34" 3/4” 1-1/8”
20 36 | 58 1-1/4" 1’ 1’ 1-1/8" 1-5/8"
30 36 | 58 1-1/2" 1-1/4" 1-1/4” 1-3/8” 2
40 36 | 58 1-3/4” 1-3/8" 1-3/8" 1-1/2" -
50 36 | 58 2" 1-1/2" 1-1/2" 1-3/4" Heavy Hex -
60 36 | 58 2 1-3/4” 1-3/4” 1-3/4" Heavy Hex -
5 55 | 75 vz 38" 318" vz 7/8"
10 55 | 75 34" 5/8" 5/8" 3/4” 1-1/8"
20 55 | 75 1 7/8" 718" 118" 1-5/8
30 55 | 75 | 114 1-18" 1-18" 1-3/8" 2
40 55 | 75 1-3/8" 1-1/4" 1-1/4” 1-1/2" -
50 55 | 75 1-1/2" 1-3/8" 1-3/8” 1-3/4” Heavy Hex -
60 55 | 75 1-3/4” 1-1/2" 1-1/2" 1-3/4" Heavy Hex -
70 55 | 75 | 134 1-3/4" 1-3/4” 2" Heavy Hex -
80 55 | 75 2 1-3/4 1-3/4" - -
90 55 | 75 2" 2" 2" - -
10 [105]|125 2 12’ 2 34" 1-18"
20 105 | 125 3/4” 3/4” 3/4” 1-1/8" 1-5/8"
30 |105]|125 718" 718 1" 1-3/8" 2
40 105 | 125 1 1’ 1-1/8" 1-1/2" -
50 105|125| 1-18" 1-1/8" 1-14" 1-3/4" Heavy Hex -
60 105|125| 1-144" 1-1/4" 1-3/8" 1-3/4" Heavy Hex -
70 105|125 1-3/8" 1-14" 1-3/8" 2" Heavy Hex -
80 |105|125| 1-3/8" 1-3/8" 1-12" - -
90 105|125 1-1/2" 1-1v2" 1-3/4” - -
100 [105|125| 1-3/4” 1-1/2" 1-3/4” - -
110 [105|125| 1-3/4” 1-3/4” 2" - -
120 [105|125| 1-3/4” 1-3/4” 2" - -
130 [105|125]| 1-3/4” 1-3/4” - - -
140 | 105|125 2" 1-3/4” - - -
150 |105]125 2" 2" - - -
160 | 105125 2" 2" - - -
170 | 105|125 2’ 2’ - - -

prevent failure and that the hook or head areaislarge enough
to prevent concrete crushing. Therefore, itisassumed that, as
aworst case, acrack developsjust below the head or hook of
the bolt and propagates through the foundation at a 35-degree
angle, whichisconsistent with the assumed ACI failure cone.
Thisfailure plane intersects the foundation-reinforcing steel,
which provides the rest of the anchorage load path.

In order to develop this mechanism, the required anchor
bolt length is equal to the development length of the rein-
forcing bar, plus the clearance to the top of the foundation
(Ciop), Plusthe spacing between the bar and the anchor (Suchor)-
This last requirement conservatively assumes a 45-degree
failure plane.

For example, assume afoundation isreinforced with Num-
ber 8 reinforcing bars, and 3,000-psi concrete is used. The
required development length for these reinforcing bars is 55
inches. If thetop clearanceis 2 inches and the spacing between
the anchors and longitudinal reinforcement is 9 inches, then

anchor bolts 66 incheslong should be used. Thisis somewhat
longer than the average valuefor anchor boltsreported by state
transportation agencies, but much less than the maximum
value. The development length was cal culated using conserv-
ative, default values for all parameters. A more rigorous cal-
culation using the new provisions of ACI 318 Code (14, 16)
would probably result in a shorter required bolt length.

2.4.8 Recommendations for Anchor Bolt and
Foundation Design

For headed anchor bolts, the benefit of using higher-
strength steelsis limited. Required bolt diameter is reduced,
but the head diameter cannot be reduced because it is gov-
erned by concrete bearing stress. Furthermore, lower-yield
steelsaremore ductile. Because of the upper limit of 125,000
psi on F, in Equation 1, using steel with yield strength
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Figurel. Development length of anchor bolt in a drilled shaft.

greater than 105,000 psi will not reduce the required bolt
diameter.

There is no benefit in using higher-strength steels for
hooked anchor bolts, since capacity is governed by the bear-
ing stress of the hook on the concrete. Using higher-strength
concrete for the foundation may reduce the required head
diameter for headed bolts and the required bolt diameter for
hooked bolts.

Typically, required diameters for hooked bolts will be
much larger than the required diameters for headed bolts for
3,000-psi concrete. For lightly loaded structures, this differ-
ence may have little effect, since practica considerations
may dictate the use of anchor bolts at least 0.5 inch in diam-

eter. For heavily loaded structures, however, there may be a
significant advantage to using headed bolts.

Because the anchor bolt length is governed by the devel op-
ment length of the foundation-reinforcing steel, the required
anchor bolt length may be reduced by using smaller-diameter
reinforcing bars or higher-strength concrete in the founda-
tion. The calculationsin Table 1 have been based on the use
of 3,000-psi concrete. Using higher-strength concrete may
reduce required bolt diameters and lengths and thus result in
alower overall cost of the support structure.

As an example, the required anchor bolt length for the
example cited above can be reduced from 66 inches to 37
inchesif 5,000-psi concrete and Number 6 reinforcing bars
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are used for the foundation. For a 1-inch and 13/s-inch
headed bolt with and without a washer, respectively, bolt
sizesthat are designed for a 30-kip load and 5,000-psi con-
crete may be reduced to /s inch with or without a washer.
The diameter of the hooked bolt may be reduced from 2
inches to 1.5 inches if 5,000-psi concrete is used. Using
higher-strength concrete reduces the required diameter for
hooked bolts.

2.4.9 Pretensioned Anchor Bolts

As noted in Section 2.4.2, pretensioned anchor bolts are
not widely used by state transportation agencies. The litera
ture review did not uncover any references on the design or
performance of pretensioned anchor bolts for support struc-
ture foundations. The ultimate strength of the anchor bolt in
tension is not affected by pretensioning.

However, for designs where fatigue is an important consid-
eration, pretensioning may offer a benefit by reducing the
vibration of the structure and reducing the stress range in the
anchor bolt. For these designs, use of lower-yield point ductile
steel combined with pretensioning may provide better fatigue
performance. However, this better fatigue performance needs
to be verified through experimental research.

2.4.10 Summary and Recommendation

The simplified procedure devel oped aboveisapplicableto
most support structures. This procedure requires that the
anchor bolts transfer the load to the foundation-reinforcing
steel. For headed bolts with hardened washers, the simplified
procedure may result in smaller bolt diameters than current
practices, while headed bolts without washers will result in
dightly larger bolt diameters. For hooked bolts, required diam-
eterswill be larger. The simplified procedure requires only
seven equations, with at most five calculations required.
Anchor bolt diameters and lengths may be reduced if higher-

strength foundation concrete or smaller-diameter, foundation-
reinforcing bars are used.

2.5 FOUNDATIONS
2.5.1 Introduction

The 2001 AASHTO Supports Specifications provided new
information on foundation design, including

+ Rational procedure for cal culating embedment depth of
laterally loaded drilled shafts and direct embedded poles
(Brom’s method),

+ Eccentrically loaded spread footings, and

* Pilefoundations.

This project wasto provide additional information on foun-
dation design, including

« Survey of state DOT practices regarding foundation
design,

+ Design guidance for foundation design, and

» Quadlitative criteriafor foundations.

Magjor documents reviewed included the AASHTO LRFD
Bridge Design Specifications (7) and anumber of other publi-
cations pertaining to foundations of structures (1, 2, 4, 22-28).
A survey of al state DOTs was conducted. Information was
requested on the types of foundations commonly used. Table 2
shows the frequency of usefor different foundations by struc-
ture type.

From the survey results, reinforced drilled shafts are the
most common type of foundation, particularly for overhead
cantilevers, high-level lighting poles, and traffic light supports.
Next in frequency of use are spread footings, used mostly for
overhead cantilever and overhead bridge structures. The other
three types of foundation are rarely used (less than 33% of the
time) in support structure applications.

TABLE 2 Support structure foundation frequency of use

Structure Type Reinforced | Unreinforced Steel Spread Directly
cast-in-place | cast-in-place | screw-in footings |embedded
drilled shafts| drilled shafts | foundations poles

Overhead Cantilever | Common None Rare |Intermediate| None
Overhead Bridge | Intermediate None Rare  |Intermediate| None
Roadside Sign Intermediate Rare Rare Rare Rare
Street Light Poles | Intermediate Rare Rare Rare Rare
High-Level Lighting | Common None None Rare None
Poles
Traffic Signal Common None None Rare Rare
Supports
Span Wire Supports | Intermediate None None Rare Rare
Notation
Common = 67-100% of the states reporting use.
Intermediate = 34-66% of the states reporting use.
Rare = 1-33% of the states reporting use.
None = 0% of the states reporting use.




The selection of an appropriate foundation depends on the
magnitude of the applied loads (wind/lateral and gravity), as
well as the soil site characteristics. For lightly loaded struc-
tures, such as roadside signs, direct embedment provides an
economical alternative. Steel screw-in foundations may be
mechanically installed, speeding construction for a large
number of similar structures. For larger structures, selection
between drilled shafts and spread footings depends upon the
magnitude of loads applied and soil properties. In resisting
overturning moments, drilled shafts rely on depth of embed-
ment, and spread footings rely on footing dimensions.

Several factors need to be considered for selecting the
appropriate type of foundation for structural supports. Impor-
tant considerations include the support structure type, struc-
tural stiffness, transmitted loads, soil properties, soil-structure
interactions, groundwater conditions, depth to bedrocks, and
thefixity of the ends of the pile. While many of these factors
may require in-depth geotechnical investigations, the most
fundamental parameters involved directly in the design of a
foundation include

+ Type of support structure,
+ Sail strength parameters, and
» Magnitude and direction of applied loads.

Accurate assessment of soil properties (i.e., unit weight,
cohesion, and soil friction angle) is critical to the stability of
the structure. Heavily involved subsurface explorations are
typically required for accurate assessment of soil strength
parameters. AASHTO LRFD Bridge Design Specifications
listsdifferent recommended in situ soil-testing techniquesfor
different soil types (7). The use of field-testing techniques
such asthe Standard Penetration Test (SPT) or the Cone Pen-
etration Test (CPT) isaddressed in ASTM testing standards.
In some cases, in-depth determination of soil properties may
not be possible for support structures. The 2001 Supports
Foecifications alows waiving of subsurface exploration if
the failure of the structure will not pose significant hazard.
Nonethel ess, the design engineer should practice good judg-
ment when soil parameters are not available for design.

2.5.2 Drilled Shaft Foundation

A drilled shaft is a pile that is constructed by making an
excavationinthe soil with an auger or adrilling bucket. Drilled
shafts may also be referred to as caisson, pier, drilled pile, or
cast-in-placedrilled pile. Laterally loaded drilled shafts can be
used when the soil provides adequate lateral resistance.

Drilled shafts for sign structures can be loaded axially
(limited cases), laterally, or acombination of both. Design of
axially loaded drilled shafts is covered extensively in the
bridge specifications. Contrasting to the design of bridges,
support structures may involve single- or multiple-pile struc-
tures (26). In either case, the embedment depth is the most
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critical design factor. In the Supports Specifications, Brom's
method can be used to determine the embedment depth for
laterally loaded drilled shaftsin both cohesive and cohesion-
less soil. Caution should be taken when assumptions are
made for more complicated soils such as mixed cohesive/
cohesionless soils.

For the state of Alaska, all footingsfor lighting standardsare
specified to be cast-in-place and should have aminimum depth
of 6 feet for a 3-foot diameter shaft and a minimum depth of
9 feet for 2-foot diameter shaft (29). For traffic signa and
accessories foundations, a minimum 3-foot depth is required.
For traffic signal pole foundations, aminimum depth of 9 feet
for al signal poles with 1 signal mast arm, and a depth of
12 feet for all signal poleswith 2 signal mast arms, isrequired.
For overhead tubular sign structures, the minimum drilled
shaft depth is 19 feet, plus an adjustment for slope.

Other states also have required minimum depths for drilled
shafts. Arizona uses a minimum depth of 16 feet, based on a
uniform soil condition, with unit weight of 110 pcf, friction
angle of 29 degrees, and modulus of subgrade k of 50 psf/ft
(30). Somestates, such asIndiana(31), specify required depths
by thefoundation types: Typel, 18 feet; Typell, 15feet; Type
I11, 12 feet. And for specific structures, they specify mini-
mum embedment depth of 15 feet for a double-arm sign
structure, 8 feet for light foundations, and 20 feet for high-
mast-tower foundations. For caisson or drill shaft footings, a
minimum depth of 12 feet is required in Pennsylvania (32).
Washington specifies 3 types of foundations for sign bridges
and monotube signs, as shown in Table 3 (33).

Table3isreproduced hereintoillustrate an example of state
DOT foundation requirements. It shows correlations between
span length and the shaft depth, but does not explicitly indicate
soil effects. Sail effect is considered when selecting the foun-
dation types. Foundation Types 1 and 2 are designed for alat-
era bearing pressure of 2,500 psf. Type 3isdesigned for lat-
era soil bearings between 1,500 psf and 2,500 psf. Type2is
an aternative to Type 1 foundation.

Breakaway supports are typically used on light roadside
sign structures. For breakaway sign support foundations, West
Virginia specifies the minimum depth based on post sizes, as
shown in Table 4 (34). For breakaway signposts, lowa DOT
limits the depth based on the steel post sections, as shownin
Table 5 (35).

2.5.3 Screw-In Helix Foundations

Screw-in helix foundations consist of a galvanized round
pipe or tube with a formed helix plate at the embedded end
(Figure 2) and a connection base plate at the top end. The
foundation derives its lateral load capacity from its length
and diameter and the properties of the soil. Since most screw-
infoundations are power installed, the base plate should have
adequate thickness to resist wear and provide connection for
street lighting poles or roadside signs. The base plate can be
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TABLE 3 Foundation dimension for Washington DOT (33)

Type 1 foundation (drilled shaft)
Structure types Span length Shaft diameter Depth
Cantilever <20 46" 126"
20 to 30’ 46" 15
Sign bridge <60 46" 156"
60’ to 90’ 46" 19
90' to 120° 5 219
120" to 150° 5 236"
Type 2 foundation (drilled shaft)
Structure types Span length Depth
Cantilever <20 73
20’ to 30’ 96"
Sign bridge <60 9
60’ to 90’ 1
90' to 120° 129
120" to 150’ 136"
Type 3 foundation (drill shaft)
Structure types Span length Depth
Cantilever <20 11
20’ to 30’ 139
Sign bridge <60 129"
60’ to 90’ 156"
90' to 120° 179
120" to 150° 19'6"

TABLE 4 Roadside sign support foundationsfor West Virginia (34)

Post Beam Size Width Depth Concrete (yd®) | Reinforcement
SAX7.7 16" 4 0.3 6-#4
W6X12 26 4 0.7 6-#4
W8X18 26" 56" 1 6-#6

W10X22 2'6" 6'6" 12 6-#3

TABLES5 Foundationsfor steel postsfor |owa (35)

Post size Stub length Footing diameter Footing depth

W6x12 2% 2 6
W6x15 2% 2 6%
W8x18 2% 2 7
weax21 3 28 77
W10x22 3 28 8
W10x26 3 28 8%
W12x26 3 28 9

T~ round or square, with afixed or variable bolt circle. Figure 3

shows a typical fixed-bolt circle base plate. The screw-in

helix foundation is typically made of a high-strength steel

pipe shaft for resistance to bending moments and installa-

tion torque. This foundation can be used for street lighting

polesand roadside signs. The product has standardized dimen-

sions. Typical foundation lengths are 5, 8, and 10 feet. Typ-

— ical diameters are 6 to 9 inches. Electrical wiring is fed

through a hand hole in the side of the shaft. The foundation

can be installed easily using conventional rotary equip-

% ment. Standards and specifications from Missouri mentioned

Figure2. Typical lead section of steel screw-in

foundation.

screw anchor foundation for aluminum lighting poles; how-
ever, no minimum embedment depth requirements were
provided (36).



Figure3. Typical fixed-bolt circle base plate.

Steel screw-in foundations may be designed using theload
and allowable stress provisions of Sections 3 and 5 in the
2001 Supports Specifications. The foundation depth may be
determined using an acceptable procedure for a laterally
loaded drilled shaft, such as the Brom's method.

After determination of the embedment depth, a hole is
augered. The pole or post is placed in the hole, and a suitable
backfill material is placed around the structure. The backfill
material, such ascrushed limestone or gravel, should be placed
inliftsand each lift adequately tamped. Concrete backfill has
also been commonly used.

2.5.4 Direct Embedded Poles

Small poles or posts for lighting and roadside signs may
be embedded directly in the earth. Embedment length can be
determined by the same methods for drilled shafts or by
using the approximate chart given in Section 13 of the 2001
Supports Specifications.

A review of available state design specifications and manu-
alsindicatesthat direct embedment is commonly used for sig-
nal post structures, standards, mileposts, and so forth. Direct
embedment poles may be timber, steel, concrete, or fiber-
glass. Typical embedment length may range from 17% to
25% of total pole length. Both California and Connecticut
DOTs specify that wood poles placed should be placed in
ground at least 6 feet deep (37, 38). South Dakota, on the
other hand, requireswood poststo be 4 feet (1.2 meters) deep
(39). For direct embedment of U channel or square posts,
Ohio requires a 42-inch (1.05-meter) depth; for strain pole
embedment, it requires a 6-foot depth (40).

2.5.5 Pile Foundations

Piles can be displacement, metal shell, steel pipe, steel H, or
concrete piles. They may be designed for friction conditionsor
embedment till bedrock. The sizes of piles are governed by
the design load and the load transfer mechanisms. The axid
capacity, lateral capacity, and settlement of piles in various
types of soils may be estimated according to methods pre-
scribed in the AASHTO LRFD Bridge Design Specifications.

Since signs and luminaires provide visua aids for drivers
and pedestrians, the allowable settlement should be limited
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by the design height of the sign or luminaire structure. Exces-
sive settlements of signs or luminaires can cause inconve-
nience to drivers and pedestrians. For calculation of settle-
ment, the designer may refer to AASHTO LRFD Bridge
Design Specifications.

Piles are commonly used for heavy, vertical, lateral |oad-
ings or large, overturning moments. In many cases, pilesare
basically the same as drilled shafts, even though the states
may call them differently. In the state of Alabama (41), pile
footings are recommended if, in the opinion of the engineer,
footings cannot be founded at a reasonable depth on rock or
other satisfactory foundation material, or if satisfactory foun-
dation is more then 10 feet (3 meters) below the bottom of
the footing. The design shall be such as to produce a mini-
mum factor of safety against overturn of 1.5 (same as for
drilled shafts).

Some states specify the minimum pile lengths in their
standards and specifications. For example, for steel pipe
piles, Alaska specifies that if subsurface consists of shallow
bedrocks, minimum pile lengths should be 6 feet (29). Gen-
erally, the same minimum depth requirements for drilled
shafts can be applied also to piles.

2.5.6 Spread Footing

Spread footings may be used to support structures on firm
shallow soil strata. Typically, cast-in-place, spread footings
should be designed to support the design loads with adequate
bearing and structural capacity, as well as limited settle-
ments. Therequired bearing capacity isrelated to the equiv-
alent bearing pressure devel oped along the contact surface
between the soil and the supporting foundation. Since the
dominant load on a sign structure may be lateral, spread
footings should be designed with adequate strength to resist
eccentric loads.

Alaska specifies that spread footings should have a mini-
mum 4-foot backfill from thetop of the base, with base dimen-
sions of 7%/ feet by 7%/ feet. For controller and signal bases,
the spread footing should be 4 feet deep, whereas push but-
ton base posts require a 2-foot depth. Traffic signal pole
foundations should be spread footings with a 2-foot-thick
base and a 3-foot-deep shaft (29).

For overhead sign structures, Pennsylvaniasuggests dimen-
sions of spread footingsto be at least 5 feet deep with awidth
intherange of 5to 15 feet and alength of 8 to 24 feet (32).

2.5.7 Selection of Foundation Types

As mentioned earlier, the decision in selecting a founda-
tion type for a particular application depends on the soil
strength, soil types, and loadings. Since the geological for-
mation and the loading patterns differ from state to state, the
geotechnical engineer should determine the selection of foun-
dation types.
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General selection criteria are provided for guidance in
Table 6. The recommended minimum depth will be related
to the structure types. However, these values are for refer-
ence only. Table 7 shows summary selection criteriafor the
different types of foundations for signs, luminaires, traffic
signals, and overhead sign support structures. The selection
criteriaare based on load condition, soil stiffness conditions,
and site accessibility. Fivetypes of foundation are considered
in the table; however, composite or combined foundations
are also possible.

2.5.8 Summary

The objective of this section was to provide design guid-
ance and selection criteria for the design of foundations for
signs, luminaires, traffic signals, and overhead sign support
structures. This objective was accomplished by reviewing
foundation design guidelines in the literature. The design

guidance in this section also addressed screw-in helix foun-
dations and direct embedded foundations. Based on the soil
stiffness profile and the type of loading, a general table for
foundation selection was also provided.

2.6 DRAG COEFFICIENT TRANSITIONS FOR
MULTISIDED TO ROUND CROSS
SECTIONS

2.6.1 General

Table 3-6 of the 2001 Supports Specifications provides
drag coefficients for round and multisided shapes, which are
consistent with the 1994 Supports Specifications, except for
some minor changes related to the use of International Sys-
tem of Units (SI) units and the 3-second gust wind velocity.
The drag coefficients do not appropriately address the con-
dition of atapered pole with a multisided cross section that

TABLE 6 General foundation selection criteria

Foundation Type Applicable Sail Recommended Minimum | Load Levels
Conditions Depth

Shallow Foundations (D/B < 2)

Spread footings | Any conditions where Medium—
bearing capacity is heavy
adequate for applied
load. May useon a
single stratum.

Groundwater is below
footing.

Deep Foundations (D/B = 2)

Bearing piles Surface and near- For solid rock, minimum Heavy

(primarily axially | surface soilshavelow | 6 ft. For borrows,

|oaded) bearing capacity and minimum 16 ft.
competent soil bedrock
isat greater depth.

Sufficient skin friction
can be developed by
soil-to-pile perimeter to
carry anticipated loads.
Point-bearing where
insufficient skin
friction can be
developed.

Drilled shafts Depends on depth of For lighting structures, Light-heavy

(laterally loaded) | competent stratum. cantilever structures,

10- to 12-ft minimum. For
sign bridges, 12-16 ft. For
overhead sign structures,
multiple shafts 8-12 ft.

Direct For soil with adequate | Timber poles: minimum Light—

embedment bearings for light 20% of polelength. U medium

(laterally loaded) | structures. For tiff soil | channel or square posts:
near surface. No minimum 3 ft.
significant erosion Same as for drilled shafts.
problem.

Screw-in helix Wheretheresistances | Same asdrilled shafts or Light—

foundations against torsion, bending | direct embedment. medium

(lateraly loaded) | and shear, and
combination loads are
reguired (28).

B: width or diameter

D: depth
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TABLE 7 Qualitative selection criteria for foundations based on

load and soil

Types of Foundation

Load Level Soil Stiffness

Conditions

Axialy Loaded Driven Piles

Heavy Weak stratalacking
adequate | ateral
resistance or when
bedrock isrelatively

deep

Laterally Loaded Spread Footing

Soft soil near
surface,
groundwater level is
below footing

Medium—Heavy

Screw-In Helix
Foundation

Direct Embedment

Drilled Shaft

Stiff soil near
surface with
adequate | ateral
resistance

Light-Medium

has large bend radii or is small enough that the cross section
approaches a round section.

In general, multisided shapes have higher drag coeffi-
cientsthan round shapesdo. Figure 4 provides a comparison
of drag coefficient values for various round and multisided
shapes. The drag coefficients are based on the equations in
Table 3-6 of the Supports Specifications, which are repro-

duced in Table 8. For example, for C,Vd > 78, the drag coef-
ficient is 0.45 for a round shape and between 0.55 and 0.83
for a16-sided shape, where C, isthe squareroot of theimpor-
tance factor, V is the basic wind velocity, and d is the depth
of the member. This value represents an increase of 22% to
84% in drag coefficient for the multisided shape. Consider-
ing a tapered pole with a multisided cross section, a drag

\‘ - - - -
0-5 \
0.4
0.3
0 20 40 60 80 100 120
Cv*Vv~*d
—&— Oct. —@E —Dod. —— Hex. for r=0.01

—@— Hex. for r=0.2

—&— Hex. forr=0.05 —>¢—Hex. for r=0.1
= = = Hex. for r>=0.26

—aA— Hex. for r=0.15
Round

Figure4. Shape factorsfor round and multisided sections.
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TABLE 8 Drag coefficient valuesfor round and multisided shapes (from
Table 3-6, wind drag coefficients, Cy, in the Supports Specifications [2])

C/Vd<533 5.33(39) < C,Vd < 10.66 (78) C,Vvd =10.66
(39) (78)
Hexdecagonal: 110 1374108 - Swvd _Cvdr ) 0.83 - 1.08r
0<r<0.26 198 494
137+108r SV4_ ng 4 s cust)
Hexdecagonal: 110 055+ (10.66 -C,vd) ) 0.55
r=0.26 9.67
0.55+ (B2-C)vd) ;vad) (U.S. Cust)
Dodecagonal (See 1.20 3.28 (S) 0.79
Note 1) (cva)®
10.8
———— (U.S. Cust.
Cvay” 5 )
Octagonal 1.20 1.20 1.20
Cylindrical 110 9.69 0.45
— (SI)
(vad )
129
———— (U.S. Cust.
Cay” 5 )
Notes:
1. Vadlid for members having aratio of corner radius to distance between parallel faces equal
to or greater than 0.125.
2. Unitsintop row are Sl, with English Customary in parentheses.
3. Notation:
C,: velocity conversion factor
V: basic wind velocity (m/s, mph)
d: depth (diameter) of member (m, ft)

coefficient of 0.55t00.83 would normally be used according
to the Supports Specifications. At higher elevations on the
tapered pol e, where the pole dimensions become smaller, the
shape of the cross section could approach a round shape. It
may bejustifiableto use alower drag coefficient at the higher
elevations.

A procedure has been developed and presented in Appen-
dix D that will provide a drag coefficient for the transition
from multisided to round shape.

2.6.2 Proposed Equation

A drag coefficient transition equation has been developed
for multisided tapered poleswith geometry approaching round
sections. The proposed transition method for drag coefficients
may be expressed as follows:

If r <ry, then Gy = Cyy, (Eq. 9)
Ifr, <r<r,
- (Eg. 10)
then Cy = Cy + (Cgm — C“’)E;n _r;rg
Ifr=r, thenCy=Cy, (Eg. 11)

Where

C, = drag coefficient to be used in the design;
Cum = drag coefficient for the multisided section;
Cy = drag coefficient for the round section;
r = ratio of the corner radiusto theradius of theinscribed
circle for the multisided cross section;

r» = ratio of the corner radiusto the radius of theinscribed
circle where the cross section is considered multi-
sided, as shownin Table 9; and

r. = ratio of the corner radiusto the radius of theinscribed
circle where the cross section is considered round,
asshownin Table9.

Figure 5illustrates the proposed equations for the multisided
shapes. Table 9 presents four methods that were considered
in the study. The ratios for multisided to round sections (r,,
and r,) vary for each method, as shown in the table.

2.6.3 Comparison of Proposed Design Method
to the Existing Equations

Comparisons of four proposed transition equations (Meth-
ods 1, 2, 3, and 4) were made for 16-, 12-, and 8-sided and
round cross sections and are presented in Appendix D. The
four methods vary with r,, and r,, as provided in Table 2.
Method 4 is recommended for use on the basis of the analyt-
ical work and visual observations that were made. Selected
tables and graphsfor Method 4 are presented below. Figure 6



TABLE 9 Ratior for drag coefficient transition equations

Type of Cross
Method Section ™ re

16-sided 0.2752 0.4844

Method No. 1 12-sided 0.5975 0.7136
8-sided 0.8277 0.8774
16-sided

Method No. 2 12-sided 0.26 0.75
8-sided
16-sided

Method No. 3 12-sided 0.50 1.00
8-sided
16-sided 0.26 0.625

Method No. 4 12-sided 0.50 0.75
8-sided 0.75 1.00

Note: See Section 2.6.3 for description of methods.

showsthe transitional limits provided in Table 9 for Method
4. The proposed transition equations are plotted in Figures 7
through 18 with bend radii of 2 and 4 inches, mean recur-
renceintervalsof 50 and 25 years, and wind speed of 90 mph.
Tables 10 and 11 provide drag coefficientsfor various diame-
tersfor Method 4. Percentage difference between the proposed
method and the multisided shapeis provided a so. When com-
paring the 2- and 4-inch bend radii, the change in the drag
coefficient islarger for the 4-inch bend radius and also affects
alargerange of diameters.

2.6.4 Summary

A method was devel oped to determine the drag coefficient
for the transition from multisided to round shape. The pro-
posed method uses a linear transition equation with respect
to the variable r to interpolate between the drag coefficient
for round poles, Gy, and the drag coefficient for multisided
poles, Gy, Four sets of constants (representing r, and r,) were
used in evaluating the transition equation. The limiting con-
stants of Method 4 are recommended for use. The accuracy
of the proposed design method, however, should be verified
through experimental results. Wind tunnel testsusing awide

Cdm

5 G
;f:) Cdr
T '
O 1
? : 1 1
[a] | 1 1

| 1 1

| 1 1

'm re 1.0

r

Figure5. Proposed drag coefficient for multisided
sections.
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Figure6. Transitional limitsfor Method 4.

range of multisided pole sections with different values for r
would be needed.

2.7 CONNECTION PLATE AND BASE PLATE
FLATNESS TOLERANCES

Current practices were reviewed to identify the need for
structure-specific connection plate and base plate flatnesstol -
erances for erection. A survey of state departments of trans-
portation, manufacturers, and consulting engineerswas made
to determine the current practice. The survey was studied to
determine a consensus of tolerances for specific structure
typesand connection details. Different tolerancesfor lighting,
traffic signal, and sign support structures were investigated.
Recommended tolerances based on the research findings are
provided.

2.7.1 Survey Results

Eight state DOTs indicated that they specified tolerances
for flatness of base plates and connection plates for overhead
(text continues on page 28)
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TABLE 10 Drag coefficient: Method 4 (4-inch bend radius)

16-sided 12-sided 8-sided
rn  0.2600 rn  0.5000 rm  0.7500
Wind Imp. Bend I 0.6250 re 0.7500 r.  1.0000
Speed Fact. Rad. Dia. Cqy Cym |Dia Cqy Cym |Dia Cqy Cam
(mph) (in) (in) | Cd-16-M4 | % diff. ]| (in) | Cd-12-M4 | % diff. ]| (in) | Cd-8-M4 | % diff.
50-year mean resistance interval
90 1.00 4 8.0| 0.6295 -22% [ 8.0| 0.6295 -32% [ 8.0 | 0.6295 | -48%
90 1.00 4 8.8 | 0.5529 -23% (10.4| 0.4487 -43% [ 9.0| 0.8291 | -31%
90 1.00 4 17.4| 04951 | -10% [13.0/ 0.6356 | -20% [ 9.5| 0.9522 | -21%
90 1.00 4 22.1] 0.5222 -5% [14.3] 0.7092 | -10% |10.1| 1.0763 | -10%
90 1.00 4 30.7| 0.5498 0% [15.1] 0.7514 -5% [10.4| 1.1378 | -5%
90 1.00 4 16.0| 0.7891 0% [10.7| 1.1986 0%
150 1.00 4 80| 04500 | -18% (80| 04500 | -43% |8.0| 0.4500 | -63%
150 1.00 4 14.3| 0.4680 -15% (10.9| 0.4755 -40% | 8.4 | 05996 | -50%
150 1.00 4 17.4| 0.4951 -10% (11.9] 0.5572 -29% [ 8.8 | 0.7351 | -39%
150 1.00 4 22.1| 05222 -5% |13.0] 0.6356 -20% [ 9.3 | 0.8582 | -28%
150 1.00 4 30.7| 0.5498 0% [14.3] 0.7092 | -10% | 9.7| 0.9707 | -19%
150 1.00 4 15.1| 0.7514 -5% |10.1| 1.0738 | -11%
150 1.00 4 16.0/ 0.7891 0% (10.4]| 1.1379 -5%
150 1.00 4 10.7| 1.1986 0%
25-year mean resistance interval
90 0.87 4 80| 0.6891 | -20% [8.0| 0.6891 | -29% | 8.0| 0.6891 | -43%
90 0.87 4 95| 0.5482 -23% (10.7| 0.4745 -42% [ 8.8 | 0.8313 | -31%
90 0.87 4 17.4| 0.4951 -10% [11.9] 0.5572 -29% [ 9.5| 0.9691 | -19%
90 0.87 4 22.1] 0.5222 -5% |13.0] 0.6356 | -20% |10.1| 1.0837 | -10%
90 0.87 4 30.7| 0.5498 0% (14.3] 0.7092 -10% (10.4| 1.1413 -5%
90 0.87 4 15.1| 0.7514 -5% |10.7| 1.1986 0%
90 0.87 4 16.0| 0.7891 0%
150 0.80 4 80| 04500 | -18% (80| 04500 | -43% |8.0| 0.4500 | -63%
150 0.80 4 17.2| 04941 | -10% [10.9] 0.4755 | -40% [ 8.4 | 0.5996 | -50%
150 0.80 4 22.1| 0.5222 -5% |11.9| 0.5572 -29% [ 8.8 | 0.7351 | -39%
150 0.80 4 30.7| 0.5498 0% [13.0| 0.6356 -20% [ 9.3 | 0.8582 | -28%
150 0.80 4 14.3| 0.7092 | -10% [ 9.7 | 0.9707 | -19%
150 0.80 4 15.1| 0.7514 -5% |10.1| 1.0738 | -11%
150 0.80 4 16.0/ 0.7891 0% (10.4| 1.1379 -5%
150 0.80 4 10.7| 1.1986 | 0%

bridge structures. Six states specified limitsfor overhead can-
tilevers. Four states specified limits on other types of struc-
tures. All states that specified limits on tolerances were con-
tacted by phone.

The basic findings are as follows:

» Only four states (California, lowa, New Mexico, and
Texas) have developed tol erance specifications.

+ Only one state (California) differentiates between base
plates (slip base and normal) and connection plates.

* No state addresses different types of structures (lighting,
traffic signal, and sign support).

* No state addresses any effects on design, aesthetics, or
fatigue, nor were any references addressing these issues
found.

+ Most states specify manufacturing tolerances on flathess
of steel plate prior to welding and galvanizing.

2.7.2 Evaluation of the Survey Responses

Several states indicated that they referred to ASTM A6
(42), which specifies manufacturing tol erancesfor flatness of

sted plates. ThisASTM standard, however, does not address
tolerances on flatness of plates after welding or galvanizing.
After the base and connection plates are welded to structural
members, some warping can be expected. Therefore, a spec-
ification for steel before fabrication is not appropriate.

The most extensive work in this area seems to have been
done by Caltrans (37, 43). Caltrans has developed Standard
Secificationsand these Special Provisionsfor support struc-
tures. The support structures are addressed in two separate
sections—" Section 56: Sign Structures’ and “ Section 86: Sig-
nal & Lighting Structures.” These specia provisions cover
connection plate and base plate flatness tolerances. Further-
more, Caltrans assembled a committee of manufacturers to
review the documents and comment on feasibility of imple-
mentation. Caltrans was contacted by telephone for further
discussions. One example cited by Caltrans is ¥/s inch in 1
foot, or approximately /100 out-of-flatness limit.

In the survey, California, lowa, Michigan, Missouri, New
Jersey, New Mexico, New Y ork, Oklahoma, Texas, and Utah
reported having information pertaining to this work. On
being contacted to obtain this information, most said that
they did not, in fact, have tolerances. They were, in fact,
referring to flatness of plate, not flatness of base and connec-



TABLE 11 Drag coefficient: Method 4 (2-inch bend radius)

16-sided 12-sided 8-sided

rm 0.2600 rm 0.5000 rm 0.7500
Wind Imp. Bend r. 0.6250 r.  0.7500 r. 1.0000
Speed Fact. Rad. Dia. Cy Cam Dia. Cy Cam Dia. Cy Cam
(mph) (in) (in) | Cd-16-M4 | % diff. [ (in) | Cd-12-M4 | % diff. ]| (in) | Cd-8-M4 | % diff.

50-year mean resistance interval
90 1.00 2 40| 1.1000 0% |[4.0| 1.1000 -8% |4.0| 1.1000 | -8%
90 1.00 2 51| 1.1000 0% [58| 09942 | -11% |4.4| 1.1380 | -5%
90 1.00 2 55| 1.0150 5% | 74| 0.9261 -5% [53] 11952 | 0%
90 1.00 2 6.0 0.9230 | -10% [7.9| 0.9255 -1%
90 1.00 2 72| 07523 | -15%
90 1.00 2 95| 05870 | -10%
90 1.00 2 11.1| 0.5229 -5%
90 1.00 2 15.3| 0.5498 0%
150 1.00 2 40| 07979 | -16% |40| 0.7979 | -23% [4.0| 0.7979 | -34%
150 1.00 2 53| 05589 | -23% (53| 05589 | -36% | 4.7| 09764 | -19%
150 1.00 2 86| 04941 | -10% (65| 06356 | -20% |5.0| 1.0723 | -11%
150 1.00 2 11.1| 0.5229 -5% | 72| 0.7165 -9% | 51| 1.1224 | -6%
150 1.00 2 15.3| 0.5498 0% |75 0.7447 -6% |53| 11732 | -2%
150 1.00 2 79| 0.7831 -1%
25-year mean resistance interval

90 0.87 2 40| 1.1000 0% |40 1.1000 -8% |4.0| 1.1000 | -8%
90 0.87 2 55| 1.1000 0% [6.1| 1.0390 -9% | 44| 1.1380 | -5%
90 0.87 2 6.0| 1.0104 5% | 7.2 0.9749 -5% | 53| 1.1958 | 0%
90 0.87 2 65| 09025 | -11% (79| 0.9657 -1%
920 0.87 2 76| 07781 | -13%
920 0.87 2 9.6| 0.6361 | -10%
90 0.87 2 11.1| 0.5251 -5%
90 0.87 2 15.3| 0.5498 0%
150 0.80 2 40| 09224 | -10% |40| 0.9224 | -16% [4.0| 0.9224 | -23%
150 0.80 2 6.0 05493 | -23% [5.4| 0.6355 | -31% |5.0| 1.0922 | -9%
150 0.80 2 86| 04941 | -10% [6.4| 06660 | -20% |51| 1.1336 | -6%
150 0.80 2 11.1| 0.5229 -5% | 72| 0.7165 -9% | 53| 1.1768 | -2%
150 0.80 2 15.3| 0.5498 0% |75| 0.7447 -6%
150 0.80 2 79| 0.7831 -1%
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tion plates after they are welded to structures. As an exam-
ple, Missouri noted that its steel plate had to meet Table 13
of ASTM A6 (36).

Texas has supplied acopy of “ltem 613: High Mast [[lumi-
nation Poles’ and “Item 686: Traffic Signa Pole Assemblies
(Stedl),” each of which contains fabrication tolerances, from
its 1993 state Sandard Specifications (44). Texasa so supplied
detail drawingsfor these structures illustrating tolerances.

The California (43), lowa (45), New Mexico (46), and
Texas (44) provisions are summarized in Table 12. The Cal-
iforniaand Texas provisionsare very close, but the lowaand

New Mexico provisions are much stricter. The New Mexico
provisionisgeneric to steel structuresand not specific to sup-
port structures—the provision refers to “sole masonry and
shoe plates.” Likewise, the lowa provision does not refer
specifically to support structures.

2.7.3 Recommendations

Cadltrans has made the most extensive effort to coordinate
its specification with the industry. The provision from the

TABLE 12 Comparison of state DOT flatness tolerances

State Connection us Metric Decimal
Type
California Base plate 0.1181" in 12" 3mmin305mm | 0.0098in/in
0.1969" overall 5 mm overall
Connection plate | 0.0787” in 12" 2mmin305mm | 0.0066 in/in
0.1181" overal 3 mm overall
lowa Base plate and /32" in12" 1mmin400 mm | 0.0025in/in
connection plate | (0.0313" in 12")
New Base plate and 1/16” overall 1 mm overall
Mexico | connection plate | (0.0625" overall)
Texas Base plate and 3/16” in 24" 4.76 mm in 610 mm | 0.0078 in/in
connection plate | (0.1875" in 24")
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March 29, 2000, revision of the specification (37) in sub-
paragraph 10 of paragraph 4 of Section 86-2.04, “ Standards,
Steel Pedestals, and Posts,” reads as follows:

Surfaces of base plateswhich areto comein contact with con-
crete, grout, or washersand leveling nutsshall beflat towithin
3 mm tolerance in 305 mm, and to within 5 mm tolerance
overall. Faying surfaces of 1) plates in high-strength bolted
connections, 2) plates in joints where cap screws are used to
secureluminaireand signal arms, and 3) plates used for break-
away dip base assemblies shall be flat to within 2 mm toler-
ancein 305 mm, and within 3 mm tolerance overall.

However, support manufacturers pointed to the limiting
nature of the Caltrans specification, especially sincethe spec-
ification exceeds the flatness tolerances specified in ASTM
A6 for plates prior to welding and galvanizing. Practical tol-
erances were discussed with support manufacturers. As a
result, it is recommended that the Supports Specifications
adopt a provision similar to the Caltrans limit on flatness of
base plates and connection plateswith changesto reflect prac-
tical manufacturing limitations. A new proposed section on
tolerances for flatness of base plates and connections to be
added to the specifications column of the Supports Specifi-
cations should read as follows:

5.14.4 Tolerancesfor Flatness of Base Plates

and Connection Plates
All base plates and plates used in high-strength bolted connec-
tion shall comply with the dimensiona plate flatness require-
ments of ASTM AB, after fabrication and galvani zation.

Surfaces of base plates that come in contact with concrete,
grout, or washers and leveling nuts shall be flat to within
4 mm tolerance in 305 mm, and to within 6 mm tolerance
overall. Faying surfaces of 1) plates in high-strength bolted
connections, 2) platesin joints where cap screws are used to
secureluminaireand signal arms, and 3) plates used for break-
away dip base assemblies shall be flat to within 3 mm toler-
ance in 305 mm and within 4 mm tolerance overall.

2.8 SQUARE AND RECTANGULAR STEEL
TUBES BENT ABOUT A DIAGONAL AXIS

Preliminary test results have shown that the strength of the
square cross section is greater when bent about the diagonal
than what is predicted by current calculations. One reason
contributing to higher strengths is the fact that, for compact
sections, the shape factor is higher for tubular sections bent
about the diagonal than the shape factor for square sections
bent about a principal axis. For noncompact and slender sec-
tions, it appears that the corner of the cross section provides
added stiffness that results in the section resisting higher
loads before locally buckling. It is not appropriate to apply
the same allowable stresses of square tubular shapes bent
about aprincipal axisto square tubular shapes bent about the
diagonal. Tubular shapes bent about the diagonal would have
a linearly varying stress distribution, while tubular shapes

bent about a principal axis would have a uniformly com-
pressed flange on one side that would contribute to a lower
buckling stress. It appears that the strain distribution in the
tube wall would have an effect on thelocal buckling strength
of the section.

A design method was devel oped to determine the allow-
able bending capacity of square and rectangular tubes bent
about the diagonal axis. Compared with the allowabl e capac-
ity in the 2001 Supports Specifications, the proposed design
method was shown to greatly increase the all owable moment
for compact tubes. No increase is provided for slender tubes.

A literature review (47, 48) revealed a nonlinear inter-
action equation for the biaxial bending strength of square and
rectangular tubes that can be bent into the inelastic range
without buckling. The following equation is proposed for
compact sections:

om, i . om, d°
M. 0 + %E <10 (Eq. 12)
Where

M, = applied moment about the x-axis,

M, = applied moment about the y-axis,
M, = allowable moment about the x-axis, and
Mya = alowable moment about the y-axis.

Local buckling of the tubewallsisafailure mode that must
a so betakeninto account (48, 49). Thewall slendernesslim-
its for tubes bent about the diagonal axis can be larger than
for tubes that are bent about one geometric axis because the
strain distribution in the wall is triangular. The following
equation is proposed for slender sections:

om, o . om, d°
M0 +%H <10 (Eq. 13)

The proposed design procedure applies to square and rec-
tangular tubes that are bent about a skewed axis. The tube
must also be designed separately for the maximum moments
about each geometric axis. The following interaction equa-
tion is proposed:

ST d g\;"—g <10 (Eq. 14)
For tubeswith A < A,,

a=16 (Eq. 15)
M = 0.65F (Eq. 16)
M,z = 0.65,F (Eq. 17)



Where

A = width-to-thickness ratio of the wall in question,
A = width-to-thickness ratio at the compact limit,

O = aconstant,

F, = yield stressin ks,

S, = section modulus about the x-axis, and

S = section modulus about the y-axis.

For tubeswith A, < A € A s

a=10 (Eq. 18)
Myai = SRy (Eg. 19)
Mya“ = S/Fb (Eq 20)
Where

0 0

O
R, = 0.74FVE1—%‘$D (Eq. 21)

O = 0

0 \/ F O
A = 2—6FO (Eq. 22)

NY
Amex = ﬁ (Eq 23)
v Fy

Amax = Maximum width-to-thickness ratio allowed,
E = modulus of elasticity in ksi,
b = flat width of the tube wall in question, and
t = tube wall thickness.

The x-axis and y-axis are defined as shown in Figure 19.
The interaction equation can also be presented in the fol-
lowing terms of flexural stress:

1 b
‘ ,
b| bi ——% —Ci—bx /\ CJ—Px'
i \x

Figure19. Notation for bending about the diagonal of a
square steel tube.
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ool | ofy O
X- +=25 <10 Eqg. 24
#E THE (Fa- 24
Where
f, = applied bending stress about the x-axis,
f, = applied bending stress about the y-axis, and
F, = allowable bending stress.
For tubeswith A < A, whereh, = 239,
VR
a=16 (Eq. 25)
Fo = 0.6F, (Eq. 26)
For tubeswith A, <A <A e, Whereh g = 202,
VR
a=10 (Eq. 27)
(] d
[
R, = 0.74F, g - 019401 (Eq. 29)
IE t
O = O
o VR O

Using data from an unpublished source (50), the ratios of
experimental moment to calculated moment based on the
proposed design procedure provided safety factorsthat ranged
from 1.95 to 2.85, which are consistent with the safety fac-
tors in the Supports Specifications. The basis for the devel-
opment of the proposed design procedure and two design
examplesillustrating the use of the procedure are provided in
Appendix E.

2.9 PERFORMANCE SPECIFICATION FOR
FIBER-REINFORCED COMPOSITES

The 2001 SQupports Specifications included a new section,
“Fiber-Reinforced CompositesDesign.” Although thissection
is intended to address a number of composites in the future,
currently it focuses only on fiberglass-reinforced plastic (FRP)
composites. Information on manufacturing, design, and test-
ing of FRPisgiven in the section. Since fiber-reinforced com-
posite materials have properties that highly depend on the
manufacturing method and materials used, Project 17-10(2)
was charged with developing performance specifications
and acceptance testing procedures for FRP, as well as qual-
ity control procedures for FRP members. Such a specifica
tion is needed to evaluate the structural safety and behavior
of structuresin lieu of computational methods, which may
not be available for certain types of FRP structures. The
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main sections of the proposed performance specification
include the following:

» Determination of bending strength for FRP poles;

» Determination of torsional strength for FRP poles;

» Determination of fatigue strength for FRP poles;

* Properties of raw materials, such as polyester resin and
glass fiber reinforcement;

* Specification of protective materials, such as coatingsor
veils, which are required to protect against weathering,
solar ultraviolet rays, and wind abrasion; and

+ Deflection criteria.

2.9.1 DOT Survey and Documents Reviewed

A survey of all state DOTs was conducted to gather infor-
mation on the use of fiber-reinforced composite (FRC) and
performance specifications for FRC structures. According to
the survey, 19% of the state DOTsuse or have used FRC struc-
tures, and 81% of the state DOTs do not use or have not used
FRC structures. When the state DOTs were asked whether
they have specifications or acceptance testing procedures for
FRC structures, 2% responded yes, 2% responded no, and
96% responded not applicable. Considering the state DOTs
that use or have used FRC, the major applications are street
lighting (67%), roadside signs (11%), and other structures
(22%). In summary, the results of the survey indicate that
FRPis mainly used for lighting poles and roadside supports.
The survey dso reveded that very few states have specifica-
tions for FRP structures.

The most updated literature on FRC testing and design
was studied and evaluated. Special emphasiswas put on test
methods and performance evaluation of FRP members, as
well as existing specifications for FRP lighting poles. The
major references reviewed included the following:

+ ASTM D4923-01, “Standard Specification for Rein-
forced Thermosetting Plastic Poles’ (51);

* NCHRP Report 411: Structural Supports for Highway
Sgns, Luminaires, and Traffic Sgnals (1);

» Sructural Design of Polymer Composites—Eurocomp
Design Code and Handbook (52);

+ British Standard BD26/94, “Design of Lighting Col-
umns’ (53);

+ ANSI C136.20, Fiber-Reinforced Plastic (FRP) Light-
ing Poles (54);

+ Caltrans Standard Special Provision 86.08.5 and Cal-
trans Test 683 (55);

« City of Seattle Standard Specification 8-32: Poles,
Pedestals and Foundations (56);

* Carolina Power and Light Company, Group Specifica-
tion GS-32 for Fiberglass Post (57);

* lllinois Power Company, Material Specifications for
Fiberglass Street Lighting Poles (58);

* Newmark International, Inc., Specification for Fiber-
glass Reinforced Composite Poles (59);

+ Shakespeare Company, Shakespeare Composite Utility
Pole Specifications (60);

+ Southern California Edison Company, Specification
MS32-1995, Fiberglass Reinforced Plastic Sreet Light-
ing Electroliers (61);

+ Southern Company, Fiberglass Lighting Pole Specifi-
cations (62);

+ Hawaii DOT, Special Provisions, Secifications, Pro-
posal and Contract for Furnishing and Delivering Street
Light and Traffic Sgnal Poles, Arms, Bases, Luminaires
and Cable (63);

+ Pacific Gasand Electric Company, Specification for Non-
Wood Distribution Poles (64);

* Public Service Company of New Mexico, PNM Speci-
fication 9.2 Revision 3: Aluminum/Fiberglass Lighting
Poles (65);

* ASTM G154-00a, “Standard Practice for Operating
Fluorescent Light Apparatusfor UV Exposure of Non-
Metallic Materials’ (66); and

+ ASTM D635-98, “Standard Test Method for Rate of
Burning and/or Extent and Time of Burning of Plastics
in aHorizontal Position” (67).

FRP manufacturers were contacted regarding quality con-
trol procedures and performance specifications. Manufactur-
ers that were contacted included Newmark International,
Inc.; the Shakespeare Company; Strongwell Corporation; and
Vamont Industries, Inc. Utility companies that have devel-
oped performance specifications for FRP lighting poleswere
also contacted, and their specifications were obtained and
reviewed.

The proposed performance specification for FRP lighting
poles was developed using the information gathered from
state DOTSs, FRP pole manufacturers, and utility companies
specifications. Specia effort was made to produce a specifi-
cation that is general in nature with provisions that are inde-
pendent of manufacturer and manufacturing method.

2.9.2 Performance Specifications and
Acceptance Testing Procedures

The 2001 Supports Specifications includes a method for
the evaluation of bending performance of FRP poles based
on full-scale testing. The method presented isbased on ASTM
D4923-01, with modifications for safety factors according to
ANSI C136.20. The current Supports Specifications does not
address torsiona strength and fatigue performance, but it ref-
erencesASTM D4923-01 for provisionsonthosetopics. Also,
the Supports Specifications does not include provisionsfor the
evaluation of weathering performance for FRP members.

The proposed performance specification for FRP lighting
polesincludes provisionsfor performance verification by test-
ing. Testsinclude bending, torsion, fatigue, and weathering



exposure. It also includes construction requirements, quality
control, and acceptance criteria for FRP poles. The pro-
posed performance specification is presented in a side-by-
side specification/commentary format in Appendix F. Perti-
nent sections of the proposed performance specification are
briefly discussed herein.

2.9.2.1 Design Loads

The proposed performance specification for FRP lighting
polesreferencesthe 2001 Supports Specificationsfor theeval-
uation of the gravitational and environmental |oads applied to
the poles to ensure that the structural capacity of FRP poles
match or exceed theload requirements prescribed by the 2001
Supports Specifications.

2.9.2.2 Deflection Limits

Thelateral deflectionslimits proposed by the performance
specification for FRP lighting poles are as follows:

» 15% of the pole height for lateral deflection under design
dead-plus-wind |oads (maximum deflection),

 30-mm/m (0.35-in/ft) maximum slope at top of the pole
under dead load from arm and attachments (maximum
slope), and

» 5% of the pole height for lateral deflection under an
890-N (200-1b) lateral top load (stiffness requirement).

Thelateral deflectionismeasured from the deflected tip end
of the pole aong aline perpendicular to the longitudina axis
of the undeflected pole. The maximum deflection limit consti-
tutesasafeguard against highly flexible structures, whereasthe
maximum slope limit is a serviceability requirement for aes-
thetic considerations. These two limits are equivalent to the
deflection limit requirements of Section 10.4.2.1 of the 2001
Supports Specifications. The stiffness requirement isintended
to ensurethat the pole does not deflect excessively when main-
tenance workers use ladders to access attachments located at
the top of the pole.

2.9.2.3 Bending Test

The provisions for the performance evaluation of FRP
poles in bending are based on ASTM D4923, with the fol-
lowing modifications:

» Thesafety factor against failurein bending is 2.0, which
accounts for the variability of materials and perfor-
mance often found in FRP products from different man-
ufacturers and different production methods.

* When testing FRP poles with hand holes, the hand hole
should be placed on the compression side of the pole, and
the hand hole cover should be removed during testing.
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« Deflections should be recorded with each 223-N (50-1b)
load increment.

+ The maximum acceptable permanent deflection after
testing should not exceed 2% of the maximum deflec-
tion of the pole during the test. This deflection should
be recorded 5 minutes after unloading.

The safety factor of 2.0 against failurein bending isgreater
than the safety factor of 1.5 specified by ASTM D4923. This
additional safety accounts for the variability in mechanical
properties of FRP. It also reflects the consensus of the safety
factors among different FRP specifications reviewed and
matches the bending safety factor requirements of ANSI
C136.20.

2.9.2.4 Torsion Test

The provisions for the performance evaluation of FRP
poles in torsion are based on ASTM D4923, with the fol-
lowing modifications:

+ The safety factor against failureis 2.0.

+ Specification of the load increments during testing is
223 N (50 Ib), with deflections recorded at each load
increment.

A safety factor of 2.0 against failure in torsion isused in
order to match the safety factor used against bending failure.

2.9.25 Fatigue Test

The provisions for the fatigue performance evaluation of
FRP poles are based on ASTM D4923, with the following
modifications:

» Bending or torsional fatigue loads applied to the pole
correspond to an equivalent wind pressure of 110 Pa
(2.3 psf). (Note: The use of awind pressure eliminates
the dependence on wind speed for pressure computations
for fatigue, since the formulations for wind pressurein
the 2001 Supports Specifications have changed from a
fastest-mile wind speed to a 3-second gust approach).

* Fatigue loads are applied for 106 cycles, with no more
than 200 cycles per minute.

 Destructive testing of the pole for bending and/or tor-
sion strength should be performed after application of
fatigue loads.

2.9.2.6 Weathering Performance

The provisions for the weathering performance evauation
of FRP polesrequire that the surface of the pole be exposed to
aminimum of 2,500 hours of accelerated weathering accord-
ing to ASTM G154. The proposed specification requires the
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use of UV-B lamps with 313-nm wavelength and a testing
cycle of 4 hours of UV exposure at 60 degrees Celsius and
4 hours of condensation at 50 degrees Celsius. UV-B 313
lamps produce the shortest wavelengths found in sunlight in
the surface of the earth. This particular type of sunlight is
known to be responsible for considerable polymer damage
capable of affecting themechanical performance of FRP poles.

After testing, the finished surface shall not exhibit fading,
fiber exposure, chalking, cracking, or crazing. The weathering
performance requirements are based on the weathering provi-
sions of Caltrans 86.08.5 and Hawaii DOT HWY -C-06-98.
ASTM standard G53 (68), originally referenced by the 2001
Supports Specifications for the evaluation of weathering
resistance of FRP poles, was replaced by ASTM standard
G154 in 2000.

2.9.2.7 Flame Resistance

FRP poles should be flameresistant in order to avoid prop-
agation of firesinduced by short circuits or fuel spills. The
proposed performance specification for FRP poles requires
that specimenstested for flame resistance according to ASTM
D635 be manufactured with the same material s and identical
manufacturing process asthe actual poles. The specimensare
considered flame resistant if they cease to burn before the
gauge mark of 3.94 inches (100 mm) isreached. Thisrequire-
ment is adopted from the Hawaii DOT HWY -C-06-98 and
also reflects the general consensus of flame resistance require-
ments among other specifications reviewed.

2.9.2.8 Fabrication Details

The proposed specification for FRP lighting poles contains
provisions for construction of FRP poles. Those provisions
include surface protection, finish, wiring access, hand holes,
and pole caps. The construction provisionsinclude suggested
values of burial depth for direct-burial poles and suggested
values of bolt circle for base-mounted poles according to
ANSI C136.20. For direct-burial poles, the proposed specifi-
cation for FRP lighting poles requires an antirotation device
to prevent rotation of the pole and enhance lateral stability
for wind loads.

2.9.2.9 Quality Control and Acceptance Criteria

The proposed performance specification contains a set of
provisions on quality control and acceptance criteria for FRP
materials. Those provisions specify that the manufacturer must
submit detailed technical information about the proposed
product for approval prior to production. The submitted tech-
nical information should include samples of the manufactured
proposed product, stating clearly the kind and quality of the
fibersand resin used inthe composite. Thisisrequired because

the structural properties of FRP members are highly depen-
dent on the type and quality of glass fibers and resins used,
aswell asthe manufacturing process. The new provisionson
quality control aso include requirements for storage and
shipping of finished FRP productsto prevent damage prior to
installation.

2.9.3 Summary

A proposed performance specification was developed for
FRP poles based on input from DOTs, FRP pole manufac-
turers, and the review of electric utility companies’ specifica-
tions. The proposed performance specification covers accep-
tance testing proceduresfor FRP, including bending, torsion,
fatigue, weathering testing, and limits on deflections. Fab-
rication requirements, flame resistance, and quality control
of materials and finished product are also covered. The pro-
posed performance specification for FRP lighting poles is
presented in a side-by-side specification/commentary format
in Appendix F.

2.10 INSPECTION, RETROFIT, REPAIR,
AND REHABILITATION OF FATIGUE-
DAMAGED SUPPORT STRUCTURES

The objective of thiswork wasto addressinspection, repair,
retrofitting, and rehabilitation of fatigue-damaged support
structures. A separate report prepared to address these issues
isprovided in Appendix G. A brief summary of the findings
of that report is given herein.

A survey was sent to al state DOTSs to determine which
states repair fatigue-damaged support structures. The survey
(presented in Appendix A) revealed that 26% of states that
responded have repaired fatigue-damaged structures. How-
ever, only Michigan has developed a maintenance plan, pro-
cedures, or manual for retrofit and rehabilitation of sign sup-
port and luminaire structures. Contacts were made with state
DOTsthat indicated knowledge of repair to fatigue-damaged
structures. The research team met with the investigators of
NCHRP Project 10-38 and visited alocal sign support man-
ufacturer. The research effort included a comprehensive
review of available relevant literature.

2.10.1 Fatigue Cases

State DOTswere contacted to collect information on fatigue
problemsthat have been encountered. Documentation for only
afew fatigue cases was found in the form of memorandums
and interna reports. These cases were reviewed and are pre-
sented in the report. The cases found include fatigue cracking
of support structures in Michigan, Wisconsin, and Wyoming.
Cracks due to galvanizing that were observed in avisit to a
local sign support manufacturer are a so discussed.



2.10.2 Inspection

Relevant literature was reviewed. State DOT offices and
FHWA engineers were contacted to gather additional infor-
mation about the methods used for inspection of support
structures. Thereport presentsinspection proceduresfor high-
mast luminaires and sign support structures and summarizes
methods of weld inspections.

2.10.3 Repair and Rehabilitation Procedures

Relevant literature was reviewed. NCHRP Report 206:
Detection and Repair of Fatigue Damage in Welded High-
way Bridges (69) was studied in detail. The various tech-
niques used to extend the fatigue life are summarized, and
descriptions of repair methods for specific fatigue cases are
illustrated.

2.10.4 Vibration Mitigation Methods

Vibration mitigation devices can be used to reduce the
loads that cause fatigue and extend the life of the structure.
The most effective type of mitigation depends upon the type
and direction of wind loading phenomena causing vibration.
The latest information that could be obtained from NCHRP
Project 10-38 and 10-38(2) regarding vibration and mitigation
devices was reviewed and included in the appendix. These
devices include commercially available dampers such as the
Hapco and Alcoa dampers, along with new configurations
suggested by NCHRP Project 10-38(2) such as the strut and
liquid-tuned dampers. A complete evaluation of the methods
availableto mitigate fatigue-induced effectsisincluded in the
final results of NCHRP 10-38(2).

2.11 STRATEGIC PLAN FOR FUTURE
SUPPORTS SPECIFICATIONS
ENHANCEMENTS

The 2001 AASHTO Supports Specifications was adirect
result of the extensive research work performed under
NCHRP Project 17-10. Although the work on this project
was initiated in 1995 and completed in 1997, the 2001 Sup-
ports Specifications was published in summer 2001. NCHRP
Project 17-10(2) wasinitiated in 1999 to address further issues
for the refinement of the Supports Specifications. Results of
NCHRP Project 17-10(2), as well as future enhancements,
must be implemented in the Supports Specifications in order
to keep the document the most current and up to date. This
section provides an outline of a strategic plan for enhancing
the Supports Specifications and maintaining its currency in
the future.
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2.11.1 Introduction

The Supports Specifications is the main document for the
design of structural supports in the United States. It governs
the design, construction, and safety of the various types of
structural supports and is currently adopted by all state DOTs
and by other agencies. Although the 2001 edition hasjust been
published, several revisions have aready been identified and
are ready for inclusion in the specifications. Also, revisions
will be necessary to integrate the results of NCHRP Projects
17-10(2) and 10-38(2), updates in material or load specifica-
tionsreferenced by the Supports Specifications, and other tech-
nical information that will be developed in the future. There-
fore, a mechanism for making changes and upgrades on a
regular basisisneeded in order to efficiently manage the doc-
ument in the future.

The information in the 2001 Supports Specifications is
comprehensive in nature. It incorporates several new engi-
neering concepts, design criteria, structure types, and mate-
rials. Additionally, as new information becomes available
through research and practice, consideration should be given
for incorporating this new information in the specifications.
Assuch, it will be difficult to maintain the specifications and
their state-of-the-art features using solely committee volun-
teer effort. A planisneeded that will outline amechanism by
which the Supports Spoecifications will be regularly updated,
maintained, and published in atimely manner.

Furthermore, it was recommended by NCHRP Project 17-10 in
1995 to revise the Supports Specifications using an allowable
stress design (ASD) approach. This decision was primarily
based on the lack of vital information necessary to establish a
rational LRFD approach and on thefact that the existing ASD
specifications at that time had not been revised for a num-
ber of years and contained several deficiencies that needed
upgrading. It was therefore recommended to bring the speci-
fications to an up-to-date ASD format that would be easily
upgradeable to an LRFD approach in the future.

2.11.2 Conversion to an LRFD Philosophy
2.11.2.1 Problem Satement

The 2001 Supports Specifications adopts an ASD approach
and format. However, the recent trend for most design specifi-
cations—including the AASHTO LRFD Bridge Design Spec-
ifications, AISC Manual of Steel Construction, and the Alu-
minum Design Manual—is to adopt an LRFD method. The
move toward adopting LRFD is due to the more consistent
approach that the method provides with respect to strength
evaluation and structural safety. An LRFD Supports Specifi-
cations would also be easier to incorporate future engineer-
ing developments and test information into, since the speci-
fications derives much of their information from national
specifications that are based on LRFD. LRFD will greatly
facilitate updates to the Supports Specifications as material
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specifications evolve or new materials emerge. Engineers
would also benefit from aunified design approach that iscon-
sistent with other commonly used design specifications and
simpler to apply. Hence, converting the Supports Specifica-
tions to an LRFD philosophy and format is highly recom-
mended for the next major update of the document.

2.11.2.2 LRFD Philosophy

The LRFD methodology is primarily based on the follow-
ing equation:

ZvQ<oR, (Eq. 29)
Where
y; = load factor, a statistically based multiplier applied to
force effects;

o =resistancefactor, astatistically based multiplier applied
to nominal strength;
Q; =force effect; and
R, = nominal resistance.

The factorsthat are applied to loads and resistance are the
intended safety factors that account for uncertainties associ-
ated with the loads, materials, and various design assump-
tions. The main characteristic of the LRFD philosophy isthat
it provides a consistent approach to strength evaluation and
structural safety. The approach takes into account the vari-
ability in the behavior of structural elementsand accountsfor
safety inamorerational way. The LRFD method assigns dif-
ferent overload factors v to loads depending on the type of
load and on the factored load combination that must be con-
sidered. Theresistance factor ¢pis another safety-related pro-
vision, which accounts for the type of member, material, and
limit state considered. Thosetwo factors could be adjusted to
ensure more uniform reliability in the design.

Although literature on LRFD is available for different
materials, the application of the method to support structures
cannot be achieved by simply adopting the load and resis-
tance factorsimplemented in other specifications. Probability-
based studies and calibrationswith ASD are needed to estab-
lish the load and resistance factors pertaining to support
structures. Adding to the complexity of the needed work for
establishing an LRFD specification is the wide range of mate-
rials, including fiber-reinforced composites, that are covered
by the specifications.

The development of the LRFD method is based on thefol-
lowing main considerations:

* Probability-based model,

+ Cadlibration with the allowable stress specifications,
 Judgment and past experience, and

» Comparative design studies of representative structures.

The LRFD approach requiresthat aprocedure be available
to determine values for the resistance factors and the load
factors. For astructural member or element designed accord-
ing to current specification, it is possible to compute the rel-
ative reliability of this design from data defining probability
distribution and statistics of the resistance, loads, and load
effects. The relative reliability is expressed as the reliability
index. By repeatedly determining the reliability index for
many structural designs, the relative reliability of different
structural members built from different structural materials
can be compared. For aselected value of thereliability index,
using reliability analysis methods, it is possible to compute
the resistance and load factors. The processis elaborate and
requires a considerable amount of work, especially if new
structural materials are investigated.

Hence, to adopt an LRFD approach for support structures,
an extensive study is needed to devel op theload and resistance
factors pertaining to this category of structures. Probability-
based studies, considering thevariablesinvolved in thedesign
of different categories of support structures, may result in
design parametersthat differ for each category of structures.
Experimental studies may a so be needed to establish reliable
strength equationsfor emerging materialsor for special shapes
used extensively for support structures.

2.11.2.3 Reliability-Based Design Approach

The LRFD method is a probability-based design method,
involving predicting the probability that loads imposed on a
structure or member would cause the structure or member to
cease its intended function. Load factors are developed to
account for uncertainties in estimating dead and live loads.
Resistance factors are developed to account for uncertainties
inmaterial strengths, dimensions, and quality of construction.
In order to develop load and resistance factors for support
structures, a statistical study is needed to simulate variations
inmaterials and | oadingsthat are uniqueto support structures.
Variationsin resistance of typica materialsand shapeswould
need to be studied, aswell asvariationsin loadings.

The variations can be simulated using the Monte Carlo
method, which generates random numbers to evaluate afunc-
tion containing several variablesexpressing the scatter of mate-
rial properties, physical dimension variations, and extreme
loadings. The values are mapped to a resulting frequency
distribution that allowsfor the probability of exceedanceto be
determined.

The variation in resistance can be determined by using
Monte Carlo simulations. Statistics must be generated for limit
states for support structures. The term limit state describes a
circumstance where astructure or one of its components does
not perform its intended function in terms of strength or ser-
viceability. Statistical information on variations in material
properties and physical dimensions of structural shapes is
obtained. Individual variationsin material propertiesand phys-
ical dimensions are combined to provide a probable resis-



tance (e.g., bending moment, shear strength, tensile strength,
compressive strength) for a particular structural shape.

The variation in loading can aso be determined using
Monte Carlo smulations. Statistical dataon loadingswill need
to bereviewed in the context of support structures, especially
statistics on extreme wind load effects on support structures.
These extreme wind-load-effect statistics may be generated
using Monte Carlo simulations. In addition, the most signif-
icant load ratios for support structures will need to be deter-
mined. These load ratios will be much different for support
structures than for building or bridge structures.

Reliability isthe percentage of times that the strength of a
structure will equal or exceed the maximum loading applied
during the structure’ sestimated life. Reliability indexesindi-
cating the reliability associated with the Supports Specifi-
cations will be determined using the statistical information
generated on resistance and loadings. Theseindexeswill be
determined using the advanced first-order, second-moment
(AFOSM) method. Then the AFOSM method will be used to
determine load and resistance factors for support structures
that optimally achieve the reliability overload ratios associ-
ated with these structures. The calibration procedure that is
required to establish load and resistance factorsinvolves the
following steps:

=

Select typical structures.

Establish a statistical database for load and resistance
parameters.

Develop load and resistance models.

Develop areliability analysis procedure.

Select atarget reliability index.

Calculate load and resistance factors.

N
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Proper implementation of an LRFD method, which pro-
vides appropriate load and resistance factors that are specific
to support structures, will lead to amore consistent approach
to strength evaluation and structural safety than any other
design approach will. Support structures will be designed for
the samereliability regardless of the material used. The spec-
ificationswill be consistent with other nationally recognized
specifications; this consistency will facilitate future updates
of the document. Engineers will also benefit from a unified
design approach that is rational and compatible with other
design specifications.

2.11.2.4 Sep-by-Sep Procedure for the
Determination of Load and Resistance
Factors

The literature has abundant information on methods and
procedures used to convert design specifications to LRFD
approach. Much of this information has been previously
reported by NCHRP Project 17-10 (1). Extensive work has
also been performed in converting the bridge specifications
into an LRFD philosophy (7, 70, 71). The work involved the
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development of load and resistance models, selection of the
reliability analysis method, and calculation of the reliability
indexes. This work can serve as a model in converting the
Supports Specificationsto an LRFD philosophy. However, it
should be noted that structural supports substantially differ
from bridge structuresin many aspects, and these differences
must be considered in the conversion process. The low redun-
dancy, high structure flexibility, predominance of wind load-
ing, and susceptibility to wind vibrations are only a few of
the characteristics of structural supportsthat must be consid-
ered inthe LRFD model to ensure correct prediction of struc-
tural performance.

A general procedure for the calculation of the load and
resistance factorsfor the Supports Specifications may be out-
lined as follows:

1. Selection of representative structures. A large num-
ber of structural supports will be selected for analysis
from various geographical regions of the United States.
The structures will represent the different support types,
materials, and configurations. The selection will focus
onthetypical structuresthat are commonly used in dif-
ferent parts of the United States.

2. Establishing a statistical database for the load pa-
rameter. Data on the different type of loads pertinent
to support structures will be gathered. Updating the
Supports Specifications for the most recent wind loads
and map will also be part of this work. The statistical
model of load, Q, will include the cumulative distribu-
tion function (CDF) and/or the mean, bias, and coeffi-
cients of variation of the load derived using the back-
ground information for wind and other loads in the
Supports Specifications.

3. Establishing statistical data for the resistance para-
meter. Statistical data related to the materials used for
support structures will be gathered. These data include
material tests, component tests, and field measurements.

4. Formulation of strength limit states. Strength limit
states for the various components of support structures
will be formulated, and the basic parameters of resis-
tance needed for those limit states will be identified.
This step will involve considering the various strain-
ing actions (axial force, bending, shear, etc.) and the
types of structural member that are commonly applied
to structural supports (e.g., multisided shape, round
tube, and I-shaped). Thisstep is particularly important
for new materials where strength limit states have not
been formulated.

5. Development of theresistance modd . Resistance mod-
eswill be developed for the different structural materi-
als, components, and limit states identified in Step 4.
The most current LRFD specifications for the different
materials will be used as the basis for the derivation of
the resistance models. For new materials, such asfiber-
reinforced composites, the most recent literature infor-
mation will be used asthe basisfor the proposed strength
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equations. Other factors such as ductility and durability
will also be considered in the resistance model.

The statistical model of resistance, R,, will include
the CDF and/or the mean, bias, and coefficients of vari-
ation of the resistance derived using the available sta-
tistical database of Step 2.

6. Selection of thetarget reliability index. The reliabil-
ity index, B, will be calculated for a wide spectrum of
real support structures designed according to the 2001
Supports Specifications, as well as structures designed
according to earlier versions of the Supports Specifica-
tions. This calculation is particularly necessary, since
the 2001 specifications have just been published and
documented experience using this specification is not
available. A target reliability index, By, will be selected
to provide a consistent and uniform safety margin for
all materials. The target reliability index may vary for
different types of support structures depending on the
importance of the structure and the intended level of
safety. Care should be taken in selecting the target reli-
ability for the different support structures. For example,
the AASHTO LRFD Bridge Design Specifications (7)
adoptsavalue of 3.5; however, arbitrarily adopting this
value could result in very conservative designs and
uneconomical support structures.

7. Réliability analysis. Reliability is measured in terms
of the reliability index, 3, which is a measure of struc-
tural performance. Once a target reliability index, [,
has been selected, the calibration of load factors and
resistance factorsto achieve approximately the value of
thetarget reliability may proceed using aniterative pro-
cedure as described by Nowak (70, 71). A larger num-
ber of hypothetical support structures with variationsin
design parameterswill be used in the calibration process.

8. Selection of the load and resistance factors. Load
factors, y;, will be calculated so that the factored loads
have a predetermined probability of being exceeded.
Resistance factors, ¢, are calculated so that the struc-
tural reliability is closeto the target value, Br.

Experimental work may be needed if only limited datacan
be found for certain materials. Fiber-reinforced composites
are an example where structural testing may be required to
develop strength equations.

A lessrigorous alternative to conducting the full calibra-
tion described above is using a confidence limit approach. In
this case, the resistance factor, @, would be selected such that
the 95th percentile resistanceis achieved. Thisapproach could
provide quick results and interim data until full calibration
could be performed.

2.11.2.5 Time and Cost Estimates

It is estimated that this project will cost approximately
$500,000 and be performed over a 30-month period.

2.11.3 Future Enhancements

Technical topics that need to be investigated for further
improvement of the Supports Specifications are given herein
with a brief description of each topic.

2.11.3.1 LRFD Conversion

Details related to the work needed to convert the specifi-
cationsto an LRFD philosophy and format are given in Sec-
tion 2.11.2. It is highly recommended that subsequent edi-
tions of the 2001 Supports Specifications adopt an LRFD
approach. Since the 2001 specifications offer the most cur-
rent ASD information, it is prudent to begin the conversion
process immediately.

2.11.3.2 New Wind Map and Wind Provisions

The proposed Supports Specifications is based on infor-
mation in ASCE 7-95. ASCE 7-98, Minimum Design Loads
for Buildings and Other Structures, has just been published.
The ASCE 7-98 standard should be reviewed for updatesthat
could be applicable to the Supports Specifications wind | oad-
ing criteria. Important considerations in the newly published
ASCE 7-98 document include the load factor for wind, awind
directionality factor, and changes in the hurricane contours on
the wind map.

2.11.3.3 Sructure Design Differences Between
the 1994 and 2001 Supports
Foecifications

Perform astudy to compare design differencesthat occur
on an overall structure level between the 1994 and 2001
specifications. This study would encompass major design
evaluations of typical support structures across the country.
The design examples devel oped as part of NCHRP Project
17-10(2) would be used as a starting point for the design
comparisons. The study will aso investigate the effect of dif-
ferent load types (wind, fatigue, etc.) in controlling the design
of the structure. Thiswould considerably simplify the design
calculations and provide the designer with better understand-
ing of the intent of the specifications.

2.11.3.4 Fatigue and Vibration

Although a survey was distributed to all state DOTs and
many persons were contacted for additional information, the
guestion of whether noncantilevered sign support structures
are susceptibleto fatigue from galloping and vortex shedding
has not been assertively answered. There is need for addi-
tional investigation in this regard by (a) additional contacts
and review of failure casesand (b) laboratory and field testing/



monitoring. Research is needed to evaluate the dynamic
behavior of existing support structures that exhibit fatigue
and/or vibration problems. This research should include mon-
itoring displacement amplitudes, calculating stressesin the
critical connections, and comparing the response with the
static loads recommended in this research.

Severa states have attributed problems to fatigue from
excessive vibration, but these cases really were not analyzed
to determine which type of wind loading is causing the prob-
lem. A uniform inspection procedure used by various states
to help them accurately determine the cause of the fatigue
problem would be useful. A database or collection of data
could then be analyzed. Such information as the vibration
amplitude and direction, wind speeds, and uniformity of the
winds would be needed.

Regarding deflection limits, arange of noncantilevered sup-
port structures was checked against the current L/150 require-
ment (where L equals the span of the structure), and all of the
structures analyzed met the requirement. However, the L/150
requirement was really developed for checking stiffness of
monotube structures. Further study is needed to determine
if the L/150 is really appropriate for noncantilevered truss
structures.

Based on the assumption that noncantilevered sign support
structures are susceptibl e to the same vibration phenomenaas
cantilevered support structures, the finite element method was
used to determine whether the fatigue loads recommended
for cantilevered sign support structures are appropriate for
noncantilevered structures. Recommendations were made.
However, theimpact of the recommendations on design was
not evaluated. Before the recommendations are adopted, the
effect of the recommendations should be evaluated in terms
of increasing weight, geometry, cost, etc.

2.11.3.5 Categorization of Fatigue Connection
Details

The research team devel oped recommendations regarding
categorization of connection detailsfor noncantilevered sup-
port structures by reviewing () the categorization already
adopted for cantilevered sign support structures and (b) con-
nection categorization used for bridge design. Actualy, the
categorization adopted for cantilevered sign support struc-
tures was developed by reviewing bridge connection cate-
gories, plusvery limited testing. Thereisneed to conduct addi-
tional fatigue testing of typical sign support structure details
to categorize connection details accurately.

2.11.3.6 Vibration Mitigation Methods

Available information from NCHRP Project 10-38(2)
regarding effectiveness of vibration mitigation methods was
synthesized. It appears that the effectiveness of such vibra-
tion mitigation methodsis being measured in terms of reduc-
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tion in displacement amplitude and reduction in vibration
duration after the load vanishes (i.e., truck wind gusts). The
current research appearsto be limited to cantilevered support
structures. The research team’s colleagues have aso indi-
cated their idea regarding how much of afatigue load reduc-
tion can be accounted for if mitigation devices are used.
Additional research is needed to demonstrate the effective-
ness of vibration mitigation devices in terms of stresses and
to relate the effectiveness to reduction in fatigue design
loads. A range of support structure configurations should be
included. Also, the final results of NCHRP Project 10-38(2)
need to be included.

2.11.3.7 Variable Message Sgns

Variable message signs (VM Ss) have been introduced in
the past few years. Since their introduction, their use has
been increasing rapidly and their design and configuration
are constantly changing. VM Ss have dimensions, configura-
tions, and weightsthat differ significantly from those of usual
signs and thus could highly impact the design of the sup-
porting structure. Current VMS sizes have reached 36 feet
long by 12 feet high by 4%- feet deep, with aweight exceed-
ing 5,000 pounds. The current Supports Specifications does
not address VMSs or their supporting structures. With the
increasing use of VMSs, it isimperative that future versions
of the Supports Specifications include guidance and provi-
sions for the design of VM supporting structures and their
foundations.

Two failures of VMS supporting structures have been
reported. Onecasewasin Virginiawherethe sign wasattached
and supported by a cantilever structure. Another case was
in California where a Caltrans 18-inch monotube structural
support that was designed to carry aVMSfailed at afatigue-
generated crack just above the weld at the base plate. Spe-
cific design considerations should be developed to guide the
designer and ensure safer designsin the future.

VMSs are heavier and much larger than normal signs are.
VM Ss are attached to the supporting structure in such aman-
ner that torsional loads become significant. Because of the
size of VMSs, the effects of the aerodynamic forces are
important and must be carefully evaluated. Truck-induced
wind gusts and vortex shedding cause vibrations and fatigue.
The presence of the torsional loads compounds the vibration
and deflectionsinduced by the wind and aerodynamic forces.
The connection or method of attaching the VMS to the sup-
port structure is also important and must be addressed by the
engineer.

Although the current AASHTO Supports Specifications
does not address VM Ss or their supporting structures, engi-
neers have erroneously used the current Supports Specifica-
tions in the design of such structures. The VM S was treated
asanormal thin and flat sign. This treatment could result in
faulty designs, since several of the provisions of the current
Supports Specifications may not directly apply to structures
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supporting VM Ss. For example, the section on wind loadsin
the current Supports Soecifications contains information that
was developed mainly for wind pressures acting on thin flat-
faced signs, not VMS. The wind pressure, drag coefficients,
and uplift forces must be revised to account for the VMS
structures that are much larger in size (structures that could
have aroof of 4to 5 feet and a bottom of 3 to 4 feet).
Additional design information is needed in order for the
engineer to design safe and economical VMS structures.
Both theoretical and field studies are needed to document the
behavior of the VM S structures and to devel op guidelinesfor
their proper design and construction. Information on the
effects of high torsional loads in combination with dead and
live loads must be evaluated. Complex aerodynamic forces
from wind and moving traffic as aresult of the large physi-
cal dimensions of the sign warrant careful evaluation. The
induced movements and vibrations cause fatigue and could
be detrimental to the sensitive electronic equipment of the
VMS. Wind tunnel tests are needed to devel op the necessary
information on wind pressure and drag coefficients. | celoads
should beinvestigated, and water ponding on theflat surfaces
should also be taken into consideration. The method of con-
necting the VMS to the supporting structure is an important
design consideration. The center of gravity of the VMS is
usualy placed off the centerline of the horizontal support.
This placement can produce significant torsional loads and
deflections. The VMS could be integrated in the supporting
truss structure to eliminate such torsional loads. Foundation
design requirements must also be reviewed in light of the
larger loadsthat aretransmitted in this case. Finaly, it should
be useful to develop a mechanism for interaction where the
analysis and design efforts of the engineer/fabricator of the
VMS and the engineer/fabricator of the support structure are
coordinated in order to achieve asafe and economical design.

2.11.3.8 Bridge-Mounted Signs

There has been atendency to place large signs and signs
with maintenance walkways on bridgesin lieu of adding an
additional structure, either as an effort to save money or
because of utilities or drainage that conflict with foundations
for structures. However, these structures are difficult to fab-
ricate and construct, as well as significantly higher in cost.
Potential problems and safety hazards may ariseif such struc-
tures are used without adequate attention to special design
considerations. The current specifications provide no infor-
mation on the design of sign structures connected to bridge
structures.

Research is needed to investigate the important issues
regarding the design and construction of bridge-mounted
signs, and the information gained should beincorporated into
the Supports Specifications. At a minimum, the following
issues should be investigated:

» The effect of sign loads on existing bridge girders;

» The effect of vibration and deflection of bridge girders
on the members that support the signs and maintenance
wakways,

 Forces at connections to the bridge girders and bridge
deck (and guidelines on acceptable methods of connect-
ing to steel and prestressed concrete girders, concrete
slab, and parapet walls);

» The need for DOTsto furnish complete and up-to-date
information regarding the bridges to which these struc-
tures are connected, along with project documents;

* Requirements for verifying the adequacy of an existing
bridge to support bridge-mounted signs;

+ Guidelineson design responsibilities (i.e., who isrespon-
sible for what part of each design);

* The issue of whether specifications should prohibit
mounting VM Ss directly to bridge girders; and

+ Cost comparisons of bridge-mounted structures versus
cantilever or span structures.

2.11.3.9 Srength of Fiber-Reinforced Composite
Support Sructures

The use of fiber-reinforced composite, especialy fiberglass-
reinforced plastic (FRP), as support structures is rapidly
increasing. The FRP products, however, have varying phys-
ical properties that depend on the materials and fabrication
method used. No design specifications or codes are cur-
rently available that cover the design requirements for FRP
structures.

An experimental program is needed to eval uate the strength
properties of cross-sectional shapes typically used for sup-
port structures and to verify the strength equations given in
the 2001 Supports Specifications. The study should focus on
commonly used materials, namely polyester resin and glass
fiber reinforcement. Products from the three major manu-
facturing methods (i.e., pultrusion, centrifugally casting, and
filament winding) should be considered. For each of the man-
ufacturing methods, the testing program should include sev-
eral parameters, such as cross-sectiona shape, fiber orienta-
tion, glass-resinratio, wall thickness, taper, fatigue strength of
mast arm connections, and base plates. The tests should con-
sist of full-scale structural testing, aswell asmaterial (coupon)
testing, in order to develop generalized equations for predict-
ing the strength of the cross section in flexure, shear, axial, and
torsion applications. The experimental work should also estab-
lish local buckling criteria for the section. Information on
the stiffness and deflection of these structures should also be
evaluated.

2.11.3.10 Gust Effect Factorsfor Flexible
Structures

The gust effect factors for wind-sensitive and non—wind-
sensitive structures provided in Sections 2.6.3, 4.4, 4.5.2, and



4.5.3 of the “Wind Loads Report” in Appendix B should be
verified by physical wind tunnel testing on typical support
structures. Insufficient research is available on gust effect
factorsfor flexible support structures, and the only published
information was developed primarily for buildings. As part
of thiswork, theimpact of the proposed gust factor equations
for flexible structures on the design of support structures
should be assessed.

2.11.3.11 Srength of Round and Polygonal
Tubular Sections

The alowable stress formulas for steel polygonal tubesin
the current Supports Specifications are based on analytical
background and only limited experimental work. The allow-
able stress equations for bending of round tubular sections
are mainly based on early work performed by Plantema (72)
and Schilling (73) that was analytical in nature. Experimen-
tal work was very limited and addressed only round tubes
with yield points of 36 to 52 ksi. However, the alowable
stresses for polygonal cross sections are based on testing of
sections made of higher-strength steels (ASTM A572 plate
steel material). This research program at the Transmission
Line Mechanical Research Center, however, was limited to
16 test specimens. More tests are needed on polygonal tubes
to verify the available strength equations. Typicaly, ASTM
A595 coil stedl is used for the manufacture of round tubes,
and A572 Grade 55 or 65 plate steel is used for round or
polygonal shapes. Preliminary test dataindicate that the type
of steel and fabrication process do have a significant effect
on the bending strength of the cross section.

An experimental program is needed to determine the
strength, and hence allowabl e stresses, for sections of differ-
ent steels and fabrication processes. The experimental work
should consider different cross-sectional shapeswith the two
types of steels commonly used. Updated strength equations
(or alowable stress equations) should be derived from this
work. Another parameter to consider in this study isthe upper
limit of D/t, where D equals the diameter of the tube and t
equalsthethickness of thetube. No flexural strength test data
are availablefor D/t greater than 12,000/F,, where F, equals
theyield stress. Information on the bending strength of tubes
with D/t exceeding that limit is needed for the limited cases
where such a denderness may be used.

2.11.3.12 Bending About the Diagonal of Square
and Rectangular Steel Tubes

A method for the design of square and rectangular tubes
bent about the diagonal axiswas devel oped through NCHRP
Project 17-10(2). Generally, the method provides greater
allowable moments as compared with cal culations in accor-
dance with the 2001 Supports Specifications. Experimental
verification of the new design method is needed.
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Full-scale structural bending tests are proposed to evauate
the performance and strength of cantilevered structures with
square or rectangular cross sections. The experimental pro-
gram should consider various sizes, as well as sections with
sharp and rounded corners. The objective should be to deter-
mine the effect of the strain distribution in the wall on local
buckling. Also, the influence of the corner on the strength of
the section when bent about the diagonal should be studied.
The data should provide information on the usabl e strength of
the section and, hence, the alowable stresses that could be
permitted when bending about the diagonal occurs. Compact,
noncompact, and maximum slendernesswidth-thicknessratio
limits for sections bent about the diagonal should be deter-
mined. The proposed design equations should be checked
against the actual test results, and further adjustments should
be made to produce an improved design model.

2.11.3.13 Drag Coefficient Transitions for
Multisided Sections

A drag coefficient transition equation was developed as
part of thisstudy to provide valuesfor sectionsthat transition
from multisided to round shapes. The equation was based on
analytical procedures. Experimental verification using wind
tunnel testing is required to validate the proposed equation.

2.11.4 Maintenance of the Specifications

The current Supports Specifications (2001) is comprehen-
sive and quite detailed as compared with previous editions. It
references a number of mgjor national specifications, which
are continually being updated to incorporate results of new
research and practice. Thus, thereisagreater need to keep the
specifications current and reflecting the most recent technical
information. Thisupkeep should be achieved through an orga
nized process that incorporates into the specifications the
results of new studies and technologiesin a systematic and
routine manner. Maintaining the specifications and their state-
of-the-art features using solely committee volunteer effort as
performed in the past is difficult and impractical.

To address this problem, the different approaches adopted
by national organizationsin updating and maintaining their
specifications were reviewed. Such specifications included
the AASHTO LRFD Bridge Design Specifications, ASCE
7 Minimum Design Loads for Building and Other Struc-
tures, International Building Code, AISC Manual of Steel
Construction-LRFD, and ACI 318 Building Code Require-
ments for Structural Concrete. Important in this evaluation
were how the changes areinitially proposed, how the changes
are addressed, and how they are ultimately incorporated into
the revised specification. The cycle of making specification
revisions, publishing interims, and the relationship to other
major standardswere noted. For example, major updates could
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occur every 3 or 6 yearsto conform to specific codes such as
ASCE 7 or AISC, and interims could be provided every year.

Researchersof NCHRP Project 12-42 were contacted todis-
cuss their approach for updating the AASHTO LRFD Bridge
Design Specifications. The process was noted for how these
researchers obtained input from AASHTO technical commit-
tees, how the chairs of the AASHTO technical committees
conducted reviews, and how Modjeski and Masters helped to
address the changes. A similar, but less extensive, approach
may be suitable for the Supports Specifications. The techni-
cal committee under AASHTO HSCOBS specifically desig-
nated to structural supports, T12, should play an active role
in overseeing future enhancements to the specifications.

Elements of the suggested mechanism for regularly updat-
ing and maintaining the Supports Specifications may be out-
lined as follows:

1. Specific areas of the specifications that need the most
updateswill beidentified. The University of Alabamaat
Birmingham (UAB) will organize anational committee
comprised of design professionals and manufacturers
that will prepare the agenda items on needed updates.

2. T12 will consider the following:

i. Suggested changes submitted by the national com-
mittee.

ii. Suggested changes submitted by state bridge engi-
neers.

3. T12 will prioritize topics for future study and recom-
mend changes to be made.

4. T12 will involve HSCOBS members or contractors to
perform the needed work. If significant funding is
needed to conduct the work, NCHRP or state “ pooled”
funds will be used to provide the financial support.

5. Proposed changes or results of research work will be
reviewed and assessed by UAB, in conjunction with the
national structural supports committee, to determinethe
impact on the specifications and to ensure the proper
specifications format.

6. T12 will review the results of the assessment and the
proposed changes.

7. State DOTswill review the proposed changes and pro-
vide commentsto T12.

8. HSCOBS will vote to adopt the proposed changes.

2.11.5 Summary

Despite the dedicated efforts over the past few years to
improve the Supports Specifications, numerous areas of the
specifications still need to be revised and updated. This need
isprimarily due to the constant revamping of national spec-
ifications, as well as the rapid development of technical
information and the emergence of new materialsrelevant to
structural supports. This section outlined astrategic plan for
converting the supports specifications to the desired LRFD
philosophy, discussed future enhancements that are neces-
sary to keep the specifications up to date, and provided sug-
gestions for maintaining the currency of the specificationsin
the future.




CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATION

3.1 WIND LOADS REPORT

A review was made of the new wind loads provisionsin
the 2001 Supports Specifications. As part of thisreview, an
in-depth study of the new 3-second gust wind map and its
impact on the cal culated design wind pressures on structural
supports was performed. Flexihility of the structural support
as it affects the gust effect factors was also considered, as
well as methods for incorporating the flexibility of the struc-
ture in the wind loading computation.

A complete document, entitled “Wind L oads Report,” ispro-
vided in Appendix B. Topics addressed in the report include
the following:

» Thebasisfor wind pressure calculationsin the 1994 and
2001 specifications,

* Wind load comparisons between the 1994 and 2001
specifications,

+ Recommendations for gust effect factors for flexible
structures, and

+ Suggested research needs pertaining to wind loads for
structural supports.

3.2 FATIGUE AND VIBRATION IN
NONCANTILEVERED SUPPORT
STRUCTURES

Recommendations were developed for the fatigue and
vibration design of noncantilevered support structures. The
investigation included a review of relevant literature, con-
tacts with state DOTs and support manufacturers to identify
problems that have been encountered, meetings with investi-
gators of related projects, and an in-depth analytical study to
formulate design load recommendations. Fatigue loads and
deflection criteriafor noncantilever structureswere proposed
for inclusion in the Supports Specifications. This task also
included investigation of the effectiveness of gussets, cate-
gorization of connection details for noncantilevered support
structures, and the effectiveness of vibration mitigation devices.
A comprehensive report that includes the methodology and
all findingsis provided in Appendix C.

3.3 ANCHORAGE TO CONCRETE

A simplified anchor bolt design procedure for structural
supports based on state-of-the art information on the design
of anchorage to concrete has been devel oped. The simplified
procedure produces designs that are consistent with average
values reported by state DOTSs.

3.4 FOUNDATIONS

Design guidance on selection criteriafor foundation types
is provided. The design guidance includes additional infor-
mation on two foundation types that are suitable for struc-
tural supports. the screw-in helix and the directly embedded
foundations.

3.5 DRAG COEFFICIENT TRANSITIONS FOR
MULTISIDED TO ROUND CROSS
SECTIONS

A drag coefficient transition equation has been devel oped
based on analytical procedures for multisided tapered poles
with geometry approaching round sections. The accuracy of
the proposed design method should be verified through exper-
imental results. Detailed analyses using the proposed transi-
tion equations are given in Appendix D.

3.6 CONNECTION PLATE AND BASE PLATE
FLATNESS TOLERANCES

Current practices were reviewed to identify the need for
structure-specific connection plate and base plate flatness
tolerances for erection. The majority of information was
obtained from state DOTs and contacts with support struc-
ture manufacturers. The effect of the flatness tolerance on
practicality and manufacturing was considered. A new pro-
posed section on tolerances for flatness of base plates and
connections is recommended for addition to the Supports
Soecifications.
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3.7 SQUARE AND RECTANGULAR STEEL
TUBES BENT ABOUT A DIAGONAL AXIS

A design method was developed to determine the allow-
able bending capacity of square and rectangular steel tubes
bent about the diagonal axis. The proposed design procedure
applies to sguare and rectangular tubes that are bent about a
skewed axis. The tube must also be designed separately for
the maximum moments about each geometric axis. The rec-
ommended procedure is outlined for inclusion in the Sup-
ports Specifications. Appendix E provides the basis for the
proposed design method, as well as design examples illus-
trating the use of the method.

3.8 PERFORMANCE SPECIFICATION FOR
FIBER-REINFORCED COMPOSITES

A proposed performance specification was devel oped for
FRP poles based on input from DOTSs, FRP pole manufac-
turers, and electric utility companies’ specifications. The
proposed performance specification covers acceptance test-
ing proceduresfor FRP, including bending, torsion, fatigue,
weathering testing, and limits on deflections. Manufacturing
requirements, flame resistance, and quality control of materi-
als and finished product are also covered.

3.9 INSPECTION, RETROFIT, REPAIR, AND
REHABILITATION OF FATIGUE-DAMAGED
SUPPORT STRUCTURES

Recommendations were made for the inspection, repair,
retrofitting, and rehabilitation of fatigue-damaged support
structures. A survey was sent to al state DOTsto determine
which states conduct routine inspections and which states
have developed procedures for repairing and rehabilitating

fatigue-damaged support structures. Other than the procedures
provided by the Michigan DOT, very little useful documenta
tion was gathered from state DOTSs. Information from state
DOTs and various other sources—such as published reports
onweld inspection, meetingswith sign support manufacturers,
and discussions with other researchers—was synthesized into
a comprehensive report presented as Appendix G.

3.10 DESIGN EXAMPLES

Sixteen design examples illustrating the use of the 2001
Supports Specifications were devel oped in thisresearch proj-
ect. Because proposed changesin the Supports Specifications
will impact the reliability of these examples, the examples
are not published.

3.11 STRATEGIC PLAN FOR FUTURE
SUPPORTS SPECIFICATIONS
ENHANCEMENTS

Despite the dedicated efforts over the past few years to
improve the Supports Specifications, several areas of the
specifications still need to be revised and updated. This need
is primarily due to the constant revamping of national speci-
fications, as well as the rapid development of technical infor-
mation and the emergence of new materias relevant to struc-
tural supports. A number of technical topicsfor improvements
of the specifications are outlined. Additionally, it is neces-
sary to begin the process of converting the specifications to
aload and resistance factor philosophy. A strategic plan for
converting the specificationsto the desired LRFD phil osophy
is presented. The strategic plan delineates future enhance-
ments to the specifications and suggestions for maintaining
the currency of the specifications.
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SUMMARY, CONCLUSIONS, AND SUGGESTED RESEARCH

4.1 SUMMARY AND CONCLUSIONS

The objective of this project was to provide additional
enhancementsto the Supports Specifications. Topics covered
in this work included wind loading, fatigue design, founda-
tion selection, anchor bolts, flatness tol erances, bending about
the diagonal, drag coefficient transitions, FRP performance
specifications, design examples, and a strategic plan for con-
versionto LRFD. General conclusionsfrom thisresearch can
be summarized asfollows:

» A report entitled “Wind Load Report” was prepared to
explain the new wind provisions of the 2001 Supports
Soecifications and to compare them with previous edi-
tions of the specifications.

» Recommendations for fatigue and vibration design of
noncantilevered structureswere made based on finite ele-
ment analysis and previous experimental work on can-
tilevered support structures.

* The state-of-the-art procedure adopted by ACI 318-02
on anchorage to concrete was reviewed and formed the
basis for the proposed simplified procedure.

+ Foundation selection criteriawere provided for support
structures.

+ A transition equation for estimating the drag coeffi-
cient of multisided tapered poles when the cross section
approaches a round section was devel oped.

» Tolerances for flatness of base plates and connections
plates were recommended.

+ Design guidelines for stedl tubes bent about the diagonal
were formulated, and a design procedure was outlined.

+ Performance specification and acceptance testing pro-
cedures were devel oped for fiber-reinforced composite
support structures.

+ A synthesis report on the inspection, repair, and reha-
bilitation of fatigue-damaged support structures was
prepared.

+ Sixteen design examples were prepared to illustrate the
use of the 2001 Supports Specifications.

A strategic plan for the future enhancement of the spec-
ifications and for converting the specificationsto LRFD
philosophy was prepared.

4.2 IMPLEMENTATION

The 2001 Supports Specifications offers new information
and significant updatesin the design of highway signs, lumi-
naires, and traffic signals over previous editions of the spec-
ifications. NCHRP Project 17-10(2) proposes new updates
that will further enhance the specifications. The following
suggestions are given in an effort to encourage and enhance
the implementation of the Supports Specifications:

+ Perform astudy to compare design differencesthat occur
on an overal structural level between the 1994 and 2001
specifications. Thisstudy will involve design evaluations
of typical support structures across the country.

» Develop adesign guideto provide state-of-the-art design
information and design aids in support of the specifi-
cations. The design guide will provide an informa and
informative discussion of topicsin the specifications.

+ Conduct alecture series introducing the proposed Sup-
ports Specifications. A design handbook and course notes
with detailed examples of typical, as well as specific,
designs will be prepared for the workshop.

» Develop aweb page for the Supports Specifications that
will bearesourcefor usersof the Supports Soecifications.
Genera information and guidance on specific issuesin
the specifications will be covered.

4.3 ADDITIONAL IMPROVEMENTS

An objective of this project wasto identify itemsthat need
future research and modifi cation beyond what will be accom-
plished inthis project. The following sections provide a brief
description of those topics that are recommended for future
research. Additional information is given in Section 2.11.
The topics recommended for future research may belisted as
follows:

* LRFD conversion,
* Review of ASCE 7-98 new wind map and wind provi-
sions,
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+ Evaluation of design differences between the 1994 and
2001 Supports Specifications,

 Fatigue and vibration studies for noncantilevered sign
structures,

 Mitigation techniques for vibration and oscillation,

» Variable message signs,

* Bridge-mounted signs,

« Strength of fiber-reinforced composite cross sections,

« Gust effect factors for flexible structures,

+ Bending about the diagonal of square and rectangular
steel tubes, and

 Drag coefficients for multisided sectionsthat are nearly
round.

4.3.1 LRFD Conversion

A study to convert the specifications to an LRFD philoso-
phy and format is needed. The LRFD design approach to
strength evaluation and to structural safety is more rational
and consistent than the current approach in the Supports Spec-
ifications. Load and resistance factors for support structures
will be developed using probability-based studies. The LRFD
philosophy will facilitate the incorporation of future engi-
neering developments and test information, since the speci-
fications derive much of their information from national spec-
ifications that are based on LRFD.

4.3.2 Review of ASCE 7-98 New Wind Map and
Wind Provisions

Revisions to the specifications are needed to incorporate
the revised wind map and changes in ASCE-98. The impact
of these changes on the design of support structures should
also be evaluated.

4.3.3 Evaluation of Design Differences
Between the 1994 and 2001 Supports
Specifications

The impact of the new provisions in the 2001 Supports
Foecificationsonthe overall design of support structures needs
to be evaluated. Complete structures should be designed to
determine design differences.

4.3.4 Fatigue and Vibration Studies for
Noncantilevered Sign Structures

The design recommendations made for noncantilevered
structures should be verified through experimental work and

wind tunnel tests. Research is also needed to evaluate the
dynamic behavior and susceptibility of vibrations of non-
cantilevered structures. Theimpact of the design recommen-
dations from a cost standpoint should be evaluated.

4.3.5 Mitigation Techniques for Vibration and
Oscillation

Vibration mitigation techniques and devices for support
structures have been studied by a number of researchers. A
synthesis of thiswork isneeded. The effect of mitigation tech-
niques on reducing fatigue loads should be eva uated from the
standpoint of economy and safety.

4.3.6 Variable Message Signs

Additional information needsto beintroduced in the spec-
ifications regarding VM Ss. These structures are heavier and
much larger than conventional signs, and, thus, special con-
siderations may be required to ensure proper design of the
supporting structure.

4.3.7 Bridge-Mounted Signs

Sometimes, large signs are attached to bridge structuresin
lieu of new structures being constructed. Theselargesignsare
difficult to fabricate and construct, as well as significantly
higher in cost. Potential problemsand safety hazardsmay arise
if such structures are used without adequate attention to (a) the
design of the connection and (b) theloads and vibrationstrans-
ferred to both the bridge and the sign support structure.

4.3.8 Strength of Fiber-Reinforced Composite
Cross Sections

No design specifications or codes are currently available
that cover the design requirements for FRP structures except
the 2001 Supports Specifications. However, the equationsin
the specifications have not been verified experimentally. An
experimental program is needed to evaluate the strength prop-
erties of cross-sectional shapes typically used for support
structures.

4.3.9 Gust Effect Factors for Flexible
Structures

Gust effect factors for wind-sensitive and non-wind-
senditive structureswere provided aspart of thisproject. These
values should be verified by physical wind tunnel testing on
typical support structures. The effect of the proposed gust
factor equations for flexible structures on the design of sup-
port structures should also be assessed.



4.3.10 Bending About the Diagonal of Square
and Rectangular Steel Tubes

An analytical method was developed for the design of
square and rectangular steel sectionswhen subjected to bend-
ing about a skewed axis. Full-scale testing is needed to ver-
ify the accuracy of the method and to further refine the ana-
lytical model.
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4.3.11 Drag Coefficients for Multisided
Sections that Are Nearly Round

An experimental program is needed to verify thetransition
equation that was developed in this project to calculate the
drag coefficients for multisided sections as their geometry
approaches a round section. The experimental work should
involve wind tunnel testing.
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APPENDIXES

The appendixes submitted by the research agency are not
published herein. However, for alimited time, the following
appendixes are available upon request from the NCHRP:

Appendix A: Project Surveys and Results

Appendix B: Wind Loads Report

Appendix C: Fatigue-Resistant Design of Noncanti-
levered Sign Support Structures

Appendix D: Sample Calculation for Proposed Drag
Coefficient Transition Equation for Tapered Multisided
Sections

+ Appendix E: Proposed Combined Stress Ratio Equation
for Square and Rectangular Tubes Bent About a Diago-
nal Axis

» Appendix F: Proposed Performance Specification for
FRP Poles

» Appendix G: Retrofitting and Rehabilitating Fatigue-
Damaged Support Structures




Abbreviations used without definitions in TRB publications:

AASHO
AASHTO
ASCE
ASME
ASTM
FAA
FHWA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
SAE
TCRP
TRB
U.S.DOT

American Association of State Highway Officials

American Association of State Highway and Transportation Officials
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

Federal Aviation Administration

Federal Highway Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers

Institute of Transportation Engineers

National Cooperative Highway Research Program

National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration

Society of Automotive Engineers

Transit Cooperative Research Program

Transportation Research Board

United States Department of Transportation
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