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EXECUTIVE SUMMARY

During the 2004 hurricane season, the failure vés# foundations of cantilever sign structures
occurred along Florida highways. Those failuresessitated a review of the design and
construction procedures for the foundations of it@rdr sign structures. The failures were
determined to be caused by concrete breakout @rtbleors subjected to shear parallel to the
edge caused by torsional loading. The research tested a retrofit option using carbon fiber-
reinforced polymer (CFRP) wrap and design guidsliioe determining the susceptibility of
failure for current systems and design of the CHR&p retrofit design were created. Having
found the failure mechanism, alternative suppaticstires were recommended for future

research, which became the basis for the curreptqgr

The primary objectives of this research programeveer follows:
. Identify a viable alternative to transfer load fraine superstructure to the foundation other
than through anchor bolts.

. Provide design guidelines for the alternative delc

In order to complete these objectives, a literatavgew and experimental program were
conducted. The findings of the literature reviewaevesed to develop the experimental program.
The literature review and the results of the expental program were used to develop the
design guidelines for the alternative selectecddition to the primary objectives, alternative

connections were also identified for consideratmrfuture testing.

After a literature review and exploration of otldustries’ options, an embedded pipe and plate
section was selected as a viable alternative. Tda tbad path and ability to handle both
torsional and flexural load made the embedded @nokplate section the most ideal alternative.
Testing proved that the embedded pipe and platesegas able to transfer the torsional and
flexural load to the concrete satisfactorily. Tegtalso proved that American Concrete Institute
(ACI) 318 code equations for concrete breakout fegplied shear could be modified to

accurately predict the concrete breakout strenfytheoembedded pipe and plate section.

Vii



The accurate testing predictions using the modif@de equations were the basis for the
development of the design guidelines. The desigtedjnes account for the design of the base
connection as well as the foundation, includingghee and plates section and concrete pedestal

and reinforcement.

Implementation of the recommended alternative asigth guidelines for foundations of
cantilever signal/sign structures should elimiraatg concrete breakout problems associated with
the anchor bolts. The recommended alternative atimms are highly recommended for further
investigation. The combination of the embedded pipe plate section and a selected alternative

connection would significantly reduce the numbefadfires of cantilever signal/sign structures.
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CHAPTER 1
INTRODUCTION

This project is in response to the failures of sahveantilever sign structure foundations in
Florida during the 2004 hurricane season (See €ifjtr and Figure 1-2). The initial research
program resulting from these failures was complé@telugust 2007 and is Florida Department
of Transportation (FDOT) Report No. BD545 RPWO #&d¢chor Embedment Requirements for
Signal/Sign Structurel). The objective of the initial project was tetermine the cause of
failure of the foundations and to recommend bosigieprocedures and retrofit options. It was
determined that torsional loading on the anchor gp@up in the foundation was the most likely
cause of the failures. Design recommendationsoisidnal loading on the anchor group and
recommendations for a retrofit are included inghgect report (1). The initial project also

provided recommendations for potential alternatotendation systems.

Figure 1-1. Failed cantilever sign struc -" |



Figure 1-2. Failed foundation during post-failuse@vatior”

The primary objective of this research project waglentify alternative support structure
designs without anchor bolts that will be bettenipged to handle transfer of the torsional load
to the concrete than the current anchor bolt desighthen to conduct an experimental
investigation and develop design guidelines foriteatified alternative support structure.

In order to complete the objective of this resegmadgram, a thorough investigation of
alternative support structures used in other strattpplications was completed. The findings
of this investigation as well as the recommendatioihFDOT Report BD545 RPWO #54 were
used as the groundwork for the experimental ingatitin and design guidelines for the

identified alternative support structure.



CHAPTER 2
BACKGROUND

The following sections cover the history of sigegh anchor bolt foundations and present
the various foundation systems recommended by FREdort BD545 RPWO #54 and
alternatives used in other industries. The curaechor bolt foundation system is revisited so
that its particular structural concerns can betified and explored in alternative foundations.
The recommended foundations are analyzed for patgmbblems and benefits, particularly on
how they transfer load from the cantilever's morlego the substructure. Based on the
information gathered, a recommended alternativeeistified.

2.1 Current Anchor Bolt Foundation System

During a recent survey (2) of state DOTSs, an assessof typical signal/sign foundations
was conducted, particularly on the structural aygtion of each foundation type and frequency
of use (See Table 2-1). The information obtainedfthis survey shows that at present,
reinforced cast-in-place foundations are the mostraon foundation types for overhead
cantilever signs, with spread footings the nexttnsosmamon foundation.

Table 2-1. Support structure foundation frequerfoyse”

Structure type Reinforced Unreinforced Steel Screw-  Spread Directly

Cast-In-Place Cast-In-Place In Footings Embedded
Drilled Shafts Drilled Shafts Foundation

Overhead Cantilever Common None Rare IntermediateneN

Over Head Bridge Intermediate None Rare Intermedidone

Road Side 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




These most common foundation systems utilize anlobits to transfer torsional and

flexural moments from the monopole to the suppioucsure. Figure 2-1 depicts how the

torsional and flexural moments are transferredhénrdurrent anchor bolt design. American

Association of State and Highway Transportationdfs(AASHTO) provides guidance in their

Standard Specifications for Structural SupportsHaghway Signs, Luminaires, and Traffic

Signals(Supports Specificatioph$or the design of signal/sign supports (3). Mangblems have

been detected with the signal/sign support strestand the following will cover the history and

problems associated with cantilever signal/sigristarir support structures.

Resolved into
Shear Parallel
to the Edge

Concrete
Cracking

N

Applied
Flexure

Flexure
Resolved into
Tension and
Compression

Figure 2-1. How torsional and flexural momentstaae

anchor bdtts

In 1994, the National Cooperative Highway Rese&gram (NCHRP) initiated Project

17-10 at the University of Alabama at Birminghanh (@he scope of Project 17-10 was to update

all aspects, excluding vibration and fatigue, & 1994Supports Specificationg). One element

of the Supports Specifications that required immatdupdating was the information on

anchorage systems. The 1994 Supports Specificatirdoemation on anchor bolts was based on



information obtained in the late 1960s and late0594). The updated anchor bolt information
contained in Report 411 included an Appendix C wladdressed minimum embedment length
of headed cast-in-place anchor bolts, effect okatigtance, and the effect of spacing between
anchor bolts (4)However, Appendix C of NCHRP Report 411 was noluded in the 2001
Supports Specifications (2).
A second phase of Project 17-10 was initiated ardighed as NCHRP Report 494 in
2003. NCHRP Report 494 addressed additional updatbeSupports Specificationfn
NCHRP Report 494, further information is providedarding anchorage to concrete. In addition
to restating the information in Appendix C of NCHREport 411, NCHRP Report 494 provided
a simplified design method for design of anchorageoncrete based on the then recently added
Appendix D to American Concrete Institute (ACI) 308 (2). The simplified design method for
anchorage required the following conditions be (R§t
. Anchor bolts be hooked or headed
. Foundations have vertical reinforcing steel andizarconfinement, with anchor bolts
placed inside of the reinforcement
. Foundation reinforcing steel is uncoated

. If hooked anchor bolts are used, the length ohthek is at least 4.5 times the anchor bolt
diameter

The simplified design method would design the ditemand bearing area of a headed
anchor or the required anchor bolt diameter of @ékbkd anchor as well as the bolt length so that
the failure plane would intersect the foundatiaeimforcing steel below the point at which the
reinforcing steel is fully developed (2). The triamof flexural moment is thoroughly addressed
in the simplified design method through its treatinaf tension. While the simplified method
does well to address anchor bearing on concratekes the assumption that if confining

reinforcement is provided, failure by concrete koed and concrete side-face blowout can be



prevented (2). It also assumes that the shear faitrot control because of the greater flexural
moment. These simplified design guidelines havebeen included in thBupport Structures

However, the information obtained on anchor bojtshe FDOT under contract number
BD545 RPWO #54 entitlednchor Embedment Requirements for Signal/Sign Bres
indicates that concrete breakout is a problem évanfining reinforcement is provided. The
reason for the report was several cantilever suggdarcture failures in Florida during the 2004
hurricane season (See Figure 1-1 and Figure 1H&) pfoject predicted that the reason for the
failure of the cantilever signal/sign foundationasathe hurricane wind loads applied excessive
torsional force on the foundation. The torsionatécould be resolved into shear force acting on
the anchors parallel to the edge of the founddB®me Figure 2-2). The shear force acting
parallel to the edge was causing an anchor breagpfmnomena that is described in Section
D.5.2 of ACI 318-08 (5). Testing confirmed the potidn and an evaluation guideline as well as
a CFRP wrap retrofit design guideline were detaitetthe report.

Clearly, the information gathered on the presestesy shows a need to rethink the design
where anchors are concerned. While the NCHRP Repogtdesigned to modify the Supports
Specifications for the current anchor bolt destge, purpose for this research is to identify an
alternative method of transferring torsional amkéiral moments from the monopole to the
concrete shaft other than through an anchor bolbhection.

The main concern addressed in this research prigj#og failure of concrete due to shear
load on the anchor bolts parallel to the edge tiegufrom torsion on the anchor group.
Therefore, a viable alternative will be one thatids transferring shear through anchor bolts.
Other concerns that have been identified are dgsw@gtice and construction related. While

these concerns are not the main objective of gsearch project, a new design may address



these problems. The concern with fatigue has aen ldentified and is addressed in other
research projects and is not in the scope of tluggt (6; 7). Recommendations for future
testing regarding fatigue concerns will be addr@sse€Chapter 6.

2.2 Alternative Foundation Systems

The following alternatives are based upon the renendations of the FDOT Report
BD545 RPWO #54 (1). There are three cast-in-placemrete foundation alternatives and a
drilled helical pipe alternative recommended frodH Report BD545 RPWO #54. Also
included in this section is an embedded taperetibsethat was not included in the previous
report but has been used in other DOT applications.

2.2.1 Steel Pipes with Plates Welded at Four Locatis

This foundation system would use an embedded pithestffener plates. Figure 2-2
shows the configuration of this system (1). Thiestier plates will be attached symmetrically
around the shaft of the steel pipe. The purposkestiffener plates would be to provide for the
transfer of torsional loading between the steed @pd the concrete by bearing on the concrete
during twisting.

The installation of this foundation would be relaty simple. After excavation for the
concrete foundation, a reinforcement cage woultbivered into the excavation and aligned
properly. The steel pipe and plate assembly woaltbtvered into the excavation and aligned.
The concrete would then be poured into the excanalihen the superstructure would be
erected on top of the foundation (8). The supectiire could be aligned and leveled using a
leveling nut detail shown in Figure 2-3. This coctien would also eliminate problems with

grout installation because none would be required.



Figure 2-2. Alternative foundation: steel pipe withur welded plates

Figure 2-3. Leveling nut detalil

As mentioned earlier, the vertical torsional platesild act similar to an anchor group for
transferring load to the foundation. Figure 2-2whthe possible force configuration that would
be acting on the foundation and how the foundationld resist the forces. Option B has an
annular plate welded to the bottom of the embeqbileel and plate section while option A does
not. The purpose of the annular plate is to proaidéff member to resist the bending moment
induced on the foundation. If the plate were npa#d of the configuration, then the pipe would
likely resist the bending by bearing on the corgreteating a potential problem with buckling
of the pipe. As the biaxial moment acts on the fation with the annular plate, it will induce a

tensile reaction on one part of the concrete fotiodand a compressive reaction on the



opposite side, see Figure 2-2 The shear load ndlige a distributed load on the sides of the
foundation. The axial load will be distributed thghout the foundation by the annular plate. The
torsional load will cause the stiffener platesremsfer the load as a shear force directed parallel
to the edge of the concrete similar to an anchaxded in shear parallel to the edge and bear on
the concrete.

2.2.2 Geometric Hollow Section

This foundation would use an embedded geometrioWwdection rather than a steel pipe.
Figure 2-4 shows the configuration of this systém The purpose of the geometric shape would
be to create additional torsional resistance thindbg geometry of the shape. The installation of
this foundation would be very similar to the methoentioned for the embedded pipe and plate

section.

Figure 2-4. Alternate foundation: geometric hollsgction

The geometric shape of the pipe would act as thetavransfer the load from the steel
monopole to the concrete. The concrete would be tablesist the torsional rotation of the pipe

embedded in the foundation through the geometnamtdges of the section. The shear force



would cause the concrete to resist as a distridotati The moment would induce axial
resistance. Figure 2-4(b) shows the force configumaacting on the foundation and how it
would resist the force by bearing on the concrete.

2.2.3 Pipe with Welded Studs

In this option, the steel pipe would be welded veiyimmetrically oriented rows of steel
studs through the depth of the foundation. The psef the studs would be to provide
resistance to both flexural and torsional loadifige installation of this foundation would be the
same as both the embedded pipe and plates anthtieslded geometric hollow section
foundations.

The welded studs would transfer the shear, flexamd,torsion from the steel
superstructure to the concrete. All of the torsi@mal bending forces can be resolved into shears
on the studs at their various angles of loading Stads would resist the shear by bearing on the
concrete. Figure 2-5 shows the force configuragicimg on the foundation as well as the

resistive bearing forces from the concrete.

Figure 2-5. Alternate foundation: pipé with weldsdd
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2.2.4 Helical Pipes

This option would call for the helical pipes todrewed directly into the soil. This
alternative provides the benefit of removing cotees a consideration in the design. See Figure
2-6 for the configuration of this foundation. Theognetry of the pipe and the strength of the soil
itself would provide the torsional resistance regaiin the design. The pipes would need to be

first protected against corrosion and then screwtxdthe soil.

(&
0 ©

Figure 2-6. Alternate foundation: helical pipes

One possible drawback to this alternative wouldhag the helical piles would require
frequent field inspections to ensure that theisailot failing. The helical piles would not be an
ideal option for Florida because of the prevalerrgsoil conditions. Also, the helical piles
would be highly susceptible to corrosion becausth®irect contact with the soil and possible
direct contact with the water table. In this foutola system, the load would not be transferred

from the steel to the concrete, but rather direfttyn the steel to the soil. Therefore a thorough
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geotechnical assessment would be required befeigrdeould begin. Because of this, it would
be very difficult to present standard design gurg for this option.

2.2.5 Embedded Geometric Tapered Section

In this option, a geometric tapered section woddmbedded into the drilled shaft (See
Figure 2-7). The purpose of the geometric shapdduvoel to create additional torsional
resistance through the geometric qualities of Haps. This foundation would require similar

construction methods as the other cast-in-placemmst

Figure 2-7. Alternate foundation: geometric tapesection

The geometrically varied shape of the tapered aeetiould act as the way to transfer the
load from the steel superstructure to the conciidie.concrete would be able to resist the
twisting motion of the pipe embedded in the fouratathrough the geometry of the section. The
shear force would cause the concrete to resisthyifig on the pipe in a distributed load. The
moment would induce axial resistance. One problseso@ated with this configuration is the
availability of large tapered sections to be emleeldd the foundation. The large tapered

sections can be costly and difficult to find, limg the practicality of this option.
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2.3 Alternative Foundations from Other Industries

An investigation into transmission line foundatipasllular tower foundations, wind
turbine foundations, and large advertising sigmftations was completed. While investigating
these fields it became apparent that despite thigesities in foundation requirements, the large
torsion experienced by cantilever sign/signal fatrahs is not typically present in other
industries and is not designed for. Because of thesother industries’ alternatives would most
likely not be viable for the cantilever sign angral applications. The following section will
describe what was found in these other industries.

2.3.1 Transmission Line Foundations

An investigation into transmission line foundati@mwed that they often use cast-in-
place concrete designs that are similar to theeati@nchor bolt design, using anchor bolts to
connect the superstructure to the foundation; spad2-8c (9). The other cast-in-place designs,
Figure 2-8a, Figure 2-8b, are disparate from thieects anchor bolt design. However, these are
not viable alternative options because they are&jly exposed to primarily axial and shear
loads. The sizes of the members make direct emh@dimaore suitable option for their
foundations than a cantilever sign/signal foundatt®ee Figure 2-9 for the loading that
transmission line foundations are subject to (9)sToading pattern is similar, but not the same
as the loading that cantilever sign/signal fouratetiare subject to. The torsional load that a
cantilever superstructure induces on a foundatieates additional concerns for transferring
load to the foundation that these foundations caaddress.

Other alternatives investigated in the transmisBraindustry seem unsuitable for
sign/signal foundations because of constructiomeegng, cost, and most importantly because

they are unlikely to successfully transfer theitoral loading a sign/signal superstructure is
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likely to induce. The following are examples of uitable alternatives found in the transmission

line industry:

. Drilled concrete piles, see Figure 2-10 (9)
. Prestressed anchors
. Grouted soil anchors

Anchor Bolt

Figure 2-8. Cast-in-place foundation for transnusdines

Center of
Rotation
(CR)

Figure 2-9. Potential forces acting on a transmrssne foundation



Battered Shaft Straight Shaft
Figure 2-10. Drilled concrete piles for transmissiimes

Drilled concrete piles are similar to the curremttaor bolt design with the difference being
that the guys are embedded in the cast-in-plagedition instead of anchor bolts (See Figure 2-
10). These foundations handle axial, shear, anddvimoments by transferring the loading from
the embedded guys to the concrete (9). Howeveguseca transmission line tower is supported
by multiple legs, minimal torsional forces are @msin each drilled concrete pile. Even the H-
structures and single pole structures do not inicednuch torsional force into the foundation
because there is not a sufficient moment arm tdywre significant torsional force. Figure 2-11
demonstrates the typical structural configuratioha lattice tower, H-structure, and single pole
structure as well as a cantilever sign/signal stinec(9).

Prestressed and grouted soil anchors are typigatiguitable to handle torsional load. As
described in the Institute for Electrical and Etentcs Engineers (IEEE) Guide for Transmission
Structure Foundation and Testing, anchors are pityngsed to provide resistance to tensile
forces (9). Prestressed anchors are typically esiperand should not be used in soils with time
dependent compressibility (9). These factors mha&ettypically unsuitable to use for cantilever
sign/signal structures. See Figure 2-12 and Figut8 for prestressed and grouted soil anchor

configurations, respectively.
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Figure 2-11. Typical transmission line structurempared to a cantilever sign structure
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Figure 2-12. Prestressed soil anchor
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Figure 2-13. Grouted soil anchors

Grouted soil anchors are designed to transfertuplifensile loads from the superstructure
directly to the soil (9). They do this through framal resistance between the grout and soil, as
well as through the end bearing strength from ticesiased diameter at the end of the anchor (9).
However, the anchors do not provide much torsioesistance because of their smooth
geometry.

Despite the fact that these are viable alternativéise field of transmission line
foundations, these are generally not preferabl®ogtor sign and signal foundation systems.
The fact that sign and signal installations araisaged at the end of highway construction make
piles and anchors undesirable options. By the timecontractor is installing signs and signals,
most of the large pile-driving equipment has be@vexd off the construction site and would
create additional expense for the contractor. Tame expense are also reasons why these
options are not preferred. Prestressed anchorgranted soil anchors require geotechnical
expertise as well as significant geotechnical asialgf the area and would need to be designed
for individual projects which can be more costtywbuld be difficult to produce a standard for

these options.
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2.3.2 Wind Turbine Foundations

The search into wind turbine foundations was ilijtipromising, being that they are
required to handle significant amounts of lateoat® from the wind (10). However, the torsion
experienced by a wind turbine is not significantdaese there is a limited moment arm. Of
greater concern for a wind turbine is biaxial moteemhus, the three primary designs for a
monopole wind turbine that were specified includedat foundation, a pad and pier foundation,
and a pier foundation, all of which utilize anchits to connect the superstructure to the
foundation (11). There were guyed tower optionsel but these were not explored thoroughly
because of their irrelevance to this project’s magpilon and their similarity to the transmission
line industry’s guyed tower foundations.

The mat foundation, found in Figure 2-14, has savaements that make it unsuitable.
The primary fault with this option is that it usmschor bolts, which is the purpose of this
research project to eliminate. A mat foundatioals® not ideal for the significant loads that a
cantilever sign/signal structure will induce oroaridation. The uplift that is created by the

cantilever structure will necessitate a deeper dation.

Figure 2-14. Mat foundation for wind turbines
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The pad and pier foundation, found in Figure 24t the pier alone foundations are
similar to the current anchor bolt design. Theyaast-in-place concrete foundations with a
monopole attached to the foundation by anchor bohe pad and pier foundation is the same as
the current anchor bolt design. These options ddoldl any potential for a new design because
they are the same as the current anchor bolt deBignloading configuration on a wind turbine
is similar to that of the transmission line struets While the wind turbine and transmission line
structures will exceed the height of the cantilesign/signal structure, they do not have
sufficient moment arms to create a torsion thagisivalent to the torsion experienced in a

cantilever sign/signal structure.

Figure 2-15. Pad and pier foundations for wind itugb
2.3.3 Cellular Tower Foundations

The cellular tower industry was consulted regardihgrnative foundations, particularly
on which of the recommended designs from FDOT Reépb645 RPWO #54 seemed the most

promising. Contact was made with Dave Hawkins, BflPaul J. Ford & Co. from the
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Columbus, OH office. Hawkins is a member of the MR14.7 committee which produces the
TIA-222 Standard. The TIA-222 Standard governsdigign criteria for telecommunications
tower structures. Paul J. Ford & Co. is a stru¢temasulting firm that works in the design of
communications towers and monopoles as well asinession towers. Their specialization in
this field made them an appropriate choice withohd discuss relevant alternatives.

In a discussion with Hawkins, he stated that frasngerspective, the steel pipe with
welded plates or the geometric hollow section wdaddnost preferred in his industry. The
advantages he pointed out for the steel pipe wélied plates are as follows:

. The stiffeners would act similarly to an anchorugyo

. Relatively easily cast-in-place
. No direct contact between the steel and soil, neduoorrosion issues

Some possible problems with this configurationraostly construction related. If the
substructure is not placed properly, then the sipeiture would not align levelly. This is a
concern with the current anchor bolt design, antlbeia concern in most cast-in-place designs.
The current anchor bolt method uses leveling ragseen in Figure 2-3, to properly align the
monopole with the foundation.

The geometric hollow section is also a preferretioopfor the cellular tower monopole
industry because they currently use 12-sided, déesiand 18-sided poles. Hawkins explained
that any relevant research pertaining to thesegdsdias not been conducted yet and would be
very useful to the telecommunications industry.

2.3.4 Advertising Monopole Foundations

For standards pertaining to monopole foundatiortkeradvertising industry, the
International Sign Association (ISA) was contact€dntact was made with Bill Dundas, who is
the ISA’s Director of Technical Affairs. Given FD(Report BD545 RPWO #54, Dundas

forwarded this information to the ISA’s Mechanieald Structural Subcommittee to make
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comments and recommendations on preferences fremyptions selected in FDOT Report
BD545 RPWO #54 as well as suggest any additiorsigds. Based on the information gathered
from ISA’s Mechanical and Structural Subcommittibe, pipe with welded studs seemed to be a
preferred option. The subcommittee commented thaidetail had been used in larger pipes
from 48 inches to 96 inches in diameter.

2.4 Selection

The purpose of the literature review and invesiigainto alternative support structures
was to identify viable foundation alternatives ohieh to conduct an experimental program. The
primary consideration taken into account for tHecen of the alternative support system was
its ability to properly handle the loading configtion present in a cantilever sign/signal support
system. Constructability, time, and expense wekertanto consideration, though not fully
explored. The foundation systems of other industriere investigated and considered.

Some of the least viable options were the drillelical pipes, the soil anchors, and the
piles. These options would not only be expensivey ivould likely not sufficiently handle the
loading conditions encountered by the foundatioa ontilever sign/signal configuration. The
cast-in-place options seemed most viable as thetharcurrently used design and seem to be
preferred by industry professionals. They can sidgfitly handle the loading conditions, are less
expensive than other options, and can be easilstearted.

While the investigation into other industries pamal insight into how different industries
are addressing issues with shear, biaxial bendimg) axial load, they do not necessarily provide
solutions to implementing a design to transferitoral load from the steel to the concrete. The
recommended cast-in-place designs from FDOT Rd&ios45 RPWO #54 are the designs with
the most potential for applications of sign/sigimaindations (1). Therefore, the recommendation

for potential design was the pipe with welded daféhe clear load path associated with this
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option makes it ideal to design for. Industry pesienals found this option to be effective at
transferring load and easy to design. This desagldshpotential for a wider range of connections
from the foundation to the monopole superstructdleo, this option seemed to be potentially

cost-efficient and effective at transferring thadaappropriately to the foundation.

22



CHAPTER 3
DESIGN IMPLICATIONS

Based on the literature review and investigatida other industries, the embedded pipe
with welded plates (See Figure 2-2) was chosensastable alternative to the anchor bolt design
(See Figure 2-1). Design provisions for determirtimg strength of this option and how the
forces are transferred from the steel to the cae@e not available. Therefore, some
approximations must be made on how this new cordigen will transfer the load. The forces
that were primarily transferred through the andbalts were the torsional moment and flexural
moment. Each of these forces will need to be desidar and a failure mode predicted in order
for the design to be feasible.

3.1 Design for Torsion

The first parameter to consider is the torsionatmant. One estimate is that the welded
plates will act similarly to an anchor group whesmisferring force to the concrete. Assuming
this is a valid hypothesis, it would be equallyiddab assume that the failure of this foundation
would be similar to that of an anchor group failuraerefore, the concepts that will be explored
in this section include viewing the foundation daé as a concrete breakout or concrete side-face
blowout (See Figure 3-2).

3.1.1 Equivalent Concrete Breakout Strength in Shea

One method used to estimate the torsional stresfgtiis section was to assume the failure
would be similar to a modified concrete breakoultifa from shear applied parallel to the edge.
In FDOT Report BD545 RPWO #54, it was determineat the previous failures experienced by
the foundations were concrete breakout failureshftorsional loads applying shear parallel to
the edge on the anchor bolt group (See Figure(2)1)t was because of this failure that the

alternative support structures research projectimfated. Therefore, during the experiment it
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would be useful to determine the equivalent torgi@trength from concrete breakout and design
the rest of the test to preclude other failure nsotleorder to calculate an estimated strength of
the concrete breakout, the anchor breakout equsatiead to be modified to account for the

differences between an anchor breakout and thegmgelate breakout.

Figure 3-1. Concrete breakout of an anchor caugesthéar directed parallel to the edge for a
cylindrical foundation

An anchor breakout failure occurs at the surfactefconcrete in which it is installed,
typically with a~35° breakout failure cone. The embedded pipe afidregr configuration
would cause the stiffeners to cause a simiB%° breakout failure cone, though not at the top of
the shaft. The breakout would occur where the plate embedded in the concrete. As a result
of this expected concrete breakout, the breakatieseiwould be considerably larger than that
of a typical concrete breakout for an anchor loadeshear because it will create a breakout
cone in both the top and bottom of the welded pligure 3-2 depicts the differences between
the typical anchor concrete breakout and the erpdamteakout caused by the welded plates.
In order to quantify the difference in these braglkmnfigurations, some manipulation of the
governing equations for concrete breakout of ammaniwaded in shear from ACI 318-08
Appendix D (5) will be required. First, the breakstrength of an anchor loaded in shear needs
to be described. The basic breakout strength wfghesanchor in cracked concrete loaded in
shear perpendicular to an edge (See Figure 3esisribed in ACI 318-08 Equation D-24 and is

shown below as Equation 3-1 (5).
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Figure 3-2. Differences between concrete brealkalurés for anchor bolts in shear and
embedded pipe and plate section in torsion

a

v, = [7[(‘;—] Jda }Mf_; (ca)”® (3-1)

Where

Vb = basic concrete breakout strength in shear aiglesanchor in cracked
concrete (Ib.)

le = load bearing length of anchor for shear (in.)
=het < 8d,

da = outside diameter of anchor (in.)

A = 1.0 for normal weight concrete

"¢ = specified compressive strength of concrete (psi)

Cal = distance from the center of an anchor shaftecetige of concrete taken in the

direction of the applied shear (in.)

Concrete Edge
Figure 3-3. Concrete breakout formula for an andtaded in shear
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The maximum length fof ¢is limited to &, as delineated in ACI 318-08 D6.2.2. The
constant 7 from Equation 3-1 was determined frdsBeefractile with cracked concrete. The
constant 7 becomes a constant 13 for the meandueskength of a single anchor in uncracked
concrete loaded in shear perpendicular to the ébdgemean breakout strength is described in
Equation 3-2, as shown below (12).

f 02

V, = {1{(1—] Jd, }/1 NEH GO (3-2)

ACI 318-08 (5) describes the nominal breakout gjtieof an anchor loaded in shear
perpendicular to the edge in Equation D-21 aneéscdbed below as Equation 3-3. Figure 3-4
depicts the projected concrete failure area ofglsianchor in rectangular concrete. Figure 3-5
depicts the projected concrete failure area ohglsianchor in cylindrical concrete. An
important distinction to note between the failureaaof a single anchor in rectangular concrete
and cylindrical concrete is the edge distangeEquation 3-4 details how to calculate the value

of c41 for an anchor adjacent to a circular edge.

Ve, =%wed,vwc,vwh,vvb (3-3)

Veb = The nominal concrete breakout strength in sbhéarsingle anchor (Ib.)

Avc = The projected area of the failure surface feingle or group of anchors,
used to determine the shear strengt (in

Avco = The projected concrete failure area of a siaglehor, for calculation of
strength in shear, if not limited by corner imhces, spacing, or member
thickness (irf)
=4.5(Gy)?% based on an35° failure cone (Figurg-16)

wedv = The factor used to modify shear strength of arcfar edge effects, ACI
318-08 Section D.6.2.6
wev = The factor used to modify shear strength of arebased on presence or

absence of cracks in concrete and presencesenab of supplementary
reinforcement, ACI 318-08 Section D.6.2.7, acdedrior in Equation 2-2

Whv = The factor used to modify shear strength of arebased on anchor location
and effective length of anchor, ACI 318-08 Satiin6.2.8
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J& 7+ 3290 ()] -,

a1 3,25 (3-4)
Where
Ca1 = distance from the center of an anchor shaftecetige of concrete taken in the
direction of the applied shear (in.)
Mo = The distance from the center of the cylindrgtaft to the center of the anchor
bolt (in.)
rs = The radius of the cylindrical shatft (in.)

‘I;. 5Ca1
v AVcozl-SCal'z( 1-50a1)

=4.5(Cy1)?

Figure 3-4. Shear breakout of a single anchoratareggular concrete

As FDOT Report BD545 RPWO #54 determined, the failoading on the foundation’s
anchor group was torsion (1). This torsion cands®lved into shear forces acting parallel to an
edge. ACI 318-08 prescribes in section D6.2.1 ttrathominal concrete breakout strength of a
single anchor loaded in shear parallel to an etigé Be permitted to be twice the value of the
shear force determined ¥s, which assumes shear loading perpendicular talga.e

Now that the basic equations for concrete brea#aatto shear on anchor bolts have been
established, it is appropriate to address the @mirtgthese equations to satisfy the differences

between the anchor breakout and the expected exgatial breakout. The mean breakout
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Figure 3-5. Shear breakout for a single anchoyiimdrical concrete

strength of a single plate in shear acting perpenali to the edge has been modified from
Equation 3-2 to Equation 3-5 listed below by substig the geometric qualities from the anchor
bolt system to the appropriate geometric qualifethe embedded pipe and plate system.

Vo =[1={f—]ﬁ ]Nf_é (ca)™ (3-5)

p

Where

Vp = basic concrete breakout strength in shear aiglesplate in uncracked
concrete (Ib.)

le = load bearing length of plate for shear (in.)

tp = thickness of plate (in.)

Cal = distance from the center of the plate to the exdfgmncrete taken in the

direction of the applied shear (in.)

The arrangement of the plates in this specificgiedbes not allow them to be analyzed as
a group because theiB5° breakout failure cones do not overlap. Theesfiquation 3-3 was

utilized to determine the strength of a singlegl&towever, thé\, or the projected area of the
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breakout surface for a single plate, was modifiechfA,.to account for the differences in the

breakout surface. Figure 3-6 depicts the &ga

3.0(‘al+| p|

30(51“ pl Ca1

dﬁTVCpbased om35° failure cone for embedded pipe and plate

Figure 3-6. Determination
section

Because the concrete breakout area for the platec larger than that of the anchor bolt,
the ratio of the plate breakout area to the anbbtirbreakout area will include the increase in
breakout strength for the plate due to the largeakout area. There will be an increase in
strength because it will take more force to causeeakout on a larger volume of concrete.
Equation 3-6 accounts for the additional strength concrete breakout for the embedded plate

because the ratio é%,, to Ayco Will be greater than one as can be seen by congpéigure 3-5
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and Figure 3-6. Equation 3-6 displays the equaiidized to determine the concrete breakout

strength of a single plate.

Ave
" A,

Where

Vebp = The nominal concrete breakout strength in shéarsingle plate (Ib.)

Avep = The projected area of the failure surface fsingle plate, used to
determine the shear strengttf)in
:3.03a1*(3.0Ca1 + |p|)

Avco = projected concrete failure area of a singlehandor calculation of
strength in shear, if not limited by corner imhces, spacing, or member
thickness (irf)
=4.5(Gy)?% based on an35° failure cone (Figura-4)

wed,vl//c,vl//h,vvb (3_6)

The contribution of each plate to the overall tonsil strength of the embedded pifg,)
is twice the expected breakout strendthy{) multiplied by the moment arm. It is twice the
expected breakout strength because as mentionlezt ghe shear strength when loaded parallel
to the edge of concrete is permitted to be twies ¢ the shear strength when loaded
perpendicular to the edge of concrete and Equa8emand 3-6 are for loading perpendicular to

the edge of concrete.

Tepp =Vepphl, (3-7)

Where

Tebp = The nominal torsional strength of the pedestahficoncrete breakout (kip-ft)

Vebp = The nominal concrete breakout strength in shéplate configuration
where the plates are not acting as a group (Ib.)

n = The number of torsional plates in the configargtthe plates are not acting in a
group

Mo = The radius of the pipe (in.)

3.1.2 Equivalent Side-Face Blowout Strength

Another method to determine the torsional strendtine embedded pipe and plate section
is to determine the available bearing strengthooiccete for the embedded pipe and plate

section. The bearing strength was expected to loalated similarly to the side-face blowout

30



strength of a headed anchor in tension. The sidediéowout strength of a headed anchor in
tension represents the bearing strength of theretmat the head of the anchor. Figure 3-7
depicts the similarities in anticipated failure esrfor the embedded pipe and plate section and

the headed anchor configuration.

A

Figure 3-7. Similarities of failure cones in side€ blowout of a headed anchor in tension and
the embedded pipe and plate section in torsion

The similarity in these failures shows that thexguires little manipulation of the equation
to determine the bearing strength for the embegdesiand plate section. ACI 318-08 Appendix
D determines the nominal side-face blowout streith headed anchor in tension (See Figure

3-8) in Equation D-17 and is shown below as EquaBies.

Ny =160C,, /A /' (3-8)

Where

Nsb = the nominal concrete side-face blowout stremdth single headed
anchor in tension (Ib.)

Cal = distance from the center of an anchor shatiécetdge of concrete taken in the
direction of the closest edge (in.)

Ay = bearing area of the head of anchor bolf)in.

fe = specified compressive strength of concrete (psi)
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Concrete Edg
Figure 3-8. Concrete side-face blowout equatiorafbeaded anchor in tension

The constant 160 from Equation 3-8 was determinaa fa 5% fractile in cracked
concrete and is used to determine the nominalgitieBy removing the safety factor attached to
the 5% fractile and the cracked concrete, the emigbr the mean side-face blowout strength of
a single headed anchor in uncracked concrete loadedsion is 200 (13). The mean side-face
blowout strength of a single headed anchor in wke@ concrete is described in Equation 3-9,

as shown below.

Nsb = 2()(X:'al\/ A‘org \/f_lc (3-9)

The modifications necessary to Equation 3-9 to aottor the embedded pipe and plate
section was to substitufg,y from the bearing area of the head of the anchibtdthe bearing
area of the plate and substitute the rectangulacrete’s edge distancg; to the cylindrical
concrete’s edge distancg (See Equation 3-4). The equivalent torsional gfitemwas derived
usingNsp and multiplying it by the number of plates and nemtnarm, which is equivalent to the

radius of the pipe. See Equation 3-10 for how toutate the torsional strength usiNg,.
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Figure 3-9. Schematic of anticipated failure andrlmgy area of torsion plate

Ty = Ngnr, (3-10)

Where

Tsb = The nominal torsional strength of the concretdgstal from side-face blowout
(kip-ft)

Nsb = The nominal concrete side-face blowout stremdth single plate in tension
(Ib.)

n = The number of torsional plates in the configarat

Mo = The radius of the embedded pipe (in.)

3.2 Design for Flexure

The next parameter to be designed for is flexuree @ethod of handling flexure would be
to weld an annular plate to the bottom of the pige plate would be able to resist the tensile
and compressive forces induced by the flexure layibg on the concrete. This failure would
also produce a concrete breakout or side-face hibthat can also be compared to an anchor
bolt failure.

3.2.1 Equivalent Concrete Breakout Strength in Shea

One method of hypothesizing the predicted beha¥itihe embedded section would be to
treat it as a typical annular base plate with antlodts. When analyzing flexure on this setup,

the flexure can be resolved into a compressiveeforcone side of the plate and a tensile force
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on the other side of the flexural plate (See Figl®). The resolved forces can be viewed to act
in one of two ways: shear parallel to an edge anélcqaivalent bearing pressure causing side-
face blowout. In this section the hypotheticalifegl mode associated with shear parallel to the

edge will be discussed.

Figure 3-10. Flexure resolved into a tension armdm@ssion on an anchor bolt system and the
proposed system

As shown in Figure 3-10, the flexural moment camdsolved into a tension and
compression acting on opposite sides of the phatether way of looking at the tension and
compression forces would be to rotate the founda&i®degrees to more clearly see it as shear
acting parallel to an edge (See Figure 3-11). Tkhsars will create a breakout failure similar to
that experienced during torsional loading on thé&dee plates. Modifying Equation 3-2 to
account for the differences in the anchor bolt mpation and the embedded pipe and plate
configuration yields Equation 3-11, shown below.

02
4 ; :
Vi = 1{,[_6J Vby AV (ca)” (3-11)

fp

Where
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Vorp = the basic concrete breakout strength in sheanefside of a flexural plate in
cracked concrete (Ib.)

le =theequivalent bearing length of the annular plategtagonservatively as 1/8 of
the circumference of the centerline of the plate) (i

tip = the thickness of the annular plate (in.)

brp = the bearing width of the annular plate (in.)

"¢ = specified compressive strength of concrete (psi)

Ca1 = the edge distance, taken from the center oiilth of the plate to the nearest

concrete edge (in.)

Figure 3-11. The tensile and compressive forces asehears acting parallel to an edge

Once the basic concrete breakout strength of cate pkaring area has been determined,
then the total shear breakout capacity can bemated using Equation 3-12. Equations 3-11
and 3-12 are used to determine the shear streegbieqdicular to an edge. To determine the
shear strength parallel to an edge, the perperatishiear strengths obtained need to be doubled.

See Figure 3-12 for a visual representation ofvéllees in Equations 3-11 and 3-12.

V - A/Cp
chfp — A/
co

Where

Vebfp = The nominal concrete breakout strength in shéplate configuration
where the plate bearing areas are not actinggasugp (Ib.)

Avwp = The projected area of the failure surface feingle bearing location on the
plate, used to determine the shear strength (in
=(3.Ccart 1)*(3.0Ca1 + tip)

Avco = projected concrete failure area of a singlehandor calculation of
strength in shear, if not limited by corner ihces, spacing, or member
thickness (irf)
=4.5(cu)?, based on ar35° failure cone (Figurg-4)

wed,vwc,vwh,vvbfp (3'12)
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Figure 312 Determination ﬁchb based on:35° failure cone for embedded pipe and plate
section

Using the value obtained from Equation 3-12, anwedent flexural strength can be

calculated using Equation 3-13.

M

Where
Mebfp

Vebfp

drp

cbfp —

Z\/bepd fp (3-13)

= The nominal flexural concrete breakout strengtshear of plate configuration
where the plate bearing areas are not actinggasup (Ib.)

= The nominal concrete breakout strength in shéplate configuration where
the plate bearing areas are not acting as a gtoyp (

= The diameter of the centerline of the flexurdalke (in.)
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3.2.2 Equivalent Side-Face Blowout Strength

The other method to determine the flexural stredtihe embedded pipe and plate section
is to determine the available side-face blowowdrsith of concrete for the embedded pipe and
plate section. The side-face blowout strength wageted to be calculated similarly to the side-
face blowout strength of a headed anchor in tensitth the bearing area modified from the
head of the anchor to the bearing area of the faplate.

The similarity in these failures shows that therguires little manipulation of the equation
to determine the side-face blowout strength forehmedded pipe and plate section. Equation 3-
8 seen earlier in the chapter describes the noreidatface blowout strength of a headed anchor
in tension while Equation 3-9 describes the mede-face blowout strength of a headed anchor
in tension. Equation 3-9 would be used to deterrtieestrength for each bearing area on the

flexural plate. Figure 3-13 illustrates the bearamga for one location on the flexural plate.

Figure 3-13. lllustration of bearing area on fleddylate for side-face blowout calculations

The difference in Equation 3-9 for a headed antletirand the flexural plate system

would be that théy,; would be the bearing area of the flexural plateeathan the headed
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anchor. In order to quantify this, a recent studyension and compression testing of signal/sign
base plates utilizing anchor bolts compared bearegs for calculating the bearing strength of
headed anchor bolts was looked into (14). The aumethod utilizes a bearing area equivalent
to the head area. This was found to be a very coaisee approach, with the field tests yielding
more than double the strength predicted using qoésalent bearing area equivalent to the head
area. The recommendation of the paper was toatiie spacing between bolts and the entire
width of the embedded template as the bearing(@aBased on this information, it would
seem reasonable to utilize the same principlestimate the bearing area of the plate. However,
since there would be 4 bearing areas on the plateems unreasonable to assume that the
bearing area would be one quarter of the plate &meader to be conservative it was assumed
that the bearing area would be one eighth of theefdrea. See Figure 3-14 for an illustration of

the bearing area comparison.

1/8 Bearing Area
(Conservative

1/4 Bearing Area
(Not conservative)

Figure 3-14. Flexural plate bearing area for saefblowout calculations

By using this technique to calculate the bearingngjth of the plate and using a moment

arm of the diameter of the centerline of the plategquivalent flexural strength can be

38



computed. See Equation 3-14 below to determinedévalent flexural strength from side-face

blowout.

M sb = Nsbd fp (3_14)

Where

Msp = The nominal flexural strength of the concretdgstal from side-face blowout
(kip-ft)

Nsb = The nominal concrete side-face blowout stremdth single bearing area on the
flexural plate in tension (Ib.)

lp = The radius of the centerline diameter of theital plate (in.)

3.3 Design Implications Summary
By modifying the concrete breakout and bearinggfite equations from ACI 318-08, a
reasonable estimate of the torsional and flexdrahgth of the embedded pipe and plate section
could be calculated. The estimated torsional agxlflal strengths of the embedded pipe and

plate section were calculated as approximatelyewhat of the traditional anchor bolt setup.
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CHAPTER 4
DEVELOPMENT OF EXPERIMENTAL PROGRAM

After the background investigation, it was determinhat the embedded steel pipe with
welded plates would be the alternative used toldpuwbe experimental program. The
experimental program for the initial testing woblel similar to that conducted on FDOT Project
BD545 RPWO #54, using a lever arm to create prigméoisional loading on the foundation.

The second test would induce both torsional andufid loading on the alternative design. Based
on the alternative identified from the backgroundestigation, torsion from the attached
member is transferred by bearing on the embeddadIThe flexure from the attached member
is transferred by creating a tension and a comjpress the embedded welded annular plate. A
potential failure mode needed to be identified arstrength for this predicted failure mode
guantified. The predicted torsional failure modesv@aconcrete breakout failure caused by
bearing on the welded plates would occur as shoviigure 4-1. Two possible methods of

guantifying this were identified and are describethe previous chapter.

Figure 4-1. Predicted concrete breakout failure
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One method to quantify the failure strength waeterence the equations from Appendix
D of ACI 318-08 regarding anchors loaded in sheaaltel to an edge and modify them to
account for the additional concrete breakout anea@ntered by the plate configuration (5).
Another potential way to determine the failure catyeof the embedded pipe and plate section
was to consider the side-face blowout strengtthefconcrete caused by the welded plates
similar to that of a headed anchor loaded in tendimorder to quantify this failure, the
equations from Appendix D of ACI 318-08 were moelifito account for the differences between
the pipe and plate assembly and a headed anchor (5)

Based on the quantified values from these potefdilalre modes, the rest of the test
apparatus was designed to preclude other failugesiand determine the tested strength of the
pipe and plate assembly in order to develop deguggtelines. This chapter elaborates on the
development of the experimental test program.

As a side note, in both torsion and flexure, tredmted concrete breakout strength was
less than the predicted side-face blowout strerigiese strengths were utilized to determine the
required strengths of the remainder of the tesaegips. Therefore, if the nominal strength of a
portion of the test design did not exceed the ptediside-face blowout strength, yet exceeded
the predicted concrete breakout strength, it wasngel sufficient.

4.1 Description of Test Apparatus

The test from FDOT Report BD545 RPWO #54 was design be a half-size model of
field conditions for testing at the Florida Depagtmhof Transportation (FDOT) Structures
Research Center. Therefore, the starting pointhisrtest was to design the concrete shaft the
same size as the half-size model from the previepsrt. During design of the first test, the
concrete shaft was modified from the original reife design of a 30” diameter to a 26”

diameter to reduce the capacity of the concreté shahat the previously fabricated lever arm
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would be sufficient for the test. This procesd Wé described in detail in the subsequent

sections. The second test that was conductedeboure and torsion was designed using the

original half-size design of a 30” diameter. A sctaic of the torsion test apparatus is shown in

Figure 4-2. A schematic of the flexure and tordiest apparatus is shown in Figure 4-3. The

final design for the torsion test apparatus coadistf the following:

A 26” diameter concrete shaft that extended 3’@rd from the concrete block

A 16” diameter steel pipe assembly with 4 welded 1" x 7” steel plates

The 16” diameter embedded pipe assembly welde®#j diameter, 1” thick steel base
plate with 12-1.75” diameter holes drilled for #w@chor bolts to provide the connection
this lever arm assembly and the embedded pipe adgem

A 16” diameter, 10’-0” long steel pipe lever arnsasbly

Twelve 4.5” long, 1.5” diameter A490 bolts and asated nuts and washers to connect the
lever arm assembly and the embedded pipe assembly

A 6-0” x 10’-0’ x 2’-6” reinforced concrete blocto provide a fixed support at the base of
the concrete shaft

Two assemblies of C12x30 steel channels and piat@$ach the block to the floor
The final design for the torsion and flexure tggparatus consisted of the following:
A 30” diameter concrete shaft that extended 3'-®@rd from the concrete block

A 16” diameter steel pipe assembly with 4 weldec 1™ x 7” steel plates and a welded
20” outside diameter annular plate

A 16" diameter, 10’-0” long steel pipe lever arnsasbly

A 16” diameter, 7’-0” long steel extension pipeasably

The 16” diameter embedded pipe assembly was alkted/¢o a 24” diameter, 1” thick
steel base plate with 12-1.75” diameter holesaetdtifbr bolts to provide the connection

between this embedded pipe assembly and the leweassembly

12- 4.5” long, 1.5” diameter A490 bolts and assttlanuts and washers to connect the
extension pipe assembly and the embedded pipe bBssem
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. An additional 12-4.5” long, 1.5” diameter A490 lsoénd associated nuts and washers to
connect the extension pipe assembly and the welassembly

. A 6’-0” x 10’-0” x 2’-6” reinforced concrete blocto provide a fixed support at the base of
the concrete shaft

. Two assemblies of C12x30 steel channels and plataisach the block to the floor
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The basis for the selection of the concrete shdftimeter was one half of the diameter of
a typical field design. One problem that also needebe addressed was to maintain the
torsional strength of the concrete shaft below tifidhe previously fabricated lever arm
assembly. Based on the quantified strength of thigeelded pipe and plate assembly, the
remaining components of the test apparatus weligrtsto preclude all failure modes other
than the concrete breakout or side-face blowoth@fvelded torsional plates and/or flexural
plate.

More detailed information regarding the designhaf tomponents of the test apparatus is
provided in the subsequent sections. Much of tisggdeof the embedded pipe and plate
apparatus and reinforced concrete shaft was peefbmsing an iterative process. Therefore, the
following sections will be organized as chronol@diig as possible, though some information in
later sections was necessary to design componeetrlier sections. Figure 4-4, Figure 4-5,
Figure 4-6, and Figure 4-7 provide more detaileviings of the torsion test apparatus. The
flexural test apparatus was very similar with theimdifferences being an inclusion of a flexural
plate on the embedded section and a flexural extempspe on the testing assembly. Figure 4-8
shows a 3-D isometric view of the embedded sedtiothe second test. For larger scale,
dimensioned drawings for both tests, refer to AgplpeA. Complete design calculations are

located in Appendix B.
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4.2 Embedded Pipe and Plate Design

The embedded pipe and plate sections’ design wsedhgon the strength of the lever
arm(s) and on the flexural and torsional strengtiuirements of the test procedure. The
embedded pipe and plate section must be at leastoag) as or stronger than the traditional
anchor bolt design in order to be a viable alteveaiThe embedded pipe and plate section would
be bolted to the lever arm assembly, which wasgdesi in the previous experiment as an HSS
16"x.500” with a 24” diameter annular plate. It sesl beneficial to size the pipe and base plate
the same as the lever arm assembly. Based ondthiigjaration, the welded stiffener plates,
welds, concrete breakout and side-face blowoubhgths were determined.

4.2.1 Concrete Breakout and Bearing Strength

The facet of the design that dictated the reshefdesign was the predicted concrete
breakout strength and side-face blowout strength@tmbedded pipe and plate apparatus. For

design purposes, a concrete strength of 5500 psagsumed. This value was adjusted for more
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accurate strength prediction when the average 2&ad@pressive strength of the concrete
cylinders was obtained.

By using Equation 3-7, the torsional breakout gjtierior the assembly was determined to
be 249 kip-ft for the torsion test apparatus. Sanlyl, by using Equation 3-10, the torsional side-
face blowout strength for the assembly was detexchin be 390 kip-ft. See Figure 4-1 for the
expected breakout configuration of the torsionsi sssembly. The expected torsional breakout
and side-face blowout strengths of the torsiondlféexural test assembly were calculated
similarly using Equations 3-7 and 3-10. The exp@ttesional breakout strength of the torsion
and flexure test assembly was 348 kip-ft whilegkpected torsional side-face blowout strength
of the second test assembly was 523 kip-ft.

By using Equations 3-13 and 3-14, the flexural koeh and side-face blowout strengths
could be determined. Equation 3-13 determinedxafbd breakout strength of 218 kip-ft.
Equation 3-14 determined a flexural side-face blotgtrength of 337 kip-ft. Of concern in the
combined torsion and flexure test was the potemttalaction between torsional and flexural
breakout due to overlap in the breakout surfacegi(€ 4-9). A linear interaction diagram
between torsion and flexural strengths was prodtcgdedict a testing failure load (See Figure
4-10). Because of the test arrangement, a 1 kipeablead would produce 9 kip-ft of torsional
moment and 8 kip-ft of flexural moment. Therefdra completely linear interaction occurred
then the maximum flexural moment would be 128 kiprd the maximum torsional moment
would be 144 kip-ft.

4.2.2 Welded Stiffener Plates Design

The starting point for the design of the weldetfestier plates was to determine their width

and thickness. It was determined that a 1"x1” pladeld be approximately equivalent to an
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Figure 4-10. Interaction between torsion and flexiar concrete breakout

anchor bolt. The length of the plate was determimethe required 3/8” fillet weld length that
corresponded to the resolved shear force actirtheplates, 93 kips, which was determined
from the equivalent torsional concrete breakowtrgjth of 249 kip-ft. The required weld length

was determined as 6”. To be conservative, the platre designed to be 1"x1"X7”.
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In order to be sure that the force would be tramséeto the plates as predicted, it was
necessary to ensure that the longitudinal reinfosrg had enough length to be fully developed
before the cone of the concrete breakout reactestbtiyitudinal reinforcement. The
longitudinal reinforcement was based upon thatrdeteed in FDOT Report BD545 RPWO #54,
24 #4 bars evenly spaced. The development lengticalaulated using ACI 318-08 12.2.3 and
was determined to be approximately 8” (5). The koe&length above the 7” stiffener plate was
determined to be approximately 5.6”. Therefore, nthee embedded pipe was placed at a depth
of 24” in the concrete shaft and the welded platese placed at the bottom of the pipe, enough
concrete shaft length would be available for feelopment of the longitudinal reinforcement.

4.2.3 Annular Flexural Plate Design

The annular flexural plate needed to be designédve an adequate bearing area for the
load to be transferred to the concrete. The wedgsled to be designed to preclude failure from
the applied flexure. Therefore, the starting pointhe design of the annular plate was to use the
same thickness as that used in the base platehwiais 1", to preclude yielding. The plate was
designed to have a 20" outside diameter and aridideé diameter. The outside diameter was
designed as 20" in order to allow for the concretgjgregate to be able to pass between the
flexural plate and the reinforcement cage of thecoete shaft. The assumed bearing area, as
described in the previous chapter, was 1/8 of ttoeimference of the centerline of the plate, or
in this design 77, by the half the width of thetglawhich was 2”. This bearing area is considered
conservative due to recent findings (14). The wejdor the plate was determined to be the
same as the previous design’s base plate wel@8bfillet welds on the exterior and interior of

the annular plate and pipe connection.

50



4.2.4 Annular Base Plate Design

The annular base plate for the embedded pipe ate wias designed to align with the
annular base plate of the lever arm apparatusastdesigned to have a 24” diameter, 1”
thickness, with 12-1.75” diameter holes centeretherplate. Standard A490 1.5” diameter bolts
were designed to replace the 1.5” diameter ancblbs btilized in the previous design. The
equivalent torsional bolt bearing strength and bb#ar were calculated as 2418 kip-ft and 1272
Kip-ft respectively, which greatly exceeds the aete breakout and side-face blowout strengths
calculated earlier. The welding for the plate watedmnined to be the same as the previous
design, or 3/8” fillet welds on the exterior andkinor of the annular plate and pipe connection.

4.2.5 Pipe Design

The pipe was determined to be embedded in the &diord24”, which is approximately
equivalent to the 26” embedment length of the anblolis in the previous design. In order to
allow for the bolts to be fastened at the baseepkat additional 2.5” was included in the length.
As stated earlier, the pipe was designed as an183S500” with a yield strength of 42 kipsfin
and an ultimate strength of 58 kip3lin

The torsional strength of an HSS 16"x.500” pipe watermined using AISC 2005
Specification H3.1 as 359 kip-ft (15). This wasnaiting factor on the size of the concrete shatft,
as will be explained in the subsequent sectiorurig-11 shows the fabricated pipe and plate
section.

4.3 Concrete Shaft Design

The design of the concrete shaft was initially blase the same dimensions as the concrete
shaft used in Project BD545 RPWO #54. The reasdmiingnd this was to obtain comparable
results to determine the benefits and drawbackiseémew design as compared to the anchor bolt

design. The previous concrete shaft was based dggloping a test specimen approximately
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Figure 4-11. Fabricated pipe and plate apparatus

one half of the size of the foundation that wasstigated in a site visit for that project (1).
However, based on the 30” diameter of the conaleddt used in the previous design, it became
apparent that the calculated torsional strength@embedded pipe and plate apparatus would
exceed the torsional strength of the lever arnizetl in the previous test. Therefore, the concrete
shaft diameter was reduced to 26”. From theretdreonal and flexural capacity was

determined using ACI 318-08 requirements, takinmg ¢a prevent failure before the concrete
breakout or bearing strength was encountered arekeed. A concrete strength of 5500 psi was
utilized in the calculations, which is the strengttlicated on FDOT standard drawings.

4.3.1 Concrete Shaft Diameter Design

The starting point for the concrete shaft diametas 30, the same as that of the previous
project. Using this concrete shaft diameter, tHaevafc,; was determined to be approximately
5”. The calculated equivalent torsional concretakout strength was determined to be 296 kip-

ft. The calculated equivalent torsional bearingrsgith was determined to be 446 kip-ft. The
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torsional strength of the lever arm pipe was cal@d to be only 359 kip-ft, which exceeds the
concrete breakout strength and does not excedaktreng strength. Since the estimated strength
will likely lie between those values, the lever goipe does not provide enough strength. For the
first test the concrete shaft diameter was redtz@®” to decrease the concrete breakout and
bearing strength to 212 kip-ft and 333 kip-ft, resjovely. However, for the second test a 30”
concrete shaft diameter was chosen because ithwaglit that the interaction of the flexural and
torsional failure modes would reduce the overadrggth of each failure mode and the increased
value ofc,; would be compensated for.

4.3.2 Torsion Design

The basic threshold torsional strength of the cetecshaft was calculated using ACI 318-
08 11.6.1(a) to be 18 kip-ft (5). The thresholdsimnal strength does not take into account the
reinforcement present in the concrete shaft ancttbee will likely be exceeded. Therefore, the
nominal torsional strength, which does take intooaat reinforcement, was used as the design
torsional strength. The cracking torsional strerygdls determined from ACI 318-08 R11.6.1 as
73 kip-ft (5). Since the concrete breakout and-&ae blowout torsional strengths exceeded this
value, it indicated that there would be torsiomalcks in the concrete shaft before it fails.

In order to calculate the nominal torsional strérgftthe concrete shaft, the reinforcement
needed to be specified. The starting point wassddrirom the previous design, with the
transverse hoop steel being comprised of #3 barsesiat 2.5”. However, it became clear that
the torsional strength with this reinforcement sokhel191 kip-ft, was insufficient to exceed the
concrete breakout or bearing strength of the seclt?2 kip-ft or 333 kip-ft, respectively.
Therefore, the hoop steel size was increased tm#sland the spacing decreased to 2” to yield a

nominal torsional strength of 426 kip-ft, which erded the concrete breakout strength of the
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section and almost attained the bearing strengtheo$ection. This was sufficient because it was
estimated that the experimental strength woulddmewhere between these values.

4.3.3 Longitudinal and Transverse Reinforcement

As was previously stated, the hoop steel for th&ida test was comprised of #4 bars
spaced at 2”. The hoop steel for the torsion aexlile test was comprised of #3 bars spaced at
2.5”. The hoop steel’s center-to-center diametes determined to be 22” for the torsion test and
27" for the torsion and flexure test. The splicegth of the hoop steel was determined using ACI
318-08 12.2.3 to be approximately 16” (5).

The longitudinal steel layout for the torsion tesiprised of 24 #4 bars evenly spaced
around a 21" center-to-center diameter. The lowigial steel layout for the torsion and flexure
test comprised of 24 #4 bars evenly spaced aro@@d eenter-to-center diameter. The
longitudinal steel required a 6” hook and a develept length of 8” into the concrete block. The
longitudinal bars extended 27" into the concreteklfor ease of construction, which exceeded
the development length.

4.3.4 Flexure Design

The flexural capacity of the concrete shaft was disemed necessary because the setup of
the test imposed both torsion and flexure on three shaft. The longitudinal bars detailed in
the previous section would provide the flexurahfeicement for the concrete shaft. The ACI
stress block method detailed in ACI 318-08 Chap@e(5) was utilized to determine the flexural
strength. It was determined that the flexural gjtierof the torsion test’s section was 245 kip-ft
and the torsion and flexure test's section waskip8ét. The anticipated maximum applied
flexure for the first test was 125 kip-ft. The ampated maximum applied flexure for the second

test would be transferred to the concrete by #eufial plate on the bottom of the pipe.
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4.4 Concrete Block and Tie-Down Design

For both tests, the concrete block was designg@dawide a fixed base for the concrete
shaft. The design of the reinforcement was based apstrut-and-tie model design outlined in
ACI 318-08 Appendix A (5). The reinforcement wascahnalyzed using the beam theory to be
sure that the reinforcement was adequate in simegilexure. The information obtained from
these approaches determined that 6 #8 bars, e#itla iR in. hook on each end, would be
sufficient. 3 of the #8 bars would be placed onttpeof the block and the remaining 3 #8 bars
would be placed on the bottom of the block. Additibreinforcement included two cages of #4
bars placed in the block’s front and back facegs€Ehadditional reinforcement cages would meet
the supplementary reinforcement requirements. Ussiisgreinforcement arrangement, the
concrete block was determined to be a fixed basthé&concrete shatt.

The tie-down was designed to be comprised of tvamokls connected by welded plates.
The channels individually and as a channel assembig designed for flexure and local
buckling as specified in AISC 2005 (15). Each cleirmssembly’s resistance was required to not
exceed the floor capacity of 100 kips on either,em@®00 kips total. The bearing capacity of the
concrete at the point of contact between the cHaassembly and the concrete block was also
checked to ensure that the loading from the chamoeld not cause the concrete to fail in that
region.

4.5 Instrumentation

To successfully obtain data from the experimentag@am, a plan for instrumentation
needed to be designed. The rotational stiffnesseotoncrete shaft was necessary to understand
the behavior of the newly designed concrete shafbbtain this information, a system of linear

variable displacement transducers (LVDTs) woulddneebe arranged.
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To accurately determine the rotational stiffnesthefconcrete shaft, a system with 11
LVDTs was arranged. The arrangement of the LVDTaeisiled in Figure 4-12 through Figure
4-15. There will be one LVDT 6” from the point gb@lied force. There will be 4 LVDTSs on the
base plate, 3 measuring vertical displacement,dsoreng horizontal displacement (See Figure
4-12). The measurement from D4 (as seen in Figur2)4vill measure the horizontal

displacement of the base plate. The rotation obds® plate was calculated using Equation 4-1.

R= tan‘{m] (4-1)
gage
Where
R = base plate rotation (rad)
D; = displacement of LVDT D1 (in.)
D3 = displacement of LVDT D3 (in.)

Dgage = distance between LVDTs D1 and D3 (in.)

Figure 4-13 shows the arrangement of the LVDTs ondpet the concrete shaft. Figure
4-14 shows the arrangement of the LVDTs on the botibthe concrete shaft, where the
concrete shaft meets the block. The purpose of the§ETEWvas to measure the rotation of the

concrete shaft relative to the base plate. Figure ghb%s the LVDT 6” from the load location.

Figure 4-12. Arrangement of the LVDTs on base plate
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Figure 4-15. Arrangement of the LVDTs at the load liocat
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4.6 Summary of Torsion Design

To summarize, the previous sections describe theresitdpe various components of both
experimental programs. For the torsion test, the kayea of the design that dictated the rest of
the design was the concrete shaft. The concrete dueak bearing strength of the shaft with the
embedded pipe and plate apparatus was the ultinrategth of the entire system. All other
components of the system were designed to precludeddibm these elements. This way the
experimental strength of the embedded pipe and pfatera could be observed and appropriate
design guidelines could be written to detail thergjtle of the new system. Appendix A shows
detailed and dimensioned drawings of the testingrapyps Appendix B shows detailed
calculations for the test apparatus.

The most critical components of the design were thizegitled pipe and plate apparatus
and the reinforced concrete shaft. As long as the coemgsmf the concrete shaft and embedded
pipe and plate section exceeded that of the equivtdesional concrete breakout strength then
the design was sufficient.Table 4-1, shown below, sanmes the essential design components,
their equivalent torsional strengths, whether the sthengre mean or nominal, and their ratio
compared to the concrete breakout strength.

Table 4-1. Summary of pertinent design strengths foraorgst with 5500 psi concrete

Mean or Predicted Ratio of Failure

Failure Mode Capacity Nominal? Load Capacities
Embedded Pipe and Stiffeners
Equivalent Torsion from Shear
Parallel to an Edge 249 kip-ft Mean 27.67 1.00
Equivalent Torsion from Side Face
Blowout 391 kip-ft Mean 43.44 1.57
Circular Shaft - 26"
Torsion 373 kip-ft Nominal 41.44 1.50
Flexure 252 kip-ft Nominal 126.00 2.02
"Superstructure" Pipes - 16" x .5"
Torsion 359 kip-ft Nominal 39.89 1.44
Flexure 392 kip-ft Nominal 196.00 3.14
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4.7 Summary of Torsion and Flexure Design

For the torsion and flexure test, once again the kayeht of the design that dictated the
rest of the design was the concrete shaft. The conmreddout or bearing strength of the shaft
with the embedded pipe and plate apparatus in toegid flexure was the ultimate strength of
the entire system. All other components of the systeme designed to preclude failure from
these elements. Appendix A shows detailed and dsinead drawings of the testing apparatus.
Appendix B shows detailed calculations for the tegiaaatus.

Table 4-2, shown below, summarizes the essentiajniesimponents, their equivalent
torsional and flexural strengths, whether the strengithsnean or nominal, and their ratio
compared to the interaction torsional and flexural stremglues.

Table 4-2. Summary of pertinent design strengths fordorand flexure test with 5500 psi
concrete

Mean or Predicted Ratio of Failure
Failure Mode Capacity Nominal? Load Capacities

Embedded Pipe and Stiffeners
Equivalent Torsion from Shear

Parallel to an Edge 348 kip-ft Mean 38.67 2.42
Equivalent Torsion from Side Face

Blowout 523 kip-ft Mean 58.11 3.63
Equivalent Flexure from Shear Parallel

to an Edge 218 kip-ft Mean 27.25 1.70
Equivalent Flexure from Side Face

Blowout 337 kip-ft Mean 42.13 2.63
Anticipated Interaction

Torsional Strength 144 Kip-ft 16.00 1.00
Flexural Strength 128 kip-ft 16.00 1.00
Circular Shaft - 30"

Torsion 253 kip-ft Nominal 28.11 1.76
Flexure 296 kip-ft Nominal 37.00 2.31
"Superstructure" Pipes - 16" x .5"

Torsion 359 kip-ft Nominal 39.89 2.49
Flexure 392 kip-ft Nominal 49.00 3.06
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CHAPTER 5
EXPERIMENTAL TEST RESULTS

Two separate tests were conducted on different spasimde first test was conducted to
determine the viability of the alternative chosemairsion only. This was determined by the
comparison of the experimental strength to an equivalechor bolt assembly’s calculated
strength (See Appendix A). The second test was coaddotdetermine the viability of the
alternative chosen in torsion and flexure and to detertiie interaction of the torsion and
flexure failure modes. This also was determined by coimgahe experimental strength of the
system to an equivalent anchor bolt assembly’s ket strength (See Appendix A).

5.1 Torsion Test
5.1.1 Behavior of Specimen During Testing

The first test comprising of primarily torsional loadingswconducted on September 23,
2009 at the Florida Department of Transportation StrustBesearch Center. The test specimen
was gradually loaded and the formation of cracks ostin@ce of the concrete was monitored.
At approximately 76.5 kip-ft, the bolts in the basamection slipped. This was because 1.5”
diameter bolts were used in 1.75” diameter bolt hodpproximately 1/4” slip occurred. This
can be seen in Figure 5-1. At approximately 85.5 kipafsional cracks began to form on the
concrete shaft (See Figure 5-2). At approximately 15dtkigoncrete breakout failure cracks
began to form on the concrete shaft while the torsiorsalks continued to widen (See Figure 5-
3). At approximately 191 kip-ft, the concrete breakuailtire cracks began to widen noticeably
(See Figure 5-4). The foundation continued to be loaitithe specimen stopped taking on

more load. The torsion load peaked at approximatedyk®dft (See Figure 5-5). At failure the
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foundation displayed the predicted breakout conenebtg into the foundation. As intended, the

rest of the test specimen did not fail before the predibteakout failure occurred.

Figure 5-1. Lines drawn on base plate to show bgpalje

Figure 5-2. Formation of torsional cracks
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Figure 5-4. Concrete breakout failure cracks widen
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Figure 5-5. Specimen at failure
5.1.2 Summary of LVDT Test Results

Data was reduced to formulate an applied torsion veustis rotation plot. The plot shows
that the embedded pipe and plate configuration deiakéng on additional load at 250 kip-ft
after the concrete breakout failure due to shear appéedllel to the edge resulting from the
applied torsion. The cylinder tests indicated thatdbmpressive strength of concrete on the day
of testing was 5550 psi. When the predictions with2B-day concrete strength were made, the
concrete breakout predicted 250 kip-ft and the side-famedut method predicted 392 kip-ft.
The applied torsion versus plate rotation plot alsswsha change in slope when the specimen
experienced a redistribution of load due to bolt sligpdormation of various cracks, and
widening of cracks. See Figure 5-6 for the graph of agpbesion versus plate rotation. A
comparison between the experimental loading andrédigied strength can be accomplished by

comparing Table 4-1and Figure 5-6.
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LVDT information was gathered at the front base pldie face of the shaft, and the rear
of the shaft. As shown in Figure 5-7, the base platgeadtsignificantly more than the face of the
shaft. This can be attributed to the fact that bgdpsige occurred, resulting in approximately
1/4” additional rotation, which can contribute approately 1.25° of additional rotation for the
base plate at failure. The rear of the shaft was designleel a fixed support and proved to be so

until failure occurred and the entire shaft rotated.
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Figure 5-6. Torsional moment and rotation plot for bdatepf torsion test
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5.1.3 Summary of Torsion Test

The alternative support structure proved effective atfiearmsg torsional load during the
initial testing. It was determined that the modifeetthor breakout equations accurately
predicted the behavior and strength of the failure wihil6% error. See Table 4-1 and
Equations 3-5, 3-6, and 3-7 for the predicted strergththe experimental results verified and
the equations that derived the predicted strengtl.td$t specimen had a cone shaped blowout
failure within the foundation at the approximate logatof the torsional plates. It was also
determined that the alternative tested had approgignatice the strength of the calculated
strength of an equivalent anchor bolt system (See Afipd). For more details on the
calculated strength of an equivalent anchor boltsystompared to the test apparatus’ strength,

see the test apparatus calculations in Appendix B.
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5.2 Torsion and Flexure Test
5.2.1 Behavior of Specimen During Testing

The second test comprising of both flexural and torsilmaaing was conducted on
January 6, 2010 at the Florida Department of Transpamt&tructures Research Center. There
were concerns with bolt slippage due to both the figxand torsional moment arm connections.
Prior to testing, the system was loaded with theerly to remove some of the initial rotation
due to bolt slippage (See Figure 5-8). During testimg tést specimen was loaded at
approximately 100 pounds force per second and the famaticracks on the surface of the
concrete was monitored. At approximately 10.8 kipsidooetween the concrete and the
embedded pipe loosened, causing a change in saffAéspproximately 14.3 kips, flexural and
torsional cracks began to form on the concrete shaftRigeee 5-9). At approximately 20.2
kips, concrete breakout failure cracks began to forrtherconcrete shaft while the torsional
cracks continued to widen (See Figure 5-10). At apprateig 24.5 kips, the concrete breakout
failure cracks began to widen noticeably (See Figure)57kie foundation continued to be
loaded until the specimen stopped taking on adufitoad. The applied load peaked at
approximately 26.3 kips. At failure the foundation diyed the predicted breakout cone
indicated by bulging concrete deep within the fouimhatAs intended, the rest of the test
specimen did not fail before the predicted breakailuraoccurred. Note that an applied load of
1 kip produces a flexural moment of 8 kip-ft and a torgianoment of 9 kip-ft.

The formation of the initial cracks was noteworthy beesitiindicated a change in the
concrete behavior from a concrete pedestal with anchtsr dad confining reinforcement. rather
than the 45 degree torsional cracks forming at the sudfaite concrete closest to the base
plate, cracks parallel to the embedded pipe forméueasurface closest to the base plate. These

parallel cracks extended several inches down the &digordand then began to exhibit typical
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torsional 45 degree crack formation. This cracking belmahows that the torsional load is
being transferred from the steel to the concrete deejplee ifoundation. This will be beneficial
because the frequent construction mistake of platiegdabar cage too deep in the foundation
often leaves the surface of the concrete under reinfolice load will be transferred into the
concrete deeper in the foundation, the problem of thlemureinforced surface concrete will be

partially negated.

Figure 5-8. Test specimen prior to testing
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Figure 5-9. Torsional and flexural cracks forming

Figure 5-10. Formation of concrete breakout failure gaesksecond test
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Figure 5-11. Widening of concrete breakout failure craclksecond test
5.2.2 Summary of LVDT Test Results

Data was reduced to formulate an applied load verdasao plot for both flexure and
torsion. The plots show that the embedded pipe &td ponfiguration ceased taking on
additional load after 26.3 kips after the concrete kiveafailure from flexure resulting from the
applied bending moment. The cylinder tests indicthetithe compressive strength of concrete
on the day of testing was 5180 psi. When the prextistvith the 28 day concrete strength were
made, the flexural concrete breakout was predicted &b6kkkips and the torsional concrete
breakout was predicted to be 37.5 kips. When the giieds with the 28 day concrete strength
were made, the flexural side-face blowout strength watiqiesl to be 40.9 kips and the
torsional side-face blowout strength was predicted t66x kips. The applied load versus
torsional plate rotation plot also shows a changddpe when the specimen experienced a
redistribution of load due to bolt slippage, bond des) formation of various cracks, and

widening of cracks. See Figure 5-12for the graph of aghpdiad versus torsional plate rotation.

69



See Figure 5-12 for the graph of the applied load vdisxgral rotation. gathered from LVDT’s
place on the base plate of the embedded pipe. fHpd ghowing the torsional rotation of the
base plate for this test (Figure 5-12) shows signiflgdess rotation than the plate of the
previous test (Figure 5-6). This can be attributetthéofact that the LVDT was placed on the
base plate attached to the moment arm on the pretgstiand the LVDT was placed on the base
plate attached to the embedded pipe on this testnfoment arm base plate would feel more
rotation because of the bolt slippage occurring attimmection.

The graph of load versus flexural rotation was gathered the LVDT'’s placed on the
bottom of the base plate, front of shaft, and rear of shiaé graph shows that the rotation
between the face of the shaft and the base plateigraBcantly greater than the rotation
between the face of the shaft and the rear of the shedtKigure 5-13). This can be attributed to
several things, including the steel pipe and baseettion was less stiff than the concrete
pedestal as well as the concrete block was adegudsigned as a fixed support, which would
have restrained the rotation at the base and craateflection that could be adequately
described by an applied moment on a fixed cantilever.

As stated earlier, the LVDT’s gathered information from ltlase plate, the front of the
concrete pedestal and the rear of the concrete pedEstahase plate’s torsional rotation
exceeded the rotations from the front of the concredegial and the back of the concrete
pedestal (See Figure 5-14). This shows that the sfgelnd base plate was less stiff than the
concrete pedestal. The lack of considerable rotatidhe rear of the concrete pedestal once
again shows that the concrete block connected todherete pedestal was adequately designed

as a fixed support.
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5.2.3 Summary of Torsion and Flexure Test

Overall, this test proved the embedded pipe andgkaetion was successful at
transferring load from the superstructure to the substeictiuwas determined that the modified
anchor breakout equations for flexure also accuratelgipied the behavior and strength of the
failure (See Equations 3-11, 3-12, and 3-13). The pdlifetilure load for the concrete breakout
in flexure was 26.4 kips (See Table 4-2) and the aghfdidure load was 26.3 kips, with the
largest breakout occurring on the bottom of the testisya, indicating a flexure failure. The
test specimen had a breakout failure deep within thedation at the approximate location of
the flexural plate. It was also determined that therative tested had approximately twice the
strength of the calculated strength of an equivalerarithor bolt system. For more details on
the calculated strength of an equivalent anchordysitem compared to the test apparatus’

strength, see the test apparatus calculations inmgip®.
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CHAPTER 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The purpose of this research program was to deternsngable alternative support
structure for cantilever sign/signal structures andthesselected alternative to verify its
viability. After a review of the problems with the curremchor bolt design and research into
alternatives found in other fields, an embedded pipepdate configuration was selected for
testing. In order to quantify the strength of the eddael pipe and plate configuration, a review
of current ACI 318 formulas relating to anchorage toccete was conducted. The applicable
equations regarding anchor breakout due to shear aaratlel to an edge as well as side-face
blowout due to an anchor in tension were modifieddoommodate the differences in geometry
and behavior of an anchor and the embedded pipe atelgyistem. Once the predicted strength
in torsion and flexure was quantified, testing was cated on two different specimens. The
purpose of the first experiment was to test primarily torsand the second experiment tested
both torsion and flexure. The first test proved thatakernative selected was a viable alternative
to transfer torsional load from the monopole to the fotinoda

6.1 Implications of Test Results
6.1.1 Torsion Test

The implication of the torsion test is that the alé&ive selected is a viable alternative for
transferring torsion from the monopole to the foundatfonomparison of the torsion test results
and the calculated strength of an equivalent ancbibisigstem in torsion show that the
embedded pipe and plate configuration has doublsttbegth of the equivalent anchor bolt
system (See design calculations in Appendix B). Tedipted breakout pattern of a failure cone

within the foundation at the approximate locationh# torsion plates was exhibited during
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testing, signifying that the predicted behavior wksly correct. The modified concrete breakout
equations for torsion (See Equations 3-5 and 3-6) were preme@irate as the predicted failure
load with these equations was less than 1% disp&@n the tested failure load.

The results imply that the embedded pipe and plaéguration in torsion alone would be
an adequate alternative to the current anchor baisys he torsional strength of the alternative
is greater than the anchor bolt system and can heaety predicted using the modified
concrete breakout equations for torsion.

6.1.2 Torsion and Flexure Test

The implication of the torsion and flexure test is tinat alternative selected, the embedded
pipe with torsion and flexure plates, is a suitablerahtive to the current design using anchor
bolts. A comparison of the experimental test valuestha calculated equivalent strength of an
anchor bolt setup show that the experimental testgiindn flexure is approximately twice that
of the equivalent anchor bolt system (See design legilons in Appendix B). A large bulge of
concrete on the bottom of the shaft signifies a conénetakout of the embedded flexure plate,
verifying the breakout was the failure mode. The moditiencrete breakout equations for
flexure (See Equations 3-8 and 3-9) were proven accurabe asedicted failure load with these
equations was less than 1% off from the tested faibaé. |

These results imply that the tested system witlethbedded pipe and torsion and flexure
plates is a viable alternative to the current anclotirdystem. The failure can be predicted
accurately using both the torsion and flexure platescan easily be quantified using the

modified concrete breakout equations.
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6.2 Recommendations for Future Testing
6.2.1 Introduction and Background

Cantilever sign/signal structures typically haversglg monopole supported by a cast-in-
place foundation. As was mentioned in Chapter 2ntbst common method of connecting the
monopole to the foundation is through the use of anloblts attached to an annular plate
welded to the monopole (See Figure 6-1). Althoug tlonnection is the most widely used,
many studies in the past few years have reportedatigitie of the annular plate and anchor bolt

configuration is a significant concern.

Welded
base plate

Anchor
bolt

Figure 6-1. Typical sign/signal ba:s::(;connection
In the early 1990s it became evident thatSkpports Specificationsere not providing
enough guidance on designing for vibration and fatiueesponse to the large problems with
vibration and fatigue in cantilever signal/sign supptmictures, the National Cooperative
Highway Research Program (NCHRP) initiated project 10:3®93 (6). The information

obtained from project 10-38 was published as NCHRP Rd{d@. The recommendations
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provided in NCHRP Report 412 were incorporated intodigggn provisions in the 2001
Supports Specifications

NCHRP Report 412 found that galloping, vortex sheddiagural wind gusts, and truck-
induced wind gusts were the primary wind-loading na@t$ms that were responsible for most
vibration and fatigue-related stresses on cantilevectsires (7). Based on this information,
importance factors were assigned for each of the four-leading mechanisms on three fatigue
categories. Report 412 describes, “Structures classifiggiategory | would present a high
hazard in the event of failure and should be desigmeesist rarely occurring wind loading and
vibration phenomena” (7).

The fatigue design approach recommended by NCHRP R&pdrtand adopted by the
2001 Supports Specificationgvas to design cantilever support structures to regestified static
wind loads, modified by the importance factors (3). $tiesses obtained from the modified
static wind loads would be designed to satisfyrdggiirements of their recommended detail
categories for an infinite life fatigue design (3).

Due to the lack of proper guidance on vibration anigdiatdesign in th&upports
Specificationauntil the 2001 edition, many of the supports structalesigned prior to the 2001
edition are now experiencing fatigue problems, paitulon the welded annular base plate and
anchor bolt connection (3).

Despite the fact that NCHRP Report 412 finally gavielgice to designers on fatigue
design for cantilever signal/sign support structuresyalte of fatigue cracking and failure has
continued and may have even increased (6). Becdubks oONCHRP Project 10-38(2) was
initiated to further address fatigue-resistant desigh@tantilever support structures. The

information obtained from Project 10-38(2) was publisheN@bsIRP Report 469. NCHRP
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Report 469 partially attributes the continued fatigtebfems with the increasing use of longer
horizontal spans of the cantilever sign/signal stmest({6). Past inspections have shown that the
following typical and special problems on cantilevignal/sign structures are prevalent (16):

. Cracked anchor bolts both above and within the coacret

. Loose nuts and missing connectors, both on anchis &otl structural bolts

. Cracked and broken welds

. Split tubes

. Plugged drain holes, debris accumulation and camosi

. Internal corrosion of tubular members

. Poor fit-up of flanged connections with cracking and mg#$olts

. Structure overload due to installation of signs exasegedesign square footage

Some of the recommended revisions proposed in NCHRBr4ge to the 200Supports
Specificationgatigue design and partially incorporated into 2006 Interim to Standard
Specifications for Structural Supports for Highwgigns, Luminaires, and Traffic Signals

include the following (6; 17):

. Clearly define criteria for categorizing the structuregia¢i categories

. Galloping mitigation devices (sign blanks or othervaa mitigation devices) not be used
to remove the galloping design load entirely, but Monstead alter the fatigue category
from Category | to Category I

. The equivalent static pressure range be changed fféC3 to 90, for truck-induced
wind gusts

. A statement be included in the vortex-shedding sectimnilar to that in the galloping
section of the 2001 Supports Specifications, alloviiangnitigation of vibration due to
vortex shedding after a problem with vibration in doutuevature has been observed

. Minor changes to the design some of the fatigue-getistetails, with the inclusion of an
additional fatigue-resistant detail to be considered

The problems identified with the fatigue of the stewldar base plate and the concrete
breakout from the anchor bolts necessitates lookiadi@tnatives to the current anchor bolt and
base plate connection. The following are some optioexplore regarding alternative

connections that do not use the same anchor bolhmmalar base plate connection.
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6.2.2 Tapered Embedded Steel Pipe and Plate Optiovith Bolted Slip Base Connection

In this option, a tapered welded pipe and plate gondtion will be embedded into the
foundation with a portion of the pipe projecting frane foundation. The monopole will be
placed over the projecting pipe, acting as a slesave secured into place by several bolts that

will extend through the diameter of the pole. See @42 for a sketch of this connection.

Tapered
steel
monopole
“sleeve”
Bolt

Tapered

: embedded

1 — steel pipe and
plates

{T Concrete

foundation

Figure 6-2. Embedded steel pipe and plate option sliphbase connection

The primary benefit associated with this connectsotihat the annular plate and anchor
bolts have been removed, thus eliminating the guesble connecting elements of the design.
The design calculations for the bolted connectionldde relatively easy. The bolts would need
to be designed for shear strength and the bearing direhtite bolt holes would also be a
primary consideration. The embedded pipe and pation has been tested to determine its
torsional and flexural viability. Since the embeddgze@nd plate alternative has been proven
effective at transferring load, this connection wouleinse likely candidate for consideration.

However, one of the drawbacks to this design is timstcoction feasibility. A typical

monopole’s taper is 0.14 in/ft. In order to provide therter embedded tapered section, an
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additional pole would need to be ordered and cutéappropriate length at the appropriate
point on the pole. This process may prove tediougiamelconsuming. The connecting bolts
bearing on the monopole may require an increasepmtpickness for the monopole which
could lead to additional expense. Additionallystbption would include corrosion as a potential
problem since the entire connection is steel.

Alignment of this connection may be difficult to acgplish during construction. One
method possible to control the alignment would bpléze the sleeve flush with the top of the
concrete foundation. However, if a standoff was requitteele might be difficulty leveling the
monopole for placement. The bolt holes will ensurefited product will be level because they
need to be aligned properly to ensure the boltsfivithrough the holes. If a bolt is forced into
place because of improper alignment it may incur aufthii stress.

Design strength considerations for this connectiatuate, but are not limited to, the
following:

. Bolt shear strength

. Bolt bearing strength (on steel pipes)

. Fatigue (of bolts)

. Breakout strength (of embedded section on concrete &biom)
. Torsional strength

. Flexural strength

This option provides a suitable alternative to theent annular plate and anchor bolt
connection. The FDOT currently uses a detail simdahis in Index No. 11860, Single Column
Ground Signs, in their Design Standards (18). See Fy3réor a sketch of the FDOT detail.
However, this detail has been specified for use witmatum single column posts for ground

signs and not for steel monopoles.
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Figure 6-3. FDOTDesign Standardsdex No. 11868°
6.2.3 Embedded Steel Pipe and Plate Option with Guted Slip Base Connection

In this option, a standard welded pipe and platdigoration will be embedded into the
foundation with a portion of the pipe projecting frane foundation. The monopole will be
placed over the projecting pipe, acting as a slesave secured into place by several bolts that
will extend through the diameter of the pole. The lgapveen the tapered monopole and the
embedded pipe’s projection will be filled with high-stggh grout. See Figure 6-4 for a sketch of
this connection.

As with the tapered embedded steel pipe and plditempphe primary benefit associated
with this connection is that the annular plate amchar bolts have been removed. The design
calculations for the bolted connection would be reddy easy. The bolts would need to be
designed for shear strength and the bearing strengjtie dolt holes would also be a primary
consideration. A benefit of this design over the tapsted! pipe design would be that the

embedded steel pipe would be more easily obtained.
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Figure 6-4. Embedded steel pipe and plate option gvitlited slip base connection

One of the drawbacks to this design is the addedboation of high-strength grout.
Grout was found to be improperly placed in the currenhanbolt and base plate connection
and has the potential to be improperly placed indbimection. Another potential drawback is
that the connecting bolts bearing on the monopolg mequire an increase in pipe thickness for
the monopole which could lead to additional expeAsklitionally, this option would include
corrosion as a potential problem since the entire ection is steel.

Alignment of this option during construction may prairéicult because of the small
tolerance for error on aligning the bolt holes. Allowthg monopole to be placed directly on the
concrete foundation will reduce some error.

Design strength considerations for this connectigtutte, but are not limited to, the
following:

. Bolt shear strength

. Bolt bearing strength (on steel pipes)

. Fatigue (of bolts)

. Breakout strength (of embedded section on concrete &biom)
. Torsional strength

. Flexural strength
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This option provides a possible alternative to theent annular plate and anchor bolt
connection. The FDOT currently uses a detail simdahts in Index No. 11860 in their Design
Standards (See Figure 6-3). However, this detail hgsb@en used with aluminum single
column posts for ground signs.

6.2.4 Embedded Concrete Pipe with Bolts Option witBolted Slip Base Connection

In this option, a prestressed concrete pipe witlshmption, either tapered or not tapered,
will be embedded into the foundation with a portidnhe pipe extending beyond the
foundation. This option is very similar to the embeddteel pipe and plate option with slip base
connection. One obvious difference would be that theezlded pipe would be concrete rather
than steel. Another difference is that the embeddetion would have bolts acting in a manner
similar to the plates. The bolts would connect [@atethe concrete section. As explained later in
this section, the embedded concrete pipe with Ino#g be replaced with a geometric section
without bolts if necessary. See Figure 6-5 for the diveetup of this connection as a concrete

pipe with bolts.

Tapered steel
monopole
“sleeve”

Bolt

Embedded
concrete

/ pipe with

bolts

{¥~_Concrete

foundation

Steel I
plate ™

Figure 6-5. Embedded concrete pipe and plate optitnship base connection
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One immediate benefit associated with this configarais that the annular plate and
anchor bolt connection has been removed. Anotherfibener the embedded steel pipe and
plate option is that this embedded concrete optiorowes corrosion of the embedded pipe as a
potential problem. As with the previous option, tleétdsd connection bearing on the monopole
may require an increase in thickness for the monopeddjng to additional expense.

A potentially difficult piece to construct would beestembedded concrete pipe with bolts.
One option would be to order spun concrete poles fromaraufacturer. The poles would include
prestressed strands as well as spiral reinforcemenvamid be light and durable. The through
bolt holes would be included by using a cast-in-pRY€ pipe during fabrication. Another
option would be to use a geometric section withalitshinstead of the round section with bolts.
The geometric section would provide the required tomdicesistance once embedded in the
foundation that the bolts are providing in the rounctisa.

Design strength considerations for this connectictutte, but are not limited to, the
following:

. Bolt shear strength

. Bolt bearing strength (on steel monopole)

. Bolt bearing strength (on embedded concrete section)

. Fatigue (of bolts)

. Breakout strength (of embedded section on concrete &biom)
. Torsional strength

. Flexural strength

As with the previous option, the embedded steel pipkplate option, this configuration
may provide a suitable alternative to the current aarrhdse plate and anchor bolt connection.
As mentioned before, the FDOT currently uses a dgiailar to this in Index No. 11860 in their
Design Standards. Given that, the detail in the gdeSitandards has only been specified for use

with aluminum single column posts for ground signs.
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6.2.5 Cast-in-Place Solid Concrete Pedestal with Bed Slip Base Connection

In this option, a cast-in-place solid concrete pedegtald be poured projecting from the
foundation with the tapered steel monopole placest the pedestal projection and the two
connected with bolts. Some longitudinal rebar wowdrect the solid concrete pedestal

projection to the foundation. See Figure 6-6 for thagsef this connection.

Tapered steel
monopole

Bolt “sleeve”

Cast-in-Place
solid concrete

pedestal
Longitudinal//é Concrete
rebar : foundation

Figure 6-6. Cast-in-Place solid concrete pedestal Wwjtbase connection

As with the previous option, one benefit to this cection would be that the annular base
plate and anchor bolt connection would be eliminaggther benefit to this connection is that
the construction would be relatively easy becausealt'sast-in-place. One problem with this
connection is that the connection may have lessifstrength because the rebar would be the
only flexural reinforcement. And as with the other bokéd connections, the bolt bearing may
require an increase in monopole member thickness.

Design strength considerations for this connectiatuate, but are not limited to, the
following:
. Bolt shear strength
. Bolt bearing strength (on steel monopole)

. Bolt bearing strength (on cast-in-place solid congpettestal)
. Fatigue (of bolts)
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. Torsional strength
. Flexural strength

6.2.6 Embedded Concrete Pipe with Bolts Option witlisrouted Splice to Concrete
Monopole

In this option, a prestressed concrete pipe witlelbigblates would be embedded into a
concrete foundation. The bolts and plates would résision by bearing on the surrounding
concrete foundation. The splice would be similar &t firesented in FDOT Project BC354-80
Final Report, Volume 2 (19). See Figure 6-7 for thesef this connection. The splice
connection would be a steel HSS pipe with weldedrébops placed in the hollow core of the

prestressed spun concrete pipe and then pressure gittotethce.

Tapered
concrete
monopole

Steel HSS pipe
with welded
rebar hoops
Grout

Embedded
concrete

| pipe with
bolts

T~ concrete

foundation

Figure 6-7. Embedded concrete pipe with bolts optidh grouted splice to concrete monopole

This option has several advantages over the currendarplate and anchor bolt
connection. The primary advantage is that the cdroredoes not use annular plates or anchor
bolts and will eliminate the fatigue problems assedavith the current connection option.
Another advantage is that since the steel portiohetbnnection is grouted in the core of the
spun concrete poles, the steel will not suffer as neoctosion unless one of the grout inlet holes

is compromised.
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This option does have some disadvantages as walcdnstruction will be more tedious
and time consuming than the current connection opfidis connection can be more costly than
the current connection option because of the incrieasember of elements as well as the cost
of each element. The inclusion of grout adds an amditicomplication for design and
construction error. The viability of a concrete monogofecantilever use is also questionable.
The horizontal member that needs to be attacheddofsggnal purposes may be too large to
attach to the concrete monopole. This connection Imeayore difficult to monitor and repair
than a visible connection.

Design strength considerations for this connectictugte, but are not limited to, the
following:

. Breakout strength (of embedded section on concrete &biam)
. Grout strength

. Torsional strength

. Flexural strength

. Monopole to horizontal member connection

6.2.7 Embedded Steel Pipe and Hoops with GroutedigBase Connection

This option entails using a steel pipe and hoopleslted into the foundation and stubbing
out from the foundation. The steel pipe and hoops avthen be covered by a concrete
monopole and pressure grouted into place. See Fgg8rior this connection configuration.

The primary benefit of this connection is that it rem®the fatigue-prone elements of the
current anchor bolt and annular base plate connedtiofiers good torsional and flexural
resistance with the embedded pipe and hoop sedtianpipe and hoop section may be
expensive to fabricate. The pressure grouting hasdtemfial to be a problem during

construction as it has been a problem in the pasmé#ioned earlier, the concrete monopole
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Figure 6-8. Embedded steel pipe and hoops with graligdhase connection

may not be viable to connect to the steel horizamiinber. This connection may also be more
difficult to monitor or repair than a visible connection.

Design strength considerations for this connectigtutte, but are not limited to, the
following:

. Breakout strength (of embedded section on concrete &biom)
. Grout strength

. Torsional strength

. Flexural strength

. Monopole to horizontal member connection

6.2.8 Embedded Steel Pipe and Plates with Bolteda® Connection

In this option, an annular plate would be weldebddth the monopole and the stub of the
embedded steel pipe protruding from the foundation.tiMeeannular plates would be bolted
together, allowing for space between for leveling noitset used. The leveling nuts would make

it easier to ensure the monopole was erected prof@etyFigure 6-9 for the connection setup.
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Figure 6-9. Embedded steel pipe and plates with dgltate connection

One benefit with this connection is that it woulddaesy to construct and the materials
would be easy to obtain. Since this option is \@nyilar to the current base plate and anchor bolt
option, it would not be difficult for designers to traimi to this design. This option also
provides the benefit that the embedded pipe wouldheet to be tapered and therefore could be
more easily constructed by using a standard circul&@ stgtion.

However, one major drawback to this design is thiadst the potential to have fatigue
problems similar to the current base plate and anchHbdésign. The welds, bolts, and plates
could experience fatigue cracking after the cyclicaldrstresses are imposed on the connection.
Corrosion would also remain an issue with this conaecihis connection does not necessarily
fix the problem with fatigue associated with the cureamtular plate and anchor bolt design, but
it does offer another alternative.

Design considerations for this connection include:,dra not limited to the following:

. Bolt shear strength

. Bolt bearing strength (on annular plates)

. Flexural strength (of annular plates and bolts)
. Weld strength

. Axial strength (of annular plates and bolts)
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. Fatigue (of bolts, welds, and annular plates)

As demonstrated by the increase in the number of desigsiderations, this option has
more possibilities for failure. It does include weldsnalar base plates, and bolts as the current
base plate and anchor bolt option does. Thereforepfition does not eliminate the problems
associated with the current base plate and anchodésilgn, other than removing anchor bolts
as a potential failure and replacing it with a staddmlted connection.

6.2.9 Embedded Steel Pipe and Plates with Weldede$l’e Connection

In this connection, a steel pipe and plate configomatvould be embedded in the concrete
foundation and connected to the steel monopolewglded sleeve. The sleeve would consist of
a high strength steel pipe section fillet weldethimmonopole and embedded steel pipe and

plates around the perimeter of the pipes. See Figufeférthe connection detail.

Fillet
weld

Steel pipe
Embedded
sleeve _ :_/steel pipe and
R plates

T~ Concrete

foundation

Figure 6-10. Embedded steel pipe and plate with vdedtleve connection

One benefit of this connection is that it would betigkly easy to construct and the
materials would be easy to obtain. This connectmesdot use bolts and thus removes bolt
fatigue as a problem. The annular plate is also reth@lso eliminating fatigue problems with

this component of a connection.

90



However, the fillet welds are susceptible to fatiguekireg similar to the current base
plate and anchor bolt section. Corrosion would als@anemman issue because the connection is
comprised totally of steel. The welded sleeve’s pipekness would need to be large to handle
the large flexural and torsional moments presentdéaeatonnection. This connection may make
it difficult to align the monopole correctly during iruction.

Design considerations for this connection include,dsea not limited to the following:

. Weld strength

. Fatigue (of welds)

. Flexural strength

. Torsional strength

. Breakout strength (of embedded section on concrete &biom)

This option provides a solution to part of the fatigueblems associated with the annular
plates, bolts, and welds. The welds will remain ayteg problem. While this option may not
solve all of the problems, it does provide a solutltat may be relatively easy to construct.

6.2.10 Summary of Recommendations for Future Testq

Future testing of alternative connections to resoleddligue and vibration problems
exhibited in the current base plate and anchor baolection is highly recommended. The
embedded pipe and plates configuration has been ptousneffective at transferring torsion
and flexure and therefore a connection incorporatingthieedded pipe and plates would be
ideal. The option that may have the greatest piatiethiat incorporates the embedded pipe and
plates option is the grouted slip base connectitie. Genefits of this connection are that it
includes the embedded pipe and plates, the desigidvbe relatively simple, the anchor bolts
are removed, and the fatigue prone welds that pregaobéem are eliminated.

6.3 Summary

The alternative selected, the embedded pipe and pdaifiguration, has worked in

transferring torsional and flexural load from the monopolée foundation during experimental
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testing. The controlling failure behavior of the sysisroharacterized by a concrete breakout in
the shape of a cone in the vicinity of the embeddatep. The strength of the failure modes can
be quantified by using modified ACI 318 equationse Bmbedded pipe and plate configuration
also has potential to work in an alternative baseeotion that is recommended for future
testing. The proper use of the findings in this testiragram will allow for future prevention of

the types of failures exhibited in the 2004 hurricagesen.
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APPENDIX A
TEST APPARATUS DRAWINGS
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Figure A-1. Dimensioned front elevation drawing of torsiest apparatus

93



<Ol

o8
el
02X .92 %.§
sl b=
‘diyL .!z,f
HOE 06YY
Freafi .,
. ! Bk [
z
o : 0=k .
Beg i - b2 ] "
© , "
q o-__/./f.
L " s
w381 Ny
] !
v v v v v - . 9
o
Al il (Pl il ol ol ol L
o8
Eﬂgﬂ‘ﬁk&k&hﬁh\%&h T e . e s
5 a 5 o al _ £ !
o
s}

Figure A-2. Dimensioned plan view drawing of torsiort tggparatus
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Figure A-3. Dimensioned side elevation drawing of tarsest apparatus
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Figure A-4. Dimensioned view of channel tie-down for tomsiest apparatus
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Figure A-6. Dimensioned front elevation drawing of tonsemd flexure test apparatus
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APPENDIX B
DESIGN CALCULATIONS

Torsion Design Calculations

[*] Input and Properties
Shaft

Diameter of the Shaft
Concrete Strength
Lenth of Shaft

Hoop Steel

Hoop Steel Area

Hoop Steel Diameter

Spacing of Hoop Steel

Yield Strength of Hoop Steel
Centerline of Hoop Steel Diamter

Longitudinal Steel

Longitudinal Steel Area
Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel
Number of Long Steel Bars
Torsional Stiffener Plates
Thickness of the plate

Width of the plate

Length of plate

Yield strength of the plate

Embedded Pipe
Thickness of the pipe

Diameter of the pipe

Moment Arm

[«] Input and Properties

dg == 26in
f. == 5500psi
L, = 36in

.2
Ahoop = .20in

dhoop = .50in
Shoop = 2in
fy hoop := 60ksi
dh = 23.5in

.2
Along = .2in
leIlg = .5in
fy long = 60ksi
Nong = 24
t:= lin
b := lin
L:=7in
fy - plate := 50ksi
tpipe = .465in
dpipe = 16in
Fy pipe = 42ksi
Fu_pipe = 58ksi

Tors Moment Arm := 9ft
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STIFFENER DESIGN

[*] Calculation of Capacity with Anchor Bolts

Input

Shaft

Diameter of the Shaft dg=26in

Concrete Strength f, =5.5ksi

Equivalent Anchor Bolt

Diameter of the bolt d, = 1.5in
Center-to-center diameter of bolts dy, := 20in

Number of bolts No Bolts_equiv := 12
Yield strength of bolts fy_bolt_equiv := 105ksi

Concrete Breakout Equivalent Torsional Strength

(ds — d)
cover ;.= ———— )
2 cover =3 in
2 2 2
d d d d
D1 aas|| 2] S22
W2 2 2 )| 2
fal = 3.25 c,q = 2461n
a 360deg
" No_Bolts_equiv A = 30-deg

hord P e
chord_group := == 7St chord_group = 6.73 in

30 Cal
Amin_group = 2-asin q

s =33.03-deg

Amin_group

Check_Group_Effect := | "Group Effect" if A<A .. group

"No Group Effect" otherwise

Check Group_Effect = "Group Effect"

Ay = No_Bolts_equiv-chord_group-1.5-c,; Ay = 298.42 inz

2
A =4.5-¢c .2
Vco al Ayeo =2731in

l.:=8d .
€ o 1e =12in

2 1.5
1 ’d ’ f. (¢
€ 0 c al
V=13 — | - [—. |—=. | =1 -1bf .
b (dOJ in y psi ( in j Vi, = 6.92kip
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'lI)CV =14
'll)ecV =10

’ll)edV =10

Vcbg = (No_Bolts_equiv-beedV-'Lch-Vb) if Check Group Effect = "No Group Effect"

AVc
AVco

Vcbg parallel = 2'Vcbg

o

Tn_breakout_ACI = Vcbg _parallel'( )

[«] Calculation of Capacity with Anchor Bolts

J

[{—]-wecvwedv-\/b} if Check Group Effect = "Group Effect"

Vepg = 75-62kip

Vcbg _parallel =

151.23 kip

Tn_breakout_ACI = 126.03 ft-kip

[*] Torsional Capacity Using Breakout Capacity

Input
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates
Length of the shaft

Diameter of upright/embedded pipe
Diameter of stiffeners

Number of stiffeners

106

b=1in
t=1in

L=7in
Ly=36in

d

pipe = 16in

dst = dpipe
No_Stiff = 4



a nel a1 nel
g o] g o]
d P d AVC P
g o] g o]
o] P d P
L breakout ¢ P a P
d P d P
o] o] g o]
d P d P
g o] g o]

Concrete Breakout Equivalent Torsional Strength

(dg — dgy) :
cover := T cover = 51n
2 2 2
d d d d
t
C,q:= = = c,1 =3.73in
al 325 al
360d
= —c?g A =90-deg
No_Stiff
dg A
chord group := 2-?-sin ? chord group = 18.38in
3.0'Ca1
Amin_group = 2-asin dg Amin_group = 51.02-deg
Check_Group_Effect := | "Group Effect" if A<A .. group Check Group_Effect = "No Group Effect"

"No Group Effect" otherwise
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lpreakout = L + 2-1.5¢4

Ay = min(lbreakout’ Ls)'3 €

2
AVco = 4'5'°a1

le::L

al

| 2 T c 1.5
’ 1
Vb = 13,(_6j \/E —C(ij -1bf
b iny psi \in

AVC

Vebg = (—]'weCV'wedV'lpcV'Vb

AVco

Vcbg parallel = 2'Vcbg

v "No_Stiff

¢ = Vebg_paralle
. dst
Tn_breakout _plate -~ Ve Py

)

[«] Torsional Capacity Using Breakout Capacity

lpreakout = 18-21n

Ay = 203.77in”

Avr. = 62.69in>
Veo = 02. 91in

1e =7in

V}, = 10.26kip

Vg = 46.69kip

Vebg parallel = 93-37kip

V= 373.5kip

Ty breakout plate = 249 fikip

[*] Torsional Capacity Using Side-Face Blowout Capacity

Input
Width of the stiffener plates
Thickness of the stiffener pla

Length of the stiffener plates

Length of the shaft

tes

Diameter of upright/embedded pipe

Diameter of stiffeners

Number of stiffeners

Concrete Breakout Equivalent Torsional Strength

b=1in
t=1in

L=7in
Ly=36in

d =161in

pipe

d,:=d

st pipe

No_Stiff = 4

Cal =3.731in



.2
Abrg =Lb=7in

S5 .5 .
Ngp = 200-c,¢- Abrg'fc -psi Ny, = 146.48 kip

d

. S .
Tn_blowout = No_SHff-Ngp-—= Ty, blowout = 390-6 ft-kip

[«] Torsional Capacity Using Side-Face Blowout Capacity

[*] Capacity Check
Check_Capacity := | "Sufficient Strength” if T, paokout plate 2T, preakout ACI
"Insufficient Strength" otherwise
Check Capacity = "Sufficient Strength"
Th breakout .~ plate
= =198
Tn_breakout_ACI
[«] Capacity Check

[*] Welding for Stiffener Plates

Weld Design

T
bl t
v n_blowou

t=1in
tpipe =0.471in

Weld_Size := %in

Felectrode *

Fy = -6-Felectrode

= 70ksi

Throat := .707-Weld_Size
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kip

RIl_Weld = Throat-FW Rn_weld = 1114;
. t 3 kip
Rn_yield = '6'Fy _pipe'E Rn_yield - 12'6';

. t _ kip
R11_1rupture = 45Fy _pipe'z Rn_1rupture =13.05 ;
. kip
Ry= mln(Rn_weld’Rn_yield’Rn_lrupture) Ry= 11'14'3

Viveld

Required Length Each Side := Required Length Each Side =4.05in

“n

cei 1( Requn’ed_LerTgth_Each_Sldej in = Sin

m

[«] Welding for Stiffener Plates

Tn_breakout_ACI = 126.03 ft-kip

Tn_breakout _plate = 249 frkip

T = 390.6 ft-kip

n_blowout

FLEXURAL CAPACITY

[*] Flexural Capacity of Shaft

Check Flexural Capacity of Shaft
Input

d
s .
Radius of Shaft R := >y =13in
2
A |
Area of shaft g =T 5
Longitudinal Reinforcement
Number of Longitudinal Bars Njong = 24
Yield Strength of Longitudinal Reinforcement fy_long = 60-ksi
.2
Longitudinal Steel Area Along = 0-2in
Number of Bars Yielded (Assumption) Mong yield = 17

Embedded Pipe
Apipe := 24in-.688in
d = 16in

Cross sectional area of pipe
Inside diameter of pipe pipe

Yield Strength of Pipe £ pipe = SOksi
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Calculations Using ACI Stress Block at the Point Below the Embedded Pipe

By(fe) = |85 if f; < 4000psi By(fe) =0.78
65 if f, > 8000psi _
(£ — 4000psi)
85 = .05 ————— || if 4000psi < f, < 8000psi
1000psi
(nlong yield Along Ty long) 2
A = = = A =43.641in
com; com;
P 85-f, P
— | R2 (R-h) [ 2
Acompcircle(h) = [R -acos[T} -(R-h)42-R-h-h"| - Acomp
a::= 100t Aomcircle(h) . h, 0in, R) a=3.55in
a
c:= c=459%in
B1(f)
= 002 —— = 3.06in
Y003 e
c=4.35in.
o © o
o o
°© © y=29in.
o o
o 17 Bars Below Yield Line o
9.2502
12.0237
15
. 17.9763 |
= in
bar 1 90,7498
23.1314
25.0189
26.1677
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Z (dbari'Along'2> +26.5in°Ajg o
i=0

d =
bars
Nong_yield Along

a
Mn_shaft = nlong_yield'Along'fy_long'(dbars - Ej

[«] Flexural Capacity of Shaft

dbars =19.13in

Mn_shaft = 294.93 ft-kip

[*] Flexural Capacity of Pipe

Embedded Pipe

Cross sectional area of pipe

Inside diameter of pipe
Pipe wall thickness

Yield Strength of Pipe

Diameter to thickness ratio

Length of the pipe

Determine Shear Strength of Round HSS

L. Lpipe
A\ 2
. (1.6-E) (.78-E)
T 2 2
ooV | oo\
dpipe
Fcr = min(Fcr_l s '6'Fy_pipe)
) Fcr'Apipe
Vi pipe = 5

112

v

Z:= 112in3

Asine = 28.5in"
d. . =16in
=0.47in

— 42ksi

pipe
tpipe
Fy pipe

D t:=43.0

Lplpe = 3ft
E := 29000ksi

Fop 1 = 397.29ksi

F . =252ksi

n pipe = 359-1kip



Determine Flexural Capacity of Round HSS

AS-E .
, "Applicable" ,"N/A"

Check Applicable := if {D_t < (
Fy_pipe

Check Applicable = "Applicable"

E
A, = .07
p F. .
y_pipe
E
>‘r = .31
F .
y_pipe

Check Compact = "Compact"

Check Compact := | "Compact" if D t< >‘p

"Noncompact" if >‘p <D_t<X\

"Slender" if D_t> X\,

Mp = Fy pipe?
Mj pipe = Mp My, pipe = 392 ftkip

[«] Flexural Capacity of Pipe

My pipe = 392 ftrkip

Mn_shaft =294.93 ftklp
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FAILURE EQUATIONS

[*] Torsion

Threshold Torsion

d 2
A= = | =53093in°
cp =TT 2 = . m

Pep = m-dg = 81.681in
2
T = i psi (ACP )
threshold psi Pep

Cracking Torsion

2

’ f A
T =4 —c~~psi~ P
pst Pep

T, = 85.31 frkip

Nominal Torsional Strength
ay )’ 2
Ay =T — | =433.74in
2
2
d
h
Ag= | —2 | _02in
2
0= 43deg 0 = 0.79-rad
T — Lf—hoop COt(e)
torsion Shoop Tiorsion = 425-82 ft-kip
Tn_shaft = Ttorsion T, shaft = 425-82 ftkip
[«] Torsion
Th breakout_plate = 249 ft-kip
Tn_blowout =390.6 ftklp
Ty shaft = 42582 ft'kip

114



DEVELOPMENT LENGTHS OF FLEXURAL REINF.

[*] Development Length of Longitudinal Bars

Input

Longitudinal Steel
Longitudinal Steel Area
Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel

Development Length of Longitudinal Reinforcement
¥.:=13

v, := 1.0

Po=1.0

X=1.0

Cb_Kitr := 2.5in

3) fy_long (\I’t'q’e'\l’s’x)

1 == . -d
dh_long ( 40 P (CbKtrJ long
— si
psi P dlong

.2
Along =0.2in

dlong =0.5in

£y Jong = 60ksi

ldh_long =7.891in

ACI 318-05 12.2.3
14 1ong = ldh_long 14 1ong = 7-891n
ACI 318-05 12.2.5
Iy 1= ceil(ldjlongj-in Ig {=8in
_ in _
[«] Development Length of Longitudinal Bars
[*] Length of Shaft Required
Length of Stiffeners L=7in

Length of Breakout
Length of Shaft
Development Length of Longitudinal Reinforcement

Required Cover
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Ibreakout = 18-21n
LS =36in
ld_l = 8 in

c_cover := 2.5in



Required Length of Shaft Based on Breakout and Development Length

Lihaft = lbreakout + €_cover + 1 dl

lshaft =28.71in

Check Shaft Length = if (Lg > Iy, . "Sufficient" , "Not Sufficient" )

[«] Length of Shaft Required

Check Shaft Length = "Sufficient"

SUPERSTRUCTURE

[*] Superstructure Assembly Strength - Pipes

Superstructure Test Assembly Pipe

Pipe Properties - HSS 16x.500
Design Wall Thickness

Cross Sectional Area of Pipe

Diameter to Wall Thickness Ratio
Nominal Weight
Moment of Inertia

Elastic Section Modulus

Radius of Gyration

Plastic Section Modulus

Diameter of the Pipe
Torsional Constant

HSS Torsional Constant
Yield Strength
Ultimate Strength

Modulus of Elasticity
Length of Short Superstructure Pipe
Length of Long Superstructure Pipe

tpipe = .465in
.2
Apipe = 22.7in
D t:==344
Ibf
Wpipe = 82.85?
4
Ipipe = 685in
S . = 857
plpe = ./1n
rpipe = 5.49in
Z = 1121 .
p1pe = m
Dpipe = 20in
J. = 1370in"
plpe = mn
C = 1711 .
p1pe = mn
Fy - pipe = 42 ksi
Fu_pipe = 58 ksi
E := 29000ksi
Ls_pipe = 17in
Ll_plpe = 9ft
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Short Pipe

Design Flexural Strength

O flexure = 9 AISC Spec. F1
. M < E .
M s pipe = |(Fy pipeZpipe) if D_t< 45— My 5 pipe = 392 fikip
y_pipe
"Equation Invalid" otherwise
Design Shear Strength
Bshear = 9 AISC Spec. G1
T 1.60-E 1.60-E 78-E
Fop= (1.60-E) . (1.60-E) S (.78-E)
Ls pipe 125 Ls pipe 125 [@p'?
L\ Dpipe Dpipe
T (78E
(78E) otherwise
| (D_t)l's
F =min(F__,.6-F_ . .
cr_shear ( cr y _plpe) Fcr_shear =25.2ksi
_ ¢shear'(F cr_shear'Apipe) 25740 ki
Vn_s . pipe ) Vn_s pipe = 57.42 kip
Design Torsional Strength
Ptorsion = 73 AISC Spec. H3.1
[ 1.23-E 1.23-E .60-E
R (1.23-E) ¢ (1.23-E) 5 (60-E)
Ls pipe 125 Ls pipe 125 (o'
[N Dpipe Dpipe
[ ((60-E
{60E) otherwise
i (D_t)l's
Fcr_torsion = min(Fcr, ~6'Fy _pipe) Fcr_torsion =25.2ksi
Tn_s . pipe = Fcr_torsion'cpipe Tn_s _pipe ~ 359.1ftkip
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Design Axial Strength

d)comp =.90
E
X =31 — A= 21405
y_pipe
E
A, = .07
p F .
y_pipe
A= |"Compact" if D t< >‘p X = "Compact"
"Noncompact" if >‘p <D_t<X\ _
"Slender" if D_t > X\,
ks_plpe =.5
N 5
e short ° L 2 Fe_short =1.19 x 10” ksi
. ._S.pipe
s pipe AISC Equation E3-4
p1pe
Fy_pipe
F = [[] 658\ eshort/ if F > 44.F
cr_short *— : Ty pipe|| ™ Fe short = -** Ty pipe
(.877~Fe_sh0rt) if Fe short <-44Fy pipe
Py s pipe = Peomp Fer_short Apipe Py s pipe = 85793 kip
Summary for Short Pipe
Flexural Strength M, pipe = 392 ft-kip
Shear Strength Vi s pipe = 257.42 kip
Torsional Strength T, s_pipe = 359.1 ft-kip
Axial Strength P pipe = 857.93 kip
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Long Pipe

Design Flexural Strength

Sflexure = 09 AISC Spec. F1
My | pipe = |(Pfiexure Fy pipeZpipe) if D_t < (.45-F _ j My, | pipe = 3528 ft-kip
y_pipe
"Equation Invalid" otherwise
Design Shear Strength
Ogpear = 0-9 AISC Spec. G1
T 1.60-E 1.60-E 78-E
P, = (1.60-E) " (1.60-E) S (.78-E)
Lli)ipe 1.25 Lli)ipe 1.25 (D t)l'5
— (DY — (DY -
L\ Ppipe Dpipe
[T (.78E
{T8E) otherwise
D1 1.5
F =min(F__,.6-F_ . .
cr_shear ( cr y _plpe) Fcr_shear =25.2ksi
) ¢shear'(F cr_shear'Apipe) .
Va1 pipe = 5 Vi 1 pipe = 257:42kip
Design Torsional Strength
Ptorsion = 072 AISC Spec. H3.1
i (1.23-E) (1.23-E) (.60-E)
Fop= = 15
L L .
1 pipe ~1_pipe 1.25 Dt
o' o' B
plpe Dplpe
60-E
( ) otherwise
D'
Fcr torsion = Min(Fep. .6 y _pipe) Fc1r_torsion =25.2ksi
Tn_l _pipe = Fcr_torsion'cpipe Tn_l _pipe ~ 359.1ftkip
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Design Axial Strength

d)comp =.90
E
>‘r = .31
F .
y_pipe
E
A, = .07
p F .
y_pipe

A= |"Compact" if D t< >‘p
"Noncompact" if >‘p <D_t<X\

"Slender” if D_t > X\,

klong_pipe =2.0

F ()

e long = )
L _pipe
klong _pipe’ |

pipe
(F y_pipe]
F
658" lone/ g

(.877-F

Fcr_long = if Fe_long > 44.F

< 44-F

y_pipe y_pipe

if F

e_long) e long y_pipe

Pn_l pipe = d)comp'Fcr_long'Apipe

Summary for Long Pipe
Flexural Strength

Shear Strength

Torsional Strength

Axial Strength

[«] Superstructure Assembly Strength - Pipes

X = 214.05

A = "Compact"

Fe long = 184.9ksi

Py | pipe = 780:24kip

My | pipe = 3528 fvkip

v

n | pipe = 25742kip

Ty | pipe = 3391 ftrkip

Py | pipe = 780:24kip
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[*] Superstructure Assembly Strength - Connecting Plates

Superstructure Test HSS Connection Plate
Plate Properties - PL1/2" x 32" x 24"

Plate thickness tp = .5in

Plate length hp = 32in
Plate width bp = 24in
Yield strength Fy - plate = 50ksi
Ultimate strength F, plate = 62ksi
Design Tensile Strength

Dt yield = -9

Py yield = Pt yield Fy platetpbp Py yield = 40 Kip
U:=1.0

A, = tp~bp

Ae=Uhy A, = 12in”
d)t_rupt =.75

Py rupture = Ot rupt e Fu_plate Py rupture = 358 kip
Py plate = | Pn_yield if Pn yield = Pn rupture Py plate = 540kip

Pn_rupture otherwise

Design Flexural Strength

Pfexure = 0-9
Ag = tp~bp Agz 12in2
Ly = 16in

3
- ®ptp
3
t
c:= L2
2

S, = i .3

P ¢ Sp =4in
My = SpFy plate My = 16.67 fukip
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s | el
p- P 2
M_:=F

P y _plate'Zp

Mp_yield =

Mp otherwise

LTB_Equation Check :=

(1.6-My) if 1.6My <M

"Equation F11-2"

p

z,=15 in°
M), = 6.25 fikip

F 2
late
y_p t
Lyb
b 1.9-E
"Equation F11-3" if ( p) > ( )
tp2 Fy ' plate

LTB_Equation Check = "Equation F11-3"

Cb = 1.0
(1.9-E-Cy)

2
tp

My 1 = (Fcr' Sp) if LTB_Equation Check = "Equation F11-3"

Cp| 1.52 — 274 Ly-

My plate = Dflexure’

Mp_yiel

Design Torsional Strength

cbtorsion =0.75

M plate = d)torsion'Fy _plate"6

Summary for Plate Connector

Tensile Strength
Flexural Strength

Torsional Strength

My 1o 1 My g5 <M

bp F y_plate || .. . .
-————||-kip-in otherwise

¢ 2 E

p

p_yield

d otherwise
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) Lyb )
o (08E) (Lybp) L (19E)

F y_plate

Fop = 35.87ksi

My plate = 562 fikip

Mt_plate =22.5ksi

= 540 kip
= 5.62 ft-kip
=22.5ksi

Py plate
M, plate
M _plate



Weld Design

Tn_blowout
Tors Moment Arm Vweld = 43-4kip

Viveld =

tp =0.5in
tpipe =0.471in

Weld Size := iin
- 16

Felectrode *

Fy = -6-Felectrode

= 70ksi

d)weld =.75

Throat := .707-Weld_Size

kip
ORy yeld = Pyeld Throat-Fyy PRy weld = 4-18'3
kip
PRy yield = Fy pipe'tp PRy yield = 126-— >
kip
d)Rn_rupture = ‘45'Fu_pipe'tp d)Rn_rupture =1 3,05.;
o kip
PR, = mm(d)Rn_weld’ d)Rn_yield’ d)Rn_rupture) PR, = 4'18';
Vweld

Required Length Each Side := Required Length Each Side = 10.39in

n

cei l( Requ1red_LerTgth_Each_Sldej in<1lin

m

[«] Superstructure Assembly Strength - Connecting Plates

[*] Base Connection

Superstructure Test Base Connection Plate

Plate Properties - Annular Plate

Plate diameter Bp = 24in
Yield strength fy ann = UKsi
Ultimate strength f1 ann = 79Kksi

Thickness of plate = 1.00in

tolate *
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Bolt Properties - D1" ASTM A325
Center to Center Radius of Bolts
Number of Bolts

Field Strength of Bolts

Ultimate Strength of Bolts

Radius of the pipe

Diameter of the bolt

Bolt Bearing Strength
(Bp ~dy, - -5'dbolt)

L.:= =1.62in
¢ 2

Pshear = 75

ORy = 1'2'Fu_plate'Lc'tplate

Rn_parallel := 2-¢R

d

b
Tn_bolt_bearing := No_Bolts-Rn _parallel~(7j

Check Bolt Bearing := | "Sufficient Strength" if T

Check Bolt Spacing
Sreq = 267db01t =41in

Sactual = T = 5.241in

Check_Bolt_Spacing := | "Sufficient" if 8,4, 2 Sreq

"Insufficient" otherwise

Check Bolt Shear

2 .2
Ap = 1(5-dpoy) = 1.77in
FnV = .4-120ksi = 48 ksi
d)Vn = d)shear'Ab'FnV

v

n_parallel = dVy2

d
b
Tbolt_sheaur = No_Bolts-Vy, _parallel'(?j

124

n_bolt bearing 2T

"Insufficient Strength" otherwise

1, == 12in
No_Bolts := 12

£y bolt_field = S5ksi

fll bolt = 105ksi

D..
__ pipe .
rp = 5 =10in

dbOlt := 1.50in

OR,, = 120.9kip

Rn_parallel = 241.8kip

3 .
Tn_bolt_bearing =242 x 10 ftklp

n_blowout

Check Bolt Bearing = "Sufficient Strength"

Check Bolt Spacing = "Sufficient"

&V, = 63.62kip

v

n_parallel =127.23 klp

3 .
Tbolt_shear =1.27x 10 ftklp



Check_Bolt_Shear := | "Sufficient Strength" if Ty 1t shear = Tn blowout

"Insufficient Strength" otherwise

Check Bolt_Shear = "Sufficient Strength"

Weld Design
Weld Connecting Annular Plate to Pipe
tpipe =0.47in
. 3.
Weld Size = gln -
Felectrode = 70ksi
Throat := .707-Weld_Size
kip
Rn_weld = Throat~FW Rn_weld = 1114;
kip
Rn_yield = -'Fy_pipe 'pipe Ri yield = 11:72= =
kip
Rn_rupture = 43 Fy_pipe tpipe Ry rupture = 12:14= =
. kip
Ry= Inln(Rn_weld’Rn_yield’Rn_rupture) R, = 1114';
Ryveld = Ry ™ dpipe Ryyeld = 559.72 kip
. dpipe .
Tweld = Rweld = Tyeld = 373-15 frkip
. dpipe ,
Myveld = Rweld = Mg = 373-15 frkip

[«] Base Connection

Ty s pipe = 3591 ftkip
Tyeld = 373.15 fkip

Myelq = 373.15 ftkip
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CONCRETE BLOCK

[*] Concrete Block Design - Strut-and-Tie Model

ZTension Tie

Compression Struts

—C
=
=
L~ — — 4+

5
e

Based on ACI 318 Appendix A

4.5ft .
Max = Tn_breakout _plate” gq Mipax = 124.5 ftkip
d := 6ft + 8in d =80in
Mmax
R:= R = 18.67kip
d
Node A
ft
0:= atan(s E) 0 = 36.87-deg
R
C:=— C = 31.12kip
sin(0)
T := C-cos(0) T =24.9kip
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Check Reinforcement
No_Bars Block Reinf := 3
Block Reinf Bar No:= 8

£y block_reinf = 00ksi

Block Reinf Bar No + 8 2. 2 .2
) in" Aplock reinf = 2-361n

Aplo ck_reinf = No_Bars Block Reinf- ’IT-(

Check_Block_Reinf_A = "Sufficient" if AblOCk reinf'fy block reinf >T

"Not Sufficient" otherwise

Check Block Reinf A = "Sufficient"

[«] Concrete Block Design - Strut-and-Tie Model

[*] Concrete Block Design - Beam Theory

L
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il Vblock M
Il
Il
Il
Il
Il
Il
Il
I
Il
Il

.,

Vblock = R Vilock = 18-67kip
Mpiock = R-(3ft + 4in) Mpjock = 6225 ft-kip
From strut-and-tie model...

.2
Aplock_reinf = 2-361n

£y block_reinf = 60ksi
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Check Shear

Check_Shear_B = "Sufficient" if Ablock_reinf'fy_block_reinf > VblOCk

"Insufficient" otherwise

Check Flexure

bblOCk = 30in

hyjock = 6ft

dpjock = 5-51t

Tgiven = Ablock_reinf 'fy_block_reinf
Cla) = 85-f, byjoed

P(a) := C(a) — Tgiven

a:= root(P(a) »a,0in, thOCk)

Bl(fc) =0.78

a
M block = Tgiven'(dblock - Ej

Check Flexure B := |"Sufficient" if Mn_block 2 Mpock

"Insufficient" otherwise

Required Hook Length for a #8 bar

Block Reinf Bar N
Hook No 8 := 12-( ook T e O-inj

8

[«] Concrete Block Design - Beam Theory

Check Shear B = "Sufficient"

Tgiven = 141.37kip
a=1.0lin
c=13in

My plock = 77161 fikip

Check Flexure B = "Sufficient"

Hook No 8 =12in

[*] Summary of Concrete Block Reinforcement

Block Reinf Bar No =8

No_Bars Block Reinf =3

Check Block Reinf A = "Sufficient"
Check Shear B = "Sufficient"

Check Flexure B = "Sufficient"

[«] Summary of Concrete Block Reinforcement
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[*] Tie-Down Design
Block Properties

Width of the block bplock = 30in
Height of the block hyjock = 6-1t
Length of the block plock = 101t
Diameter of the shaft dg=26in
Length of the shaft Lihaft = 36in
Weight of concrete w,, := 150pct

T
. kout_plat :
Maximum shear applied V bl e = 27.67 kip

max - Tors Moment Arm

Channel Assembly - 2 C12x30 Channels with 1.75" between

Moment of inertia about strong axis L = 1621n4

S, = 27.0in°
Radius of gyration about strong axis 1, := 4.29n

Z, = 338in°
Cross sectional area A hannel = 8.81in2
Moment of inertia about weak axis .4

Iy:= 5.12in
Radius of gyration about weak axis = 262in

x_bar := .674in
Yield strength Fy channel ©= SYksi
Modulus of elasticity E =2.9x 104 ksi
Web thickness ty = .510in
Flange width bg = 3.17in
Flange thickness te:=.501in
Depth h:= 12in
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lm

@

[

e es s s enas st
[ —
l W1 l w2
 —
e — iEe=]
R
2'-6™ Q' 8'-9.5"
Calculate self-weight of block
W1 = hylock Pblock Tblock We Wy =22.5kip
) T™ 2 :
Wz = lshaft' st 'WC Wz = 166 klp
Calculate the Load that the Tie-down must resist in each direction
Ihaft Dplock .
Wy > + bplock | + W1 5 - Vmax'(lshaft + 17.5in + bblock)
RI =
bhlock
R =63.1kip
[Vinax (L1 _pipe * 3ft + 4in) = (W + W5)-(3ft + 4in)|
R, := R, =39.08kip

6.671ft
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R2

of Support

il
I
Il
I
Il
I
Il
I
Il
L
Il
I
Il
Il
ol
Il
I

IVmax I
I
Il
I
Il
I
I
Il
I
Il
I
Il
I
Il
I

W\Centerline
|
|
|
|
|
|

Total Load that the Tie-down must support

Ri=— +R, R = 70.63 kip

Check that the load is less than the capacity of the floor
Floor Capacity := 200kip

Check Floor Capacity := | "Sufficient" if Floor Capacity > R

"Insufficient" otherwise
Check Floor Capacity = "Sufficient"

Check Bearing Strength of Concrete

Conservatively assume that the load bears on 1 in. of concrete across the length of the block...

Ay o= 1 -lin .2
bearing -~ "block Abearing =120 in
d)bearing = .65
Bearing_Strength := d)bearing"gs'fc'Abearing Bearing_Strength = 364.65 kip
Check Bearing Capacity := | "Sufficient" if Bearing Strength > 2-R

"Insufficient" otherwise

Check Bearing Capacity = "Sufficient"
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Required Capacity of the Channel Assembly

74"

L g

Rl Rr
[ [ [ [
Nl Ipapp H
¥ ] ¥
N A
N N
P,...:=R .
aj =
PP oo Pypp = 70.63kip
L
L™ e Ry = 23.54kip
R Papp = F1 R = 47.09kip
a:= 4ft
b= 2ft
P, -ab
_ _app . -
Max_tiedown = M = 94.18 f-kip

a+b max_tiedown

Flexural Capacity of Each Channel

M M = 281.67 ft-kip

n_tiedown = Fy_channel' (2'Zx) n_tiedown

Check Flexure Channels := | "Sufficient" if Mn_tiedown > Mmax_tiedown

"Insufficient" otherwise
Check Flexure Channels = "Sufficient"

Buckling Check of Each Channel

Treated as 2 separate channels

o F
f = 2t Ap=3.16
h
A, = —
w ty Ay = 23.53

132



Ay = .38
f
P F y_channel
E
)\pw = 3.76- v
y_channel

Check Flange Compact := | "Compact" if >\pf > Np

"Not Compact" otherwise

Check Web_Compact := | "Compact" if >‘pw > Aw

"Not Compact" otherwise

Bracing Check of Each Channel
Lb =b

L 1.76 L
p = L1761y v

y_channel

Bracing Check := | "Braced" if Lp > Ly,

"Unbraced" otherwise

Checking Channel Assembly

Ly ynit = 2.{5 + |:Achannel'[x_bar N (1.725111)}2}]

Iy_unit

r . =
unit
Y- Achannel
E
L .= 1.76-1 o
unit unit
P- Y- F y_channel

bf_unit = 2bf + 1.75in

tw_unit = 2-tW + 1.75in

N O unit
f unit -~
- 2-t
h
>‘W_unit = R ]
w_unit
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Npf = 915

Npw = 9055

Check Flange Compact = "Compact"

Check Web_Compact = "Compact"

Ly =21t

Lp =2.69-ft

Bracing Check = "Braced"

.4
Iy_unit =52.52in

ry_unit =2.441in

Ly, unit = 10349in

bf_unit = 8.091in
tW_lll’lit =2.771in

Nt it = 8:07

A 433

w_unit



Check Flange Compact Unit := | "Compact" if >\pf >N ynit  Check_Flange Compact_Unit = "Compact”

"Not Compact" otherwise

Check Web_Compact Unit := | "Compact" if >‘pw > >‘W_unit Clizok Welh Comgest Ui = “Olomgrel

"Not Compact" otherwise

Bracing Check Unit := | "Braced" if Lp_unit > Ly Bracing Check Unit = "Braced"

"Unbraced" otherwise

Weld Design
V. = max(Rj ,R .
weld ( L R) Vield = 47-09kip
tpl = .5in
bpl = Sin
t
o o (R
Q:= (tprbpl) H ) j * (zﬂ Q=15.62in°
¢ 2
- ) (Y L (1),
weld = 21 2 (tpl bpl) K 2 j i (2)} ’ (12} bpl ‘Pl Tyeld = 519.42in4
Ve qQ .
1d k
Required Load per Foot := el s Required Load per Foot = 17-£
I ft
weld
. 3.
Weld_Size := gm
Felectrode = 70ksi
Fyy = -6-Folectrode = 42ksi -
d)weld =.75

Throat := .707-Weld_Size
Required Load per Foot

Required Length Per Foot = 2.04-E
byeld Fyy Throat ft

Specify 4" per foot of Weld

Required Length Per Foot :=

[«] Tie-Down Design

T = 249 frkip

max ‘= Tn_breakout - plate
Viax = 27-67kip

M, 0y = 124.5 ft-kip
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Torsion and Flexure Design Calculations

[*] Input and Properties
Shaft

Diameter of the Shaft
Concrete Strength
Lenth of Shaft

Hoop Steel

Hoop Steel Area

Hoop Steel Diameter
Spacing of Hoop Steel

Yield Strength of Hoop Steel

Centerline of Hoop Steel Diamter

Longitudinal Steel
Longitudinal Steel Area

Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel

Number of Long Steel Bars
Torsional Stiffener Plates
Thickness of the plate

Width of the plate

Length of plate

Yield strength of the plate
Flexural Stiffener Plates
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates

Embedded Pipe
Thickness of the pipe

Diameter of the pipe

Moment Arm

[«] Input and Properties

dg := 30in
f. == 5500psi
L, = 36in

.2
Ahoop = .11lin

dpoop = -375in

Shoop = 2.5in

£y hoop = 60ksi

dh = 27in
.2

Along = .2in

leIlg = .5in

fy Jong = 60Ksi

Njong = 24

t:= lin

b := lin
L:=7in
fy plate := 50ksi

bflex_plate = 1in
tflex_plate = 1in
Lflex_plate = 310
= .465in

= 16in

= 42ksi

= 58ksi

tplpe .
dplpe .
Fy pipe’
Fy pipe :

Tors Moment Arm := 9ft
Flex Moment Arm := 8ft
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STIFFENER DESIGN

[*] Calculation of Capacity with Anchor Bolts

Input

Shaft

Diameter of the Shaft dg=30in

Concrete Strength f, =5.5ksi

Equivalent Anchor Bolt

Diameter of the bolt d, = 1.5in
Center-to-center diameter of bolts dy, := 20in

Number of bolts No Bolts_equiv := 12
Yield strength of bolts fy_bolt_equiv := 105ksi

Concrete Breakout Equivalent Torsional Strength

(ds -~ dp)
cover ;= ——— )
2 cover = 51in
2 2 2
d d d d
B | I I Ba B B B
_ 2 1\ 2 2 ) | 2
Cal o 3.25 Cal =3.851n
a 360deg
" No_Bolts_equiv A =30-deg

d
S A
chord group := 2-—-sin| —
_group 5 (2j

3.0- Cal
Amin_group = 2-3sin q

S

chord_group = 7.76in

Amin_group =45.24-deg

Check_Group_Effect := | "Group Effect" if A<A .. group

"No Group Effect" otherwise

Check Group_Effect = "Group Effect"

Ay = No_Bolts_equiv-chord_group-1.5-c,; Ay = 537.55 inz

2
A =45c .2
Veo al Ayeo = 66.57in

l.:=8d .
€ o 1e =12in

2 1.5
1 ’d ’ f. (¢
€ 0 c al
Vy =13 —| - |— |—: | — | -Ibf .
b (dOJ in y psi ( in j Vi, = 13.5kip
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'lI)CV =14

'll)ecV =10
’ll)edV =10
Vcbg
Ave
Aveo
Vcbg parallel = 2'Vcbg

o

Tn_breakout_ACI = Vcbg _parallel'( )

[«] Calculation of Capacity with Anchor Bolts

J

= (No_Bolts_equiv~1pedv~1pcV-Vb) if Check Group Effect = "No Group Effect"

— | . -Vi,| if Check Group Effect = "Group Effect"
ecV' ¥edV' 'b

Vcbg =109.01 kip

Vcbg _parallel =

218.03 kip

Tn_breakout_ACI = 181.69 ftkip

[*] Torsional Capacity Using Breakout Capacity

Input
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates
Length of the shaft

Diameter of upright/embedded pipe
Diameter of stiffeners

Number of stiffeners
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b=1in
t=1in

L=7in
Ly=36in

dpipe = 16in

dst = dpipe

No_Stiff = 4



a nel a1 nel
g o] g o]
d P d AVC P
g o] g o]
o] P d P
L breakout ¢ P a P
d P d P
o] o] g o]
d P d P
g o] g o]

Concrete Breakout Equivalent Torsional Strength

dg -~ dg) .
cover := T cover = 71n
2 2 2
d d d d
t
Ca1 = ~ = c,1 =4.99in
al 325 al

360d
A= eig_ A = 90-deg

No_Stiff

dg A
chord group := 2-?-sin ? chord group =21.21in
3.0'Ca1

Amin_group = 2-asin d. Amin_group = 39:93-deg
Check_Group_Effect := | "Group Effect" if A<A .. group Check Group_Effect = "No Group Effect"

"No Group Effect" otherwise
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lpreakout = L + 2:1.5¢4
Ay = min(lbreakout’ Ls)'3 “Cal

2
Ayjeo = 45¢y

l.:=L

| 2 T c 1.5
’ 1
Vb = 13,(_6j \/E —C(ij -1bf
b iny psi \in

) Ave
Vcbg = [ Weev Vedv ey Vb

Aveo
Vcbg parallel = 2'Vcbg
VC = Vcbg_parallel'NO—Sﬁff

. dst
Tn_breakout _plate -~ Ve Py

[«] Torsional Capacity Using Breakout Capacity

lbreakout =21.98in

Ay, = 32943 in”
Av. = 112.27in°
Veo = 27 1n

1e =7in
V}, = 15.88kip

Vpg = 65:25kip

Vebg parallel = 130-49kip

V,, = 521.97 kip

Ty breakout plate = 347-98 fvkip

[*] Torsional Capacity Using Side-Face Blowout Capacity
Input
Width of the stiffener plates
Thickness of the stiffener plates

Length of the stiffener plates
Length of the shaft

Diameter of upright/embedded pipe
Diameter of stiffeners

Number of stiffeners

Concrete Breakout Equivalent Torsional Strength

2 2 2
d d d d
L B 0 | Bl B . I
o 2 2 )] 2
al 3.5
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b=1in
t=1in

L=7in
Ly=36in

d =161in

pipe

dst = dpipe

No_Stiff = 4

Cal =4.99in



.2
Abrg =Lb=7in

S5 .5 .
Ngp = 200-c,¢- Abrg'fc -psi Ny, = 196.01 kip

d

. S .
Tn_blowout = NO—Stlff'Nsb'T Tn_blowout = 522.7 ft-kip

[«] Torsional Capacity Using Side-Face Blowout Capacity

[*] Capacity Check
Check_Capacity := | "Sufficient Strength” if T, paokout plate 2T, preakout ACI
"Insufficient Strength" otherwise
Check Capacity = "Sufficient Strength"
Th breakout .~ plate
= =192
Tn_breakout_ACI
[«] Capacity Check

[*] Welding for Stiffener Plates

Weld Design

T
bl t
v n_blowou

t=1in
tpipe =0.471in

Weld_Size := %in

Felectrode *

Fy = -6-Felectrode

= 70ksi

Throat := .707-Weld_Size
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Ry weld = Throat-Fyy
. t
Ri_yield = 6y pipes
. t
Rn_rupture = -45'Fu_pipe3
Ry = min(Ry eid-Ry yield:Rn_rupture)
Viweld

Required Length Each Side :=

“n

[«] Welding for Stiffener Plates

k
11.14=2
m

Rn_weld =

12.6.59p
m

Rn_yield =

g
- 13.05.—2
m

Rn_rupture

kip
R, =11.14—
n in

Required Length Each Side =4.69 in

cei 1( Requn’ed_LerTgth_Each_Sldej in = Sin
in

Tn_breakout_ACI = 181.69 ftkip

Ty breakout_plate = 347-98 ft-kip

Ty blowout = 522.7 ftkip

FLEXURAL CAPACITY

[*] Equivalent Bolt Flexural Capacity
Input
Shaft
Diameter of the Shaft
Concrete Strength
Equivalent Anchor Bolt
Diameter of the bolt
Center-to-center diameter of bolts
Number of bolts

Yield strength of bolts

Calculate flexural capacity...

d. )
Ay =T —
b 2
d

.Y
M bolt = Ab'fu_bolt_equivNo_Bolts_equiv: e

[«] Equivalent Bolt Flexural Capacity

dg =30in
f, = 5.5ksi

do = 1.5in
d, == 20in

No_Bolts equiv = 12

fu bolt_equiv = 125ksi

Ay =177 in2

My polt = 8283 frkip
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[*] Flexural Capacity of Shaft

Check Flexural Capacity of Shaft

Input d
R:= — =15in
Radius of Shaft Ty T
2
R
Area of shaft s T
Longitudinal Reinforcement
Number of Longitudinal Bars Njong = 24
Yield Strength of Longitudinal Reinforcement fy_long = 60-ksi
.2
Longitudinal Steel Area Along = 0-2in
Number of Bars Yielded (Assumption) Nong yield = 17

Embedded Pipe
Apipe := 24in-.688in
d = 16in

Cross sectional area of pipe
Inside diameter of pipe pipe
Yield Strength of Pipe £ pipe = SOksi

Calculations Using ACI Stress Block at the Point Below the Embedded Pipe

Bl(fc) = | .85 if £, <4000psi Bl(fc) =0.78
65 if f, > 8000psi ACI10.2.7.3
(£ — 4000psi)
85 = .05 ————— || if 4000psi < f, < 8000psi
1000psi
(nlong yield Along Ty long) 2
A — — = A = 43.64in
com com
P 85-f, P
| n2 (R-h) [ 2
Acompcircle(h) = [R -acos[T} -(R-h)42-R-h-h"| - Acomp
a:1= 100t Aompcircle(h) . h, 0in, R) a=337in
a
c:= c=435in
Bi(fe)
= 002 —— =29in
Y 003 e
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c=4.35in.
o © o
o o
© © y=29in.
o o
o 17 Bars Below Yield Line o
9.2502
12.0237
15 Z (dbari'Along'2> +26.5inAjgpo
] 17.9763 | ] i=0 ] o131
bar = m bars “— bars — +7-10 1M
20.7498 Nong_yield Along
23.1314
25.0189
26.1677
a .
Mn_shaft = nlong_yield'Along'fy_long'(dbars - Ej Mn_shaft = 296.49 ft-kip
[«] Flexural Capacity of Shaft
[*] Flexural Capacity of Pipe 3
Z = 112in
Embedded Pipe
.2
Apipe = 28.5in
Cross sectional area of pipe
Inside diameter of pipe dpipe = 16in
Pipe wall thickness tpipe = 0.47in
Yield Strength of Pipe Fy pipe = 42ksi
Diameter to thickness ratio D t:=43.0
Length of the pipe Lpipe = 3ft
E := 29000ksi
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Determine Shear Strength of Round HSS

L. Lpipe
\'A 2

. (1.6:E) (.78-E) .

For 1= ma = ; For 1 =397.29ksi
—o oV | oo
dpipe
Fop 1= min(Fg 1,.6:Fy pine) F . =252ksi
F Ap
__ _crpipe 3 .

Vn_pipe = 2 Vn_pipe = 359.1kip

Determine Flexural Capacity of Round HSS

A45-E
Check Applicable := if {D_t < ( j, "Applicable" , "N/A"j|
Fy_pipe

Check Applicable = "Applicable"

A, = .07
p F. .
y_pipe
E
A= 31
F. .
y_pipe
Check Compact := | "Compact" if D t< >‘p Check Compact = "Compact"
"Noncompact" if >\p <D_t<X\
"Slender" if D_t> X\,
Mp = Fy_pipe'Z
Mj pipe = Mp My, pipe = 392 ftkip

[«] Flexural Capacity of Pipe
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[*] Flexural Capacity of T-Plates Using Side-Face Blowout Capacity
Flexural Stiffener Plates

Width of the stiffener plates bflex plate = 2in
Thickness of the stiffener plates tflex plate = lin

Length of the stiffener plates Lex plate = .125’7T'dpipe
Length of the shaft Ly=36in

Diameter of upright/embedded pipe dpipe = 16in

Diameter of stiffeners d d

st = dpipe T 2Pflex plate

Concrete Breakout Equivalent Flexural Strength

= = ¢, =3.85in
al 325 al

.2
Abrg = Lilex _plate'bﬂex _plate Abrg =12.57in

5 .5 .
Ngp = 200-c,¢- Abrg'fc -psi Ny = 202.23 kip

Mn_blowout = Ngp g Mn_blc)w()ut = 337.05 ft-kip

[«] Flexural Capacity of T-Plates Using Side-Face Blowout Capacity

[*] Flexural Capacity Using Breakout Capacity

Input

Width of the stiffener plates bflex plate = lin
Thickness of the stiffener plates tflex plate = lin
Length of the stiffener plates Lex plate = 7in
Length of the shaft Ly=36in
Diameter of upright/embedded pipe dpipe = 16in
Diameter of stiffeners dgi = dpipe + 4in
Number of stiffeners No_Stiff := 4

Concrete Breakout Equivalent Flexural Strength

(dg — dgy) :
cover ;== ——— cover = 51in

2
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2 2 2
d d d d
_St + 325 _S _ _St _ _St
1\ 2 2 ) | 2 )
Cal = 305 c,1 =3.851n
._ _3060deg A =90-deg
No_Stiff

d
S A
chord group := 2-—-sin| —
_group ) (2)

30 Cal
Amin_group = 2-asin q

S

Check Group_ Effect :=

lpreakout = tflex _plate

Ay = min(lbreakout’ Ls)'3 “Cal
2
Ayjeo = 45¢y1

le = Lilex _plate

+ 2- 1.5Ca1

"No Group Effect"

chord_group =21.21in

Amin_group =45.24-deg

"Group Effect" if A<A group Check Group_ Effect = "No Group Effect"

otherwise

lbreakout = 1254 in

Ay, = 144.67in”

Ay = 66.57in>
Veo = S571n

1ez7in

| 2 5 T c 1.5
f flex_plat , 1
Vi = 13 e e pate, _C[ij Ibf Vi, = 10.73kip
flex plate m pst \ 1n

) Aye
Vcbg = Pecv WedvPev Vo

Aveo
Vcbg parallel = 2'Vcbg
Ve = Vebg parallel No_Stff

. dst
Mn_breakout = Ve Py

[«] Flexural Capacity Using Breakout Capacity

Vg = 32:65kip

Vebg_parallel = 63-31kip

V,, =261.23 kip

Mn_breakout =217.69 ft-kip

Mn_bolt = 82.83 ftklp

My pipe = 392 ftrkip

Mn_shaft =296.49 ftklp

M 337.05 fr-kip

n_blowout =

M ¢ = 217.69 fkip

n_breakou
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FAILURE EQUATIONS

[*] Torsion

Threshold Torsion

d 2
A =] — | =706.86in"
cp= T 5 ) =70 in

Pep = Tdg=94.25in

2
S L )
threshold psi bep

Cracking Torsion

2

, f A
Tep=4 —cgpsi~ P
ps1 pcp

Tihreshold = 32-76 ftkip

T, = 131.06 ftkip

Ty blowout = 5227 ftkip

Ty shaft = 252.95 fkip
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2 n
dy 2
Ay =T — | =572.56in
2
2
d
h
Ag= | —2B | _0.11in
2
0 := 45deg 0 =0.79-rad
ro o Zhofely hoop o
torsion * Shoop Tiorsion = 25295 ftkip
Tn_shaft = Ttorsion T, shaft = 252.95 ftkip
[«] Torsion
Th_breakout plate = 347-98 ftkip



DEVELOPMENT LENGTHS OF FLEXURAL REINF.

[*] Development Length of Longitudinal Bars

Input

Longitudinal Steel

Longitudinal Steel Area
Longitudinal Steel Diameter

Yield Strength of Longitudinal Steel

Development Length of Longitudinal Reinforcement
¥.:=13

v, := 1.0

Po=1.0

X=1.0

Cb_Kitr := 2.5in

3) fy_long (\I’t'q’e'\l’s’x)

1 == . -d
dh_long ( 40 P (CbKtrJ long
— si
psi P dlong

=0.2 in2
=0.5in

Along
dlong

£y Jong = 60ksi

ldh_long =7.891in

14 1ong = ldh_long 14 1ong = 7-891n
1 il 4 long in 1, 1 =8in
= cel . —
dl1 in dl
[«] Development Length of Longitudinal Bars
[*] Length of Shaft Required
Length of Stiffeners L=7in

Length of Breakout
Length of Shaft
Development Length of Longitudinal Reinforcement

Required Cover
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lbreakout =12.541in
L= 36in
ld_l =8in

c_cover := 2.5in



Required Length of Shaft Based on Breakout and Development Length

Lihaft = lbreakout + €_cover + 1 dl

lshaft =23.041in

Check Shaft Length = if (Lg > Iy, . "Sufficient" , "Not Sufficient" )

[«] Length of Shaft Required

Check Shaft Length = "Sufficient"

SUPERSTRUCTURE

[*] Superstructure Assembly Strength - Pipes

Superstructure Test Assembly Pipe

Pipe Properties - HSS 16x.500
Design Wall Thickness

Cross Sectional Area of Pipe

Diameter to Wall Thickness Ratio
Nominal Weight
Moment of Inertia

Elastic Section Modulus

Radius of Gyration

Plastic Section Modulus

Diameter of the Pipe
Torsional Constant

HSS Torsional Constant
Yield Strength
Ultimate Strength

Modulus of Elasticity
Length of Short Superstructure Pipe
Length of Long Superstructure Pipe

tpipe = .465in
.2
Apipe = 22.7in
D t:=344
Ibf
Wpipe = 82.85?
.4
Ipipe = 685in
S . = 857
plpe = ./1n
rpipe = 5.49in
Z = 1121 .
p1pe = m
Dpipe = 20in
J. = 1370in"
plpe = mn
C = 1711 .
p1pe = mn
Fy - pipe = 42 ksi
Fu_pipe = 58 ksi
E := 29000ksi
Ls_pipe = 17in
Ll_plpe = 9ft
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Short Pipe

Design Flexural Strength

O flexure = 9 AISC Spec. F1
Mn_s_pipe = (Fy_pipe'zpipe) if D t< (.45. — j Mn_s_pipe =392 ft-kip
y_pipe
"Equation Invalid" otherwise
Design Shear Strength
Bshear = -9 AISC Spec. G1
T 1.60-E 1.60-E 78-E
Fop= (1.60-E) " (1.60-E) S (.78-E)
Ls pipe 125 Ls pipe 125 [@p'?
L\ Dpipe pipe
T (78E
(78E) otherwise
| (D_t)l's
F =min(F__,.6-F_ . .
cr_shear ( cr y _plpe) Fcr_shear =25.2ksi
_ ¢shear'(F cr_shear'Apipe) 95740 ki
Vn_s . pipe ) Vn_s  pipe = 57.42 kip
Design Torsional Strength
Ptorsion = 73 AISC Spec. H3.1
[ (1.23-E) (1.23-E) (.60-E)
Fopi= =
Ls pipe 1.25 (D t)l'5
b pipe (D t) PP p gy -
plpe Dpipe
60-E
( ) otherwise
L(D_ o'
Fcr torsion = Min(Fep, 6- y_pipe) Fc1r_torsion =25.2ksi
Th s pipe = Fer_torsionCpipe Th s pipe = 359-1ftkip
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Design Axial Strength

d)comp =.90
E
>‘r = .31
F .
y_pipe
E
A, = .07
p F .
y_pipe
=

"Noncompact" if >‘p <D_t<X\

"Slender” if D_t > X\,

"Compact" if D t< >‘p

if F

¢ short = 44F

(.877~Fe_sh0rt) if Fe short <-44Fy pipe

ks_plpe =.5
) (7T2-E
Fe_short = )
K Lg _pipe
s_pipe’
pipe
(F y_pipe
F
e _short
FCf_ShOft = 658 Fy_plpe
P

Summary for Short Pipe

Flexural Strength
Shear Strength
Torsional Strength

Axial Strength

n_s_pipe = Peomp Fer short Apipe
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y_pipe

X = 214.05

X = "Compact"

5, .
Fe_short =1.19 x 10™ ksi

Py s pipe = 857:93kip

M = 392 fr-kip

n s pipe

Vn_s _pipe

Ty s pipe = 359-1 ftkip

= 857.93kip

= 257.42 kip

Pn_s _pipe



Long Pipe

Design Flexural Strength

Sflexure = 09 AISC Spec. F1
My | pipe = |(Pfiexure Fy pipeZpipe) if D_t < (.45-F _ j My, | pipe = 3528 ft-kip
y_pipe
"Equation Invalid" otherwise
Design Shear Strength
Ogpear = 0-9 AISC Spec. G1
T 1.60-E 1.60-E 78-E
P, = (1.60-E) " (1.60-E) S (.78-E)
Lli)ipe 1.25 Lli)ipe 1.25 (D t)l'5
— (DY — (DY -
L\ Ppipe Dpipe
[T (.78E
{T8E) otherwise
D1 1.5
F =min(F__,.6-F_ . .
cr_shear ( cr y _plpe) Fcr_shear =25.2ksi
) ¢shear'(F cr_shear'Apipe) .
Va1 pipe = 5 Vi 1 pipe = 257:42kip
Design Torsional Strength
Ptorsion = 072 AISC Spec. H3.1
i (1.23-E) (1.23-E) (.60-E)
Fop= = 15
L L .
1 pipe ~1_pipe 1.25 Dt
o' o' B
plpe Dplpe
60-E
( ) otherwise
D'
Fcr torsion = Min(Fep. .6 y _pipe) Fc1r_torsion =25.2ksi
Tn_l _pipe = Fcr_torsion'cpipe Tn_l _pipe ~ 359.1ftkip
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Design Axial Strength

d)comp =.90
E
>‘r = .31
F .
y_pipe
E
A, = .07
p F .
y_pipe

A= |"Compact" if D t< >‘p
"Noncompact" if >‘p <D_t<X\

"Slender” if D_t > X\,

klong_pipe =20
s
Fe_long = )
K L _pipe
long _pipe
p1pe
(F y_pipe]
F
. e long
Fcr_long = .658 'Fy_pipe
(.877~Fe_long) if Fe jong

Pn_l pipe = d)comp'Fcr_long'Apipe

Summary for Long Pipe
Flexural Strength

Shear Strength

Torsional Strength

Axial Strength

[«] Superstructure Assembly Strength - Pipes

if Fy jong 2 44F

y_pipe

X = 214.05

X = "Compact"

F = 184.9ksi

e long

Py | pipe = 780:24kip

My | pipe = 3528 fvkip

v

n | pipe = 25742kip

Ty | pipe = 3391 ftrkip

Py | pipe = 780:24kip
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[*] Superstructure Assembly Strength - Connecting Plates

Superstructure Test HSS Connection Plate
Plate Properties - PL1/2" x 32" x 24"

Plate thickness tp = .5in

Plate length hp = 32in
Plate width bp = 24in
Yield strength Fy - plate = 50ksi
Ultimate strength F, plate = 62ksi
Design Tensile Strength

Dt yield = -9

Py yield = Pt yield Fy platetpbp Py yield = 40 Kip
U:=1.0

A, = tp~bp

Aei=Udy A, = 12in”
d)t_rupt =.75

Py rupture = Ot rupt e Fu_plate Py rupture = 358 kip
Py plate = | Pn_yield if Pn yield = Pn rupture Py plate = 540kip

Pn_rupture otherwise

Design Flexural Strength

Pfexure = 0-9
Ag = tp~bp Agz 12in2
Ly = 16in

3
- ®ptp
3
t
c:= L2
2

S, = i .3

P ¢ Sp =4in
My = Sp-Fy plate M, = 16.67 ft-kip
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s | el
p- P 2
M_:=F

P y _plate'Zp

My yietd = |(16My) if 16My <M,

Mp otherwise

LTB_Equation Check := | "Equation F11-2"

"Equation F11-3"

LTB_Equation Check = "Equation F11-3"

Cb =1.0
(1.9-E-Cy)
T iy

2
tp

My 1 = (Fcr' Sp) if LTB_Equation Check = "Equation F11-3"

b
Cp| 152 = 274 Lpy—>
tp

My plate = Dflexure’

M yield otherwise

p

Design Torsional Strength

cbtorsion =0.75

M plate = d)torsion'Fy _plate"6

Summary for Plate Connector

Tensile Strength
Flexural Strength

Torsional Strength

P F y_plate

My 1o 1 My g5 <M

Zp =15 in3

M), = 6.25 fikip

) Lyb )
o (08E) (Lybp) L (19E)

F y_plate tp2 F y_plate
Ly-b
b 1.9-E
o[ Eobo)] o)
tp2 FyJ)late

Fop = 35.87ksi

-kip-in otherwise

p_yield = 5.62 ft-kip

M, plate

Mt_plate =22.5ksi

= 540 kip
= 5.62 ft-kip
=22.5ksi

Py plate
M, plate
M _plate
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Weld Design

Tn_blowout

V .
Tors Moment Arm Vield = 58-08kip

weld =

tp =0.5in
tpipe =0.471in

Weld Size := iin
- 16

Felectrode *

Fy = -6-Felectrode

= 70ksi

d)weld =.75

Throat := .707-Weld_Size

kip
ORy yeld = Pyeld Throat-Fyy PRy weld = 4-18'3
kip
PRy yield = Fy pipe'tp PRy yield = 126-— >
kip
d)Rn_rupture = ‘45'Fu_pipe'tp d)Rn_rupture =1 3,05.;
o kip
ORy = mm(d)Rn_weld’d)Rn_yield’d)Rn_rupture) OR, = 418';
Vweld

Required Length Each Side :=

Required Length Each Side = 13.91in
n

ceil( Requn‘ed_LerTgth_Each_Sldej.in _ l4in
in

[«] Superstructure Assembly Strength - Connecting Plates

[*] Base Connection

Superstructure Test Base Connection Plate

Plate Properties - Annular Plate

Plate diameter Bp = 24in
Yield strength fy ann = UKsi
Ultimate strength f1 ann = 79Kksi

Thickness of plate tplate := 1.00in
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Bolt Properties - D1" ASTM A325
Center to Center Radius of Bolts
Number of Bolts

Field Strength of Bolts

Ultimate Strength of Bolts

Radius of the pipe

Diameter of the bolt

Bolt Bearing Strength
(Bp ~dy, - -5'dbolt)

L.:= =1.62in
¢ 2

Pshear = 75

ORy = 1'2'Fu_plate'Lc'tplate

Rn_parallel := 2-¢R

b
Tn_bolt_bearing := No_Bolts-Rn _parallel~(7j

Check Bolt Bearing :=

Check Bolt Spacing
Sreq = 267db01t =41in

Tt-d

Sactual = T = 5.241in

Check Bolt Spacing := | "Sufficient"

"Insufficient"

Check Bolt Shear

2 .2
Ap = 1(5-dpoy) = 1.77in
FnV = .4-120ksi = 48 ksi

OVy, = d)shear'Ab Fry

v

n_parallel = Vy-2

"Sufficient Strength"

"Insufficient Strength"

if s

1, == 12in
No_Bolts := 12

£y bolt_field = S5ksi

fll bolt = 105ksi

D..
__ pipe .
rp = 5 =10in

dbOlt := 1.50in

OR,, = 120.9kip

Rn_parallel = 241.8kip

d

3 .
Tn_bolt_bearing =242 x 10 ftklp

if Tn_bolt_bearing 2T

n_blowout
otherwise

Check Bolt Bearing = "Sufficient Strength"

actual = Sreq Check Bolt Spacing = "Sufficient"

otherwise

&V, = 63.62kip

v

n_parallel =127.23 klp
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d
b 3.
Tholt_shear = No_Bolts-Vy, _parallel'(?} Tholt_shear = 1.27 x 10" ft-kip

Check_Bolt_Shear := | "Sufficient Strength" if Ty 1t shear = Tn blowout

"Insufficient Strength" otherwise
Check Bolt_Shear = "Sufficient Strength"
Weld Design

Weld Connecting Annular Plate to Pipe

tpipe =0.47in
. 3.
Weld_Size := gm

Felectrode = 70ksi

Throat := .707-Weld_Size

kip
Rn_weld := Throat-Fyy Rn_weld - 11_14,¥
kip
Rn_yield = Fy_pipe'tpipe Ri yield = 11:72= =
kip
Rn_rupture = '45'Fu_pipe'tpipe Rn_rupture = 12.14.I
. kip
Ry= Inln(Rn_weld’Rn_yield’Rn_rupture) R, = 1114';
Ryveld = Ry ™ dpipe Ryyeld = 559.72 kip
. dpipe .
Tweld = Rweld = Tyeld = 373-15 frkip
. dpipe ,
Myveld = Rweld = Mg = 373-15 frkip

[«] Base Connection

Ty s pipe = 3591 ftkip
Tyeld = 373.15 fkip

Myelq = 373.15 ftkip
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CONCRETE BLOCK

[*] Concrete Block Design - Strut-and-Tie Model

Compression Struts

ZTension Tie

—

]

Based on ACI 318 Appendix A

Tn_breakout _plate

Vv =
max Tors_Moment_ Arm

M ax = Vinax Flex_Moment_Arm

m
d := 6ft + 8in
Mhax
R =
d
Node A
0:= atan(S E
d
R
C:=
sin(0)
T := C-cos(0)
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Viax = 38.66kip

M ax = 309.32 frkip

d =80in

R = 46.4kip

0 = 36.87-deg

C = 77.33kip

T = 61.86kip




Check Reinforcement
No_Bars Block Reinf := 3
Block Reinf Bar No:= 8

£y block_reinf = 00ksi

2
. Block Reinf Bar No + 8 ). 2 .2
Ablock_reinf = No_Bars_Block_Relnf-'n'.( > j in Ablock_reinf =2361in

Check_Block_Reinf_A = "Sufficient" if AblOCk reinf'fy block reinf >T

"Not Sufficient" otherwise

Check Block Reinf A = "Sufficient"

[«] Concrete Block Design - Strut-and-Tie Model

[*] Concrete Block Design - Beam Theory

L
Il
Il
Il
Il
Il
Il
Il
Il
Il
Il Vblock M
Il
Il
Il
Il
Il
Il
Il
I
Il
Il

.,

Vblock = R Vilock = 46-4kip
Mpock = R-(31t + 4in) Mpjock = 154.66 fr-kip
From strut-and-tie model...

.2
Aplock_reinf = 2-361n

£y block_reinf = 60ksi
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Check Shear

Check_Shear_B = "Sufficient" if Ablock_reinf'fy_block_reinf > VblOCk Check_Shear_B - "Sufficient"
"Insufficient" otherwise
Check Flexure

bblOCk := 30in
Pblock = 6ft

dblOCk = 5.51t

Tgiven = Ablock_reinf 'fy_block_reinf Tgiven = 141.37kip

C(a) = .85 fc'bblock'a

P(a) := C(a) - Tgiven
a:= root(P(a),a,Oin,hblock) a=1.01in
By(fe) =078
a
¢= c=13in
Bu(fe)
a .
M block = Tgiven'(dblock - 5) My plock = 77161 fikip

Check Flexure B := |"Sufficient" if Mn_block 2 Mpock

Check Flexure B = "Sufficient"
"Insufficient" otherwise

Required Hook Length for a #8 bar

Hook No 8 =12in

Block Reinf Bar N
Hook No_8 = 12-( S O-inj

8

[«] Concrete Block Design - Beam Theory

[*] Summary of Concrete Block Reinforcement

Block Reinf Bar No =8

No_Bars Block Reinf =3

Check Block Reinf A = "Sufficient"
Check Shear B = "Sufficient"

Check Flexure B = "Sufficient"

[«] Summary of Concrete Block Reinforcement
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[*] Tie-Down Design
Block Properties

Width of the block
Height of the block
Length of the block
Diameter of the shaft
Length of the shaft
Weight of concrete
Maximum shear applied

Channel Assembly - 2 C12x30 Channels with 1.75" between

Moment of inertia about strong axis

Radius of gyration about strong axis

Cross sectional area
Moment of inertia about weak axis

Radius of gyration about weak axis

Yield strength

Modulus of elasticity
Web thickness
Flange width

Flange thickness
Depth
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bblOCk =30in

Dblock = 6-ft
Iblock = 10t
dg=30in

Ighaft = 36in

w = 150pcf

Viax = 38:66kip

4
IX = 162in

.3
SX = 27.0in
o= 4.29in

.3
Z, = 33.8in

.
Achannel = 8.81in
Iy:= 5.12in4
ry = .762in
x_bar := .674in
Fy_channel = 50ksi

E=29x 104ksi

to = .510in
bf = 3.17in
te = .501in
h:= 12in



lm

@

[

- T
[ —
l W1 l w2
 —
e — iEe=]
R
2'-6™ Q' 8'-9.5"
Calculate self-weight of block
W1 = hylock Pblock Tblock We Wy =22.5kip
) T™ 2 :
Wy = Lpatt Z-ds W Wy =2.21kip
Calculate the Load that the Tie-down must resist in each direction
Ihaft Dplock .
Wy > + bplock | + W1 5 - Vmax'(lshaft + 17.5in + bblock)
RI =
bhlock
R =92.83kip
[Vinax (L1 _pipe * 3ft + 4in) = (W + W5)-(3ft + 4in)|
R, = R, = 59.15kip

6.671ft
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R2

il
I
Il
I
Il
I
Il
I
Il
L
Il
I
Il
Il
ol
Il
I

IVmax I
I
Il
I
Il
I
I
Il
I
Il
I
Il
I
Il
I

Total Load that the Tie-down must support

Ri=— +R, R = 105.56 kip

Check that the load is less than the capacity of the floor
Floor Capacity := 200kip

Check Floor Capacity := | "Sufficient" if Floor Capacity > R

"Insufficient" otherwise
Check Floor Capacity = "Sufficient"

Check Bearing Strength of Concrete

Conservatively assume that the load bears on 1 in. of concrete across the length of the block...

Ay o= 1 -lin .2
bearing -~ "block Abearing =120 in
d)bearing = .65
Bearing_Strength := d)bearing"gs'fc'Abearing Bearing_Strength = 364.65 kip
Check Bearing Capacity := | "Sufficient" if Bearing Strength > 2-R

"Insufficient" otherwise

Check Bearing Capacity = "Sufficient"
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Required Capacity of the Channel Assembly

74"

L g

RI Rr
[T [T 1 [T
Nl Ipapp N
|| || || ||
|| || || ||
|| || N ||
P =R .
aj =
pp , . Papp 105.56 kip
L
L 6ft Ry =35.19kip
RR = Papp = R Rg = 70.37kip
a = 4ft
b = 2ft
M. _ Tapp®® M — 140.75 frki
max_tiedown *~ a+b max_tiedown ~ : p

Flexural Capacity of Each Channel

My tiedown = Fy_channel'(z'zx) M, tiedown = 281.67 frkip
Check Flexure Channels := | "Sufficient" if Mn_tiedown > Mmax_tiedown

"Insufficient" otherwise
Check Flexure Channels = "Sufficient"
Buckling Check of Each Channel

Treated as 2 separate channels

b
f
>\f =
h
Aw = t, Ay = 23.53
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E

Aop = 38 | ——
f =
P F y_channel >\Pf 915
= AISC Spec. B4
Ny = 3.76- | ———
\ =
P F y_channel >\PW 90.55

Check Flange Compact := | "Compact" if >\pf > Np

"Not Compact" otherwise

Check Flange Compact = "Compact"

Check Web_Compact := | "Compact" if >‘pw > Aw

"Not Compact" otherwise

Check Web_Compact = "Compact"

Bracing Check of Each Channel

L.=b
b Ly, =2-ft

E
= 1761, |————
p Y | %y channel L, = 2.69-ft

L

Bracing Check := | "Braced" if Lp > Ly,

Bracing Check = "Braced"

"Unbraced" otherwise
Checking Channel Assembly

1.75in Y]’
Iy unit = 2| Iy * | Achannel | X_bar + 4
- 2 = 52.52i
Iy ypit =52-52in

Iy_unit

r I
unit L= :
y_ Achannel Iy unit 2.441in
L = 1.76 E
unit = /0Ty unit’ .= i
p_ y_ Fy_channel Lp_umt 103.49in
b .= 2-be + 1.75n .
f_unit f be it = 8:09in
t L= 2.t + 1.75in :
w_unit w ty unit = 2-77in
s .. Pfunit
f unit- 2t )‘f_unit = 8.07
h
Aw wnit= T A =433
a tw_unit Ww_unit — ™
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Check Flange Compact Unit := | "Compact" if >\pf > Nf unit

otherwise

"Not Compact"

"Compact" if >‘pw >Ny unit

"Not Compact"

Check Web_Compact Unit :=

otherwise

Bracing_Check Unit := | "Braced" if Lp_unit > Ly

"Unbraced" otherwise

Weld Design
VWeld = maX(RL,RR)
tpl = .5in

bpl = Sin

el
hweld = 215 + 2 (tpl'bpl)'{(%j i (gﬂ : (ij'bpl'tpf

V -Q
1d
Required Load per Foot := _wed -
Tyeld
. 3,
Weld_Size := gm
Felectrode = 70ksi
Fyy = -6-Fejectrode = 42 ks
bweld = 73

Throat := .707-Weld_Size
Required Load per Foot
byeld Fyy Throat

Required Length Per Foot :

[«] Tie-Down Design

Check Flange Compact Unit = "Compact"

Check Web_Compact Unit = "Compact"

Bracing Check Unit = "Braced"

Q=15.62in"

Iweld =519.42 il’l4

.
Required Load per Foot = 25.4~%
t

Required Length Per Foot = 3v.04-1f—n
t

Specify 4" per foot of Weld

T = 347.98 ft-kip

max ‘= Tn_breakout - plate
Vinax = 38-66kip

M pax = 309.32 ft-kip
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APPENDIX C
TEST DATA

Torsion Test Data

300

Predicted Maximum

Za0 =

Failure Cracks

Wider

/

200

|

BRSNS

/.

‘«— | Failure Cracks For

150

Applied Load (kip)

100

\

Torsion Cracks For

50

/

Bolt Slippage Ends

Figure C-1. Moment and rotation plot for base plate Hiom test

5

2 2.5

Rotation (deg)
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200

200

Rear of Shaft

Outer Base Pla

\

~
X

\

\

——
/

o

e

/

£ |
s Face of Sha
E 150 r
i |
/ J
!
58 |
’f
w
f
50 ,(
I
[
/
/
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4
Rotation (deg)
Figure C-2. Moment and torsional rotation plot for tordiest
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Torsion and Flexure Test Data

Failure cracks
— wider B

o

>N

Failure cracks form

130

Torsion and flexure cracks

form

100

Applied Torsional Load (kip-ft)

Bond loosens

f

-

1 13
Torsional Rotation (deg)

2 25

Figure C-3. Load and torsional rotation of base platédision and flexure test
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250
| |

Predicted failur

200

Failure cracks
wider

150

Base plate
to face of
shaf

- 250

Bond loosens

100

\

]
4

Base plate
to rear of
shaf

- 200

/

AN

- 150

Applied Flexural Load (kip-ft)

Bolt slippage ends

Face of

shaft to rear

of shaft

7

/

- 100

50

0 /

a

7

S

- 50

0 0.

3 1

15

2 25

Flexural Rotation (deg)

Figure C-4. Load and flexural rotation for torsion and flexiest
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o
,; - 200
Rear of shaft m
F
, 1/
/ Base plate

z / o - 150
="
é‘ 150
,.E pamivy
= -
E Face of saft
Z - 100
H
= 106
2
(=N
(=N
<

5 f’% 30

Ay D
-0.5 0 0.5 1 1.5 2 25 3

Rotation (deg)

Figure C-5. Load and torsional rotation for torsion aedute test
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APPENDIX D
DESIGN GUIDELINES

For the purposes of these design guidelines, therde§igtypical sign/signal can be
divided into three areas. The first of these wouldheesuperstructure, which would include the
vertical column, horizontal member, connection betwderhorizontal and vertical members,
and any other design components above the baseattmmé he second design area would be
the interface with the foundation or the base connecfibis second design area can be
subdivided into the superstructure interface and thedation interface. The last of the design
areas would be the foundation. These design guideliieonly cover the base connection and
the foundation. It is assumed that the superstructikrbevdesigned appropriately using other
FDOT design guidelines. The FDOT offers a MathCAD wsbdet program called MastArm
v4.3 on their website that includes the design ofstifgerstructure including the horizontal arm,
connection to the vertical column, the vertical cahjmnd the annular base plate.

For the concerns of this design guideline the interfeite the foundation and the
foundation will need to be designed for shear, torsaou, flexure. The foundation interface will
need to be designed to match the annular basefpatehe MastArm v4.3 output and the
connecting bolts and welds will need to be desigiée foundation will need to have the
embedded steel pipe and plates, their welded caonscthe concrete, and the concrete
reinforcement designed. A design example will be diggd on the following pages.

Base Connection Design

For the design recommended in these design guidehedsformation obtained from the
MastArm v4.3 program will be the basis for the desigre Bigure D-1 for a clarification of
terminology. For the design of the base plate, thegdeswill need the following information

from the FDOT program or their own design:
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Design loads for shear, flexure, and torsigp Ty, andM,)
Superstructure interface base plate sized

The designer should then use this information and tven design knowledge to design

the following for the base connection:

Size the foundation interface base plate to matckuperstructure interface base plate
Size the leveling bolts for design shear, flexure, ansidn
Ensure shear capacity of bolt holes exceeds desigm she
Size the leveling nuts
Embedded Pipe Design

For the design of the embedded pipe, the designkeneed the following information

from the FDOT program or their own design:

Design loads for shear, flexure, and torsigp Ty, andM,)
Superstructure monopole sized

Welded connection from superstructure monopole to supetste interface base plate
sized

The designer should then use this information and tven design knowledge to design

the following for the embedded pipe:

Size the cross section of the embedded pipe to havsaime diameter and wall thickness
as the superstructure monopole. The embedded pipgeecaither a tapered section or an
HSS pipe.

Size the welded connection from the embedded pigleetéoundation interface base plate
to be the same as the welded connection from thestupeture monopole to the
superstructure interface base plate.

Embedded Pipe and Torsion Plates Design

For the design of the torsion plates, the designemedid the following information from

the FDOT program or their own design:

Design loads for shear, flexure, and torsigp Ty, andM,)

Diameter and length of the circular pedestal portiomefdoncrete foundation
Specified concrete strength of the circular pedestaiquoadf the concrete foundation
Cross section geometry of the embedded pipe
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The designer should then use this information and tven design knowledge to design
the following for the embedded pipe and plate sediSme Figure D-2):

. Determine the number of torsion plates by engineetidgment (minimum of MNorsion
plates)

. Determine the length of torsion plates by enginegudgment (minimum of 6 inches)

. Determine width and thickness of torsion plates byrexeging judgment (minimum of 1
inch for each)

. Determine the breakout edge distarse,

|rDiameter of pip ay’ Diameter of shaft\"  (Diameter of pipey" Digmeter of pive)
( Z ) "'3'25'( 2 ) -( -(

5 ) ; )
™

a1 = 3.25

. Determine the angle available for each plate to braakou

360 degrees
A=—""=

Nrarsiﬂn plates

. Determine the angle required for group effect

min group

3.0¢c,, )
Diameter of shaft

. Check group effect. If group effect present, reduce thebeuwf plates or diameter of
shaft until no group effect occurs.

A, = 2asin (

if A < Apin group then group ef fect exists

. Determine length of breakout

L Ltﬂ?‘j‘iﬂ?‘! plate + 3'0631
. Determine breakout area of one plate

breakout —

‘ch = Lb?"ﬂﬂkﬂut * 3'0631
. Determine breakout area of equivalent anchor bolt

AV::‘.\ = 4.5 [Caljz
. Determine basic shear strength of one torsional plate

Vo= (L ength of torsion plate
b Width of torsion plate
. Determine the breakout strength of one torsional plate

0.2
) =,/ Width of torsion plate = yfff_“c £ (e )*°
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AU
1Y =( G)RV
b b
e Al?co

. Determine the breakout strength of the system of torsmages

Vc = ZVcbg = Ntarséon plates

. Determine the torsional strength of the system of plates

T o

nbreakour - Prorsion = ‘e

(Dia:meter ofpipe)
2
. Check to ensure that tAg preakoutiS greater thai,

. Based on the breakout length above, choose depthlzg@dment for pipe - the breakout
should not reach the surface of the concrete

. Size welds to handle design loads (AASHTO LRFD Beidesign Specifications Section
6.13.3.2.4)

Embedded Pipe and Flexure Plate Design
For the design of the flexural plate, the designerng#d the following information from

the FDOT program or their own design:

. Design loads for shear, flexure, and torsigp Ty, andM,)

. Diameter and length of the circular pedestal portiomeffoundation
. Specified compressive strength of concrete

. Embedded pipe dimensions

The designer should then use this information and tven design knowledge to design
the following for the embedded pipe and plate sedisae Figure D-3):
. Assume the number of idealized flexural bearing posstmmflexure plate is 2
. Determine thickness of flexure plate, minimum of 1 inch
. Determine diameter of flexure plate, minimum of 2 inctpesater than embedded pipe
outside diameter (maintain aspect ratio of widtriokness less than 2:1 to avoid prying

action)

. Determine the breakout edge distarge,

|Diam.of fl late piam. of shaft\’ _ (Diam.of fl lat Diam.of pipe’
|( iam.of f?sxm’sjp a ] +3'25I( iam Déf'- afl ] _( iam.of fzg.m?’sp a E'] ”_( iam ;f' ptpsj
N

Far= 3.25

. Determine the angle available for each plate to braakou
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360 degrees

"~ Number o f flexural bearing positions
. Determine the angle required for group effect

min group

3.0c,y )

Diameter of shaft

. Check group effect. If group effect present, reduce thebeuwf plates or diameter of
shaft until no group effect occurs.

A, = 2asin {

if A = Apin group then group ef fect exists

. Determine length of breakout

Lbrﬂﬂkour = tf!axura plate + 3'ﬂcﬂl
. Determine breakout area of one plate

‘4'?5 = Lbraﬂkpur * 3":'an:l.
. Determine breakout area of equivalent anchor bolt

AV::‘.\ = 4.5 [Caljz
. Determine basic shear strength of one torsional plate

0.2
) = \|Width of torsion plate * yfff_“c (e )™

Vo= ( Length of flexure plate
=

Thickness of torsion plate
. Determine the breakout strength of one torsional plate

HU
Vcbgz (‘q c)*vb
Veo

. Determine the breakout strength of the system of torsmates

Vs = zvsbg

. Determine the torsional strength of the system of plates

#.5 * Number of flexural bearing positions

~_ (Diameter of pipe
Mn breakout = Epf!axura ® I"I:: J.E( 2 )

. Check to ensure that thy, preakoutiS greater thaiv,

. Based on the breakout length above, verify depth difegiment for pipe - the breakout
should not reach the surface of the concrete

. Size welds to handle design loads (AASHTO LRFD Beifiesign Specifications Section
6.13.3.2.4)
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Concrete Pedestal Reinforcement

For the design of the concrete pedestal reinforcententj@ésigner will need the following

information from the FDOT program or their own design:

Design loads for shear, flexure, and torsigp Ty, andM,)
Diameter and length of the circular pedestal portiomeffobundation
Specified compressive strength of concrete

The designer should then use this information and tven design knowledge to design

the following for the embedded pipe and plate section:

Reinforcement for flexure (AASHTO LRFD Bridge Design Sfieations Section
5.7.3.2.4)

Reinforcement for torsion (AASHTO LRFD Bridge Design Sfeations Equation
5.8.3.6.2-1)
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Superstructure

Bolted connectio

Superstructure

/ m0n0p0|e

Welded
connectiol

Leveling nut \h
Base \5:*
i Foundation

qk///,lt
>D‘L plate

Connectio
_v_ _interface base—— = 14

plate

Foundation /

Torsional
reinforcemer

Concrete/':f:f

foundatior

Embedded

f'fff/pipe and plate
] section

Flexural

%] _— reinforcement

Flexural plall/‘f'f o

connectiol

Figure D-1. Depiction of the elements described indiggign gU|deI|nes
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Width:
torsions

3.0GH

Figure D-2. Depiction of dimensions required for torsicaigldesign
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Thickness o

Vbip

Width of
flexure
plate

Figure D-3. Depiction of dimensions required for flexura@ldesign
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Guidelines for the Design of the Embedded Pipe and Plate Section

The guidelines presented below are intended ONLY to design the embedded pipe and plate
section. The remainder of the design should be designed according to applicable FDOT and
AASHTO design guidelines.

Note: Yellow highlighting requires user INPUT and green highlighting denotes OUTPUT

[*] Input from MastArm Program v4.3
Design Loads
Derived using an example from FDOT Program MastArm Program v4.3
V, = 1.2:1.04kip + 1.6-4.87kip = 9.04-kip
T, = V22t = 198.88-kip-ft
M, := 1.2-18.33kip-ft + 1.6-89.59kip-ft = 165.34-kip-ft

Foundation Geometry

Derived using an example from FDOT Program MastArm Program v4.3
Lshaft = 12ft
Diameterbase.pole := 16in

twall.pole = .375in

Diameterbaseplate.pole = 30in

thaseplate.pole = 1.63in

Diametershaft = 3.51t

Diameterboltcirele.pole = 23in

Diameterr = 27.7in

ebar.circle -

Nolong.rebar =11

Diameterlong.rebar = 1.27in

[«] Input from MastArm Program v4.3

[*] Base Connection Design

Step 1) Base Connection Design

Given

Dflex = 9 Diameterbase.pole = 16-in

fyplpe = 42ksi twall.pole =0.375-in

fu.pipe = 58ksi Diameterbaseplate.pole =30-in
:= 36ksi .

fy.baseplate . tbaseplate.pole =1.63-in

fu baseplate = S8Ksi , .

E = 29000ksi Diameterycircle. pole = 2310
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V,, = 9.04kip
T, = 198.88 frkips
M, = 165.34 frkip

Size the foundation interface base plate

Diameterbaseplate.found = Diameterbaseplate.pole = 30-in

thaseplate.found = tbaseplate.pole = 1-63-1n

Size the bolts for design shear, flexure, and torsion
Using threaded rods with A36 steel

Fy threadedrod = 30ksi
Fy threadedrod = S8Ksi

Fit threadedrod = -7% Fu threadedrod = 43-3°ksi AISC Table J3.2
Fhv threadedrod = 4 Fu.threadedrod = 23-2°ksi AISC Table J3.2

Select the number of bolts to use

Numbery, eadedrod = 12

Determine the required diameter of bolts for torsion resolved into shear

Ty

Voavired = = 8.647 kip

required ;

d Numberyp eadedrod Didmeterpo circle. pole
V. .
_ required .2
Athreadedrod.tors = B =0.373-in
nv.threadedrod
4-A

. ( threadedrod.tors) .

Diameteryy, .o qedrod.tors = j — = 0.689-in

Round up to the nearest 1/8"

. ol . 1, : :
Diametery, roadedrod.tors = Ceﬂ(Dlameterthreadedrod.tors’Em) Diametery, eqdedrod.tors = 0-75°10

Determine the required diameter of bolts for flexure resolved into tension

M,

P = 86.264 kip

required Diameterboltcircle.pole

P .

. required 2

A‘[hreadedrod,ﬂex = F— = 1.983:in
nt.threadedrod

4'Athreadedrod.ﬂex)

T

= 1.589-in

Diametery .oa dedrod. flex == j

Round up to the nearest 1/8"

. o . 1. : :
Diametery, roadedrod.flex = Ceﬂ(Dlameterthreadedrod.ﬂex’gmj Diametery, oo dedrod.flex = 10250
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Determine the required diameter of bolts for shear

. Vu .2
Athreadedrod.shear = B =0.39-in
nv.threadedrod

4'Athreadedr0d.shear)

T

=0.704-in

Diameter .oa dedrod.shear = j

Round up to the nearest 1/8"

. ol . 1, : :
Diameteryy, roa dedrod.shear = Cell(Dlameterthreadedrod.shear’Em) Diametery, oqdedrod.shear = 0-75°10

Use the controlling diameter

Diameteryp eadedrod = max(Diameterthreadedrod.tors , Diametetp en dedrod. flex Diameterthreadedrod.shear)

Diameterthreadedrod =1.625-in

Determine the length of the threaded rod after determining the size of the nuts and washers

Check minimum spacing and edge distance
(’“' Diametery,jcircle .pole)

Number, readedrod

8 , .
Smin == E'Dlameterthreadedrod =4.333.in ISC J3.

=6.021-in

Sthreadedrod =

Check_spacing := if (Sthreadedrod 2 Spip  Sufficient" ,"Not Sufﬁcient")

Check_spacing = "Sufficient"

. (Diameterbaseplate.pole - Diameterboltcircle.pole)
L¢ threadedrod = 2

Linin = 1.75-Diametery, oo 404004 = 2-844-in AISC Table J3.4

=3.5-in

Check_edgedist := if (Lc.threadedrod 2 L ipe "Sufficient” , "Not Sufﬁcient")
Check edgedist = "Sufficient"
Check bearing strength of bolt holes

Py bolthole = 1'2'Lc.threadedrod'tbaseplate.pole'fu.baseplate = 397.068 kip

Phax.bolthole = 2-4-Diameteryen dedrod thaseplate.pole fu.baseplate = 368-706 kip

Check bearing := if (Pn.bolthole < Prax bolthole  Sufficient™ ,"Not Sufﬁcient")

Check bearing = "Not Sufficient”
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Increase threaded rod diameter to 2 in

Diameterthreadedrod = 2in

Phax.bolthole = 2-4-Diametery en dedrod thaseplate.pole fu.baseplate = 453-792 kip
Check bearing := if (Pn.bolthole < Prax bolthole  Sufficient™ ,"Not Sufﬁcient")

Check bearing = "Sufficient"

Size the leveling nuts

Use Heavy Hex nuts

Wievelnut = 3-125in AISC Table 7-2(
Clevel.nut = 3-625in AISC Table 7-20
Nievelnut = 2i0 AISC Table 7-2(

[«] Base Connection Design

[*] Embedded Pipe Design

Step 2) Embedded Pipe Design

Given

Pfex = 09 Diametery, ¢ e.pole = 16-in
byeld = 75 twall.pole = 0-375-In

fy.pipe = Diameterbaseplate.pole =30in
fu pipe = 38ksi thaseplate.pole = 1-63-In
fy.baseplate ks Diameterboltcircle.pole =23-in

fu baseplate = S8Ksi
Eg=29x 104~ksi
v, = 9.04kip

T, = 198.88 fi-kip
M, = 165.34 fikip

Size the cross section of the embedded pipe

Diameterembed.pipe = Diameterbase.pole =16-in

twall.embed.pipe = twall.pole = 0.375-in
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Size the welded connection from the embedded pipe to the foundation base plate

Ty

Diameter

= 149.16 kip
embed.pipe

Vweld.reqd = max(Vu,

Select weld properties and revise if necessary

Weld_Size := %in

. . AISC Spec. J2
Felectrode = 70ksi Table J2.4
Fy = .6-F AISC Spec. J2
W lectrod
cleettode Table J2.5
Throat := .707-Weld_Size
: kip
¢Rn_weld = ¢Weld~Throat~FW ¢Rn_weld = 5568;
. kip
q)Rn_yield = '6'fy.pipe'twall.embed.pipe d)Rn_yield =9.45 i
: kip
d)Rn_lrupture =45 'fu.pipe'twall.embed.pipe d)Rn_lrupture = 9'787';
o kip
OR), = mm(d)Rn_weld’d)Rn_yield’d)Rn_rupture) dR; =5.5 68';
Vweld.reqd
Required Length Plate := T Required Length Plate = 26.791-in
n

Ceil(Required Length Plate, lin) = 27-in

Check Length:= |"Sufficient" if ('mDiameter > Required Length Plate

embed.pipe)
"Not Sufficient" otherwise

Check Length = "Sufficient"

[«] Embedded Pipe Design
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[*] Embedded Pipe and Torsion Plates Design

Step 3) Embedded Pipe and Torsion Plates Design

Given

d)ﬂex =09 Diameterg o d.pipe = 16-in
Oyeld = 0-75

Dinr =9 .
fy pipe =42-ksi twall.embed.pipe =0.375-in
fu.pipe = 58-ksi Diameterg, ¢ = 42+in

Lshafy = 121t
f'. == 5500psi

ES =29x 104~ksi
Vu = 9.04 kip

Tu = 198.88 ft-kip
Mu = 165.34 ft-kip

Based on ACI 318-08 Appendix D - Anchorage to Concrete

] i ] Avc
L breakout ¢ P g

Estimate torsion plate section properties and refine if necessary

Ntor.plate =4 Number of torsion plates, minimum of 4
Ltor.plate = 6in Length of torsion plate, minimum of 6 in.
btor.plate = lin Width of torsion plate, minimum of 1 in.
ttor.plate = lin Thickness of torsion plate, minimum of 1 in.
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Diametergy, . f — Diameterembed.pipe i
cover = 5 cover = 13-in
Di 2 Di > (Di *| (pi
1ameteremhed pipe 305 1ametergp » £ 1ameteremhed pipe 1ameteremhed pipe
2 ' 2 2 2
C, 1= -
al 3.25
Cy1 = 8.587-in
360d
A= 228 57 A = 90-deg
Ntor.plate

Diameter,
haft A
chord group = 2- — sin(—)

3.0'Ca1
Amin_group = 2-asin) ——————

Dlametershaﬁ

Check Group_ Effect :=

"No Group Effect"

Lbreakout = Ltor.plate = 271-5¢31

Ay = min(Lbreakout ) Lshaft) 3:¢q1

2
AVco = 4'5'ca1

le = Lior.plate

otherwise

NE
1

2t
m

2
btorplate mn psi

"Group Effect” if A <A .. group

Yoy = 1.4 Modification factor for cracking in concrete
ﬂ’ecV = 1.0 Modification factor for anchor groups
Peqy = 1.0 Modification factor for edge effects

) Ave
Vcbg = Peev Pedv ey Vb

Aveo
Vcbg parallel = 2'Vcbg
Ve = Vebg parallel Ntor.plate
‘ Diameterembed.pipe
Tn.breakout.plate = Ogor Ve 2
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chord_group = 2.475ft

Amin_group = 75.66-deg

Check Group_ Effect = "No Group Ef

Lpreakout = 31.76-1n

AVC:818.109-in2
Ay = 331.776-in°
Vc0_33 776-1n

lo =051t

Vi, = 34.712kip

Vipg = 119:832kip

Vcbg_parallel =239.664 klp

V. =958.658 kip

T breakout.plate = 575-195 ftkip



Check Breakout Torsion := | "Sufficient" if Tn.breakout.plate 2T,

"Not Sufficient" if T < Tu

n.breakout.plate

Check Breakout Torsion = "Sufficient"

Based on breakout length above, choose depth of embedment for pipe

L jearance = 310 Length of clearance between breakout and top of shaft

Lembedment = Lelearance + Fbreakout — 1-3-€al Lembedment = 21-88-in

Lembedment = 2210

embedment | .
—— |in
in

L
Lembedment = ceil(

Weld Design for Torsion Plates

Tn.breakout.plate

Viveld.tor =

Diametershaft Vweld.tor =164.341 klp

Select weld properties and revise if necessary

Weld_Size := %in

Felectrode *

Fyy = 6 Fgjectrode

= 70ksi

Throat := .707-Weld_Size

kip
d)RIl_WGld = d)weld' Throat.FW d)Rn_weld _ 8.351~;
. kip
d)Rn_Yield = '6'fy-pipe'twall.embed.pipe d)Rn_yield =945 I
d)Rn_fupture =45 'fu.pipe'twall.embed.pipe d)Rn_rupture = 9.787-;
o kip
ORy = mln((1)R‘11_weld’d)Rn_yield’d)Rn_rupture) dR,, =835 1';
V.
1d.t
Required Length Each Plate := _weer Required Length Each Plate = 4.92-in
Ntor.plate dRp

Required Length Each Plat
ceil( equired | eng _Each ae)‘in: 5.in
in

Check Length:= |"Sufficient" if > Required Length Each Plate

Ltor.plate
"Not Sufficient" otherwise
Check Length = "Sufficient"
[«] Embedded Pipe and Torsion Plates Design
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[*] Embedded Pipe and Flexure Plate Design

Step 4) Embedded Pipe and Flexure Plate Design

Given

Given

b flex = 0.9 Diameterembed.pipe = 16-in
byeld = 0-75 twall.embed.pipe = 0-373-in
bror = 0.9 . Diameterg, ¢ = 42+in
fy.pipe = 42'kST Lopafe = 121t

fu.pipe = 58-ksi i, =55ksi

ES =29x 104~ksi

V,, = 9.04kip

T, = 198.88 fkip

M,, = 165.34 fi-kip

Based on ACI 318-08 Appendix D - Anchorage to Concrete

Estimate flexure plate section properties and refine if necessary

N flex plate bear = 4 Number of idealized flexural bearing positions on flexure plate

t o pliie = lin Thickness of flexure plate, minimum of 1 in.

Diameterg, plate = 20in Diameter of flexure plate, minimum of 2 in. greater than embedded plate

Diametergp g — Dlameterﬂex,plate

cover = 5 cover = 11-in
Di 2 Di 2 Di 2 Di
1ameterﬂex.pla‘te + 305 1ametergp, 1ameterﬂex.pla‘te 1ameterﬂex.pla‘te
2 ' 2 2 2
C 1= = =
al 3.25
c,p = 7.618in
360d
A=—2"Cf 57 A = 90-deg
Nﬂex.plate.bear
Diameter,
haft A
chord group := 2-%-sin(—) chord group =2.475ft
3.0'Ca1
Amin_group = 2asin Diameter, Amin_group = 63.936-deg
shaft
Check Group_ Effect := | "Group Effect" if A< Amin_group Check Group_Effect = "No Group Ef
"No Group Effect" otherwise
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Lpreakout = tﬂex.plate +2:1.5¢cy Lireakout = 23-855-in
. .2
Ay = mm(Lbreakout’Lshaft)'3 “Cal Ay =545.219-in
— 450 2 B )
Ayeo = 45¢y; Ao = 261.182-in

bflex.plate = '5'(Diameterﬂex.plate - Diameterembed.pipe) Dflex plate = 2710

T . .
Lﬂex.plate = E'(Dlameterembed.pipe + 2"5'bﬂex.plate) Lﬂex.plate =7.069-in

1 lo =7.069-in

e = Llex.plate

L\ o (e, \"?
flex.plat 1
Vp = 13 — , / cxpate /_C(ij -Ibf Vy, = 42.394 kip
tﬂex.plate mn pstA1m

Yoy = 1.4 Modification factor for cracking in concrete
Yooy = 1.0 Modification factor for anchor groups
Peqy = 1.0 Modification factor for edge effects
. AVC .
Vebg = | 7 | Yeev YeavPev Vo Vebg = 123.897 kip
Vco

Vebg parallel = 2" Vebg Vebg parallel = 247794 kip
Vo= Vcbg _parallel"5 Nﬂex.plate.bear V, =495.587 kip

Diameter, :

) embed.pipe .

My, breakout.plate = d)tor'Vc'( ) j My breakout.plate = 297-352 ft-kip
Check Breakout Flexure := |"Sufficient" if M

n.breakout.plate 2Ty

"Not Sufficient" if M < Tu

n.breakout.plate
Check Breakout Flexure = "Sufficient"
Weld Design for Flexure Plate

max(Mu ’ Mn.breakout.plate)

Vv = Vv =178.411ki
weld.flex : weld.flex p
Diameterg ex.plate

Select weld properties and revise if necessary

Weld_Size := lin AISC Spec. J2
4 Table J2.4
Felectrode = 70ksi
Fys = .6-F AISC Spec. J2
W lectrod
clectrode Table J2.5
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Throat := .707-Weld_Size

kip
d)Rn_weld = byyelg Throat-Fyy d)Rn_de = 5.568';
. kip
PRy yield = 0y pipe twall.embed.pipe DRy yielg = 945 .
. kip
d)Rn_rupture =45 'fu.pipe'twall.embed.pipe d)Rn_rupture = 9.787-;
o kip
PR, = mm(d)Rn_weld’ d)Rn_yield’ d)Rn_rupture) PR, =55 68';
V.
1d.11
Required_Length_Plate := % Required_Length_Plate = 32.044-in
n

cei l( Requlred_l.dength_Plate )-in ~33in
in

Check Length := | "Sufficient" if ('mDiameter

embed.pipe) > Required_Length_Plate

"Not Sufficient" otherwise

Check Length = "Sufficient"

[«] Embedded Pipe and Flexure Plate Design

[*] Concrete Pedestal Reinforcement

Step 5) Concrete Pedestal Reinforcement

Given
Diametershaft =42-in fy.rebar = 50ksi

Ly = 121t
f,=5.5ksi
V,, = 9.04kip

Diameterhoop.rebar = .500in
R := .5Diametershaft =21-in

Diameterﬂex.rebar = 1.375in
T,= 198.88 ft-kip

. = 27.5in
M,, = 165.34 ftkip

Diameter;opar circle *

Reinforcement for Flexure

Determine properties of flexural reinforcement

Numbergey rebar = NOlong rebar = 11

. 2
Aflex.rebar ‘= -2 T Diametergey ropar

Assume 8 of the 11 bars yield

Dflex.yield = 8
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Calculations Using ACI Stress Block

Bl(fc) = | .85 if £, < 4000psi Bl(fc) =0.775
.65 if f, > 8000psi AC| 10.2.7.3
(£ — 4000psi)
85 = .05 ————— || if 4000psi < f, < 8000psi
1000psi
(nﬂex.yield' Aflex.rebar fy.rebar) 2

A = A =0.882ft

com com

P 85-f, P
—|r? (R-h) / 2
Acompcircle(h) = [R -acos[T} -(R-h)42-R-h-h"| - Acomp
a:= rOOt(Acompcircle(h) ,h,Oin,R) a=6.191-in
a .
c:= ¢ =7.988mn
B1(fe)

.= .002 C_ = 5.325-in

Y003 e
c=7.988in.
@) O y=5.325in.
dpars = .5-(Diametershaft -c— y) +c+y dpars = 27.657-in
. a 3 .

M shaft = d)ﬂex'nﬂex.yield'Aﬂex.rebar'fy.lrebar' dpars ~ E M, shaft = 1.094 > 10 frkip

Check Flexure = if (M, ghaq = M,,. "Sufficient" , "Not Sufficient" )

Check Flexure = "Sufficient"
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Reinforcement for Torsion

; 2 .2
Ators.rebar = ﬁ'('S'Dlameterhoop.rebar) = 0.196-in

. . . 2 .2
A0 = 7"('SDlameterrebar.circle + 'S'Dlameterlong.rebar + 'S'Dlameterhoop.rebar) =672.876-in

Stors.rebar = 410

d>tor'(z'Ao'Ators rebar fy.reb )

_ : y.rebar — —

T shaft = -cot(45deg) T, shaft = 247723 ftkip
Stors.rebar

Check Torsion := if (Tn.shaft > Tu, "Sufficient" , "Not Sufficient" )

Check Torsion = "Sufficient"

[«] Concrete Pedestal Reinforcement
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