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An Investigation of Nut Loosening and Review of Tightening Procedures for
Anchor Rods in Highway Ancillary Structures

Japsimran Singh
Abstract

Ancillary structures are highway support structures such as traffic signals, sign structures,
luminaires, and higimast light towersvhich aretypically fastened to a concrete foundation using
embedded anchor rodsd anbor nuts The inventory of ancillary structuregross the United
Stateds huge,and these structures vatyamaticallyin type, age, size, and material. There have
been reported cases of anchor nut loosening on ancillary structures in the past few betctue

cause of loosening is still unknowAncillary structures are susceptible to vibrations due to
different wind loadings like natural gusts, vortex shedding, galloping, and-itrdaked gusts.
Wind-induced vibrations are believed lbe one of thepotential causes of anchor nut loosening.
Previous research also suggests that vibrations can lead to loosening of nuts in structural and
mechanical connections. There is concern regarding the current tightening procedures specified in
thevarious federahndstatespecifications.Improper tighteninganpotentially lead to anchor nut
loosening under the fefct of windinduced vibrationsin ancillary structureshe anchor rods and

nuts are first snugghtenedusing a wrench before fullgretensioning ttm as ger the current
specifications. The sntiight condition is vaguely defined at present and needs resigi@void

any undeitightening or ovetightening.Galvanization and overtapping of the anchor nuts also
pose apotentialconcern Anchor nuts ee tapped oversizaftergalvanization to ensure the nuts fit

well on the galvanized rodmerican Society for Testing and MaterigdSTM) standardgrovide

specific allowable tolerances on the thread parameters of the anchor rod and gahaftezaton

and overtapping. Any deviation from the allowatdkerances calead to gaps between the mating
threadswhich can contribute to the loosening of nuts under vibrations.

This studyfocuseson investigatingthe following potential causes of looseningnproper
tightening, windinduced vibrations, sndgght condition, and thread fabrication tolerance.
Current tightening procedures fdoublenut and singlenut connections on ancillary structures
were verified using a tightening studyg part of the invéigation New revisiongo the specified

nut rotation values for doubleut connections and a draft fproposednew specifications on
singlenut connections has been provided as a result of discrepamciegaconsistencieis the
current specificationd/ibration testing of a fulscale traffic signal was conducted on the basis of
results from a foumonth field monitoring program in order to investigate the effects of-wind
induced vibrations on anchor nut loosening. It was concluded from testimggnaper tightening
(pretension < 5ksi) can lead to loosening of anchor nuts underimdnded vibrations. A small
scale testing was also conducted to verify the results tihetarge scale vibration testing. Snug
tight pretension in grade 55;idch and 2inch anchor rods was found to be highly variable due to
different wrench lengths and personnel strength. Thread parameters of galvanized anchor rods and
nuts procured from 3 differemegionalsuppliers were found to be withspecifiedtolerancs.
Variousrecommendations wetbenmade as a result of the above tightening, vibratiod,thread
tolerance studies in an effort to reduce the cases related to anchor nut loosening in the future.
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Ancillary structures like traffic signals, sign structurasdlight poles are typically connected to

the ground using anchor rods and anchor nutselise vey large number adincillary structures
throughout the United States and vary in type, age, size, and material. There have been reported
cases of anchor nut loosening on ancillary structures in the past few ddusdie cause of
loosening is still unkown. Different types of wind loadingslike natural gusts, vortex shedding,
galloping, and trucknduced gustwibrate the acillary structuresThese vibrationsdue to the

wind are believed tbeone of the potential causes of anchor nut looseMitgationsin the past
havebeenshown to causkosening of nuts iotherstructural and mechanical connections. There

is also concerrthat the anchor rods and anchor nuts are not tightened properly as per the
specificationswhich can lead to loosening of nuéen the ancillary structures vibrate due to
wind loadings In ancillary structures, the anchor nuts are firatle tighuusing a wrenchvith the

full effort of a worker, also knownas the snugtight condition. Tle snugtight condition isnat
properly defined at present and needs to be changed to preventraahgrtightening or over
tighteningof the anchor nutsAlso, the anchor rods and nuts are generally coated with a hot zinc
layer to prevent their corrosion when exposed to environmental effectsdikeniow, humidity,

and rain. This process is called galvanizatibine American Society for Testing and Materials
(ASTM) provides some guidelines othhe amount of coating allowed on the threads of the anchor
rods and nutsAny deviation from the allowabl®lerances can lead to gaps between the threads
of the anchor rod and nuivhich can contribute to the loosening of ndtsing vibrations of
ancillary structures due to wind

This studyfocuseson investigatingthe following potential causes of looseningmproper
tightening, vibrationsof ancillary structures due to windnugtight condition, andelowable
tolerances fothe amount of galvanizatio€urrent tightening procedurés anchor rods and nut
on ancillary structures were verified using a tigihing study as part of the investigation. New
revisionsto the current tightening procedurésve been provided as a result of discrepanaises
inconsistencieobservedin the current specification®\ traffic signal and dight pole were
instrumented wh sensors for four months to measure wielted forces acting on these
structures. Further,fall-scale traffic signal wagbrated in the laboratory using an electric motor
to simulate the vibrations duettee measured wind forceff.wasdeterminedrom the testing that

if the anchor nutsverenot properly tightened, thegould become loose during vibrations due to
wind. A smallscale testing was also conductectheck the results frorie full-scale vibration
testing.The swgtight force in theantor rods waslsofound to be dependent on the length of
the wrench and the worker tighteninglihe amount of galvanization on traes and nuts procured
from 3 different suppliers were found to be withllowabletolerancesyYarious recommendations
werethenmade as a result of tlkenclusionsn an effort to reduce the cases related to anchor nut
loosening in the future.
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CHAPTER 1: Introduction

1.1 Motivation and Overview

Anchorage assemblies, consisting of anchor rods and ametaused to securely fasten
ancillary strctures to a foundation. Ancillary highway support structures include overhead sign
structures, traffic signals, luminaires, and highstlighting towers(HMLTS). Ancillary structures
vary widely in type, material, size, and age, and typically have edth@ngle or double nut
connection at the structureds foundation. I
structures have failed, resulting in the structure falling oasmlvays. Two of these incidents
occurred in 2012when a cantilever sigstructure collapsed in Prince George County, Virginia
and another cantilever sign structure collapsed in Fairfax, Virginia. While heavy windstorms were

occurring in the area during both incidents, a prior inspection of each of the structures confirmed

that the anchor nuts were loose on both structures, and it was these loose nuts that were believed

to be partially responsible for both failures. Following these events, a quality assurance inspection
was conducted by the Virginia Department of Transpanati/DOT), and 30% of cantilevered

overhead structurgdbroughout the stat@erefound to have loose anchor nuts.

There have been reported cases of loose anchor nuts on arstilentyresduring field
inspections across the United Sta@srlich and Koonce 2010Anchor nuts have been found
loose on different types of ancillary struats: HMLTs(Hamel and Hoisington 2014; Sherman
2009) and cantilever support structur€lill 1992). Anchor nuts, if loose, catead b higher
stresses in the anchorrods and furthernt r i but e to a structureds

loosening poses a large safety and liability risk to the public and the Department of Transportation.

c



While the exact cause of loosening of anchots is unknown, potential causes are thought to

range from improper tightenintp wind-induced vibratias to overtapping of the nuts.

Currently, turrof-the-nut tightening procedures, as specifieth@American Association
of State Highway and Transpation Officials (AASHTO)specificationd AASHTO 2015) and
Virginia Department of Transportation (VDOT) implementation docum@nXOT 2016a) are
requiredfor fastening the anchor rods ancillarystructuresThe tightening procedures have been
adapted fromFederal Highway Adminstration (FHWA) tightening guidelinegGarlich and
Thorkildsen 2005)The tightening specifications first requirattihe top and bottom anchor nuts
aresnugtightened and then the top anchor nut is tightened in angular increments up to a specific
rotation based on the diameter and grade of the rod. Upon review, there are twbadrsas
overlooked inthe tightenig specifications. First, the sriight condition is vaguely defined
within all referenced tightening specifications, leading to varying pretension depending on the
strength of personnel tightening and the length of the wrench aiseddition that isliscussed in
further detail in Chapter6. Second,there are inconsistencies and discrepancies relating to
minimum installation pretension and recommended nut rotations for anchor rod tighteasey
issuesarecoveredn detail inChapter 3An improperly tghtened connectioas aresult of these
discrepancieand inconsistenciesan lead to variable service level stresses on the anchor rods and

can contribute t o tduetowndndacédvipratbrs.nt i al | ooseni

There isalso pasexperimental ath analytical evidence showing that transverse and axial
vibrations can lead to either the partial or complete loosening ofBigtsord 2008; Goodier and
Sweeney 1945; Jig et al. 2003, 2004; Junker 1969; Yamamoto and Kasei 19Bd¥e studies
have shown that loss in pretension is a function of the number of vibratory. cilogesffect of

wind-induced vibrations on anchor nut loosenimgresented in detail i@hapterb.



Galvanization and overtapping of threads also pose another coAoehor rods and nuts
aregalvanized to increase their service life by preventing corro§lgatapping is the process of
the making the nut threads slightly larger to accommodate treage in the dimensional
parameters of the anchor rods resulting from galvanizai®TM F1554 and A563 standards
specify allowable zinc buildip and overtapping allowances on the external and internal threads
of galvanized fastene(ASTM 2015a; b) The anchor nuts assoovertapped after galvanization
to minimize the likelihood of rejection due to the inability to run the nut up the threads by hand.
Improper galvanization, poor quality control, andessive overtapping can lead to larger gaps
between the mating surfaces of the rod and the nut. A loose tolerance fit can potentially lead to
loosening of the nuts upon vibration and even reduced pretension followingpéugied
tightening proceduré thread tolerance studlyat comparéthe thread parameters of anchor rods

and anchor nuts with the allowable ASTM toleransgsesented ilChapter 6.

Severaldocumentedightening and fatigue studid¢mve beemperformed on anchor rods
and nuts in doubleut moment connections in ancillary highway structures. However, these studies
eitherhavesome discrepancies do not coverthe entire spectrum of diameter/grade of anchor
rodscurrently usedSome of these studies and discreparaieaddresseth Chapter 2in detail
Therehasbeen minimal previous researpbrformedin the field that examirsgthe loosening of
anchor nuts due to wirithduced vibrations. Therefore, the phenomenon and causes of anchor nut
loosening along with proper installation of aochrods in ancillary structures is not well
understood and requires further reseafdte different potential causes of anchor nut loosening
like improper tightening, winghduced vibrationsandthread tolerancesreinvestigated in this

research studgnd discussed in detail in this report.



1.2 Dissertation Organization

This dissertation is organized as per the manuscript fdrrttaee chapters have been
replaced by manuscripthat have been submitted tmeerreviewedjournals andnternational
conferences and are under revieat the time of final dissertation submissiofll of the
manuscripts in this dissertation appieatheir most refined format, either as the submitted version,

or based on improvements made duringglerreview process.

Following Chapter 1 (Introduction), Chapter 2 provides a brief literature review of the
problem pertaining to loose anchor nuts on ancillary structuregddhiesghe relevant literaire
on topicssuch asypes of anchorod connectiongypes of wind loadingsheory of seHloosening,
and problems associated with ancillary structufé literature and researdbpicsthat address
historical loosening eventsyrrentanchor rod tightening guidelines, past field monitoring studies,
past vibrabn and fatigue t&ing arediscussed in detail at the beginning of each subsequent
chapter. Chapter 3 preseritee ma n u s clTighteping Prfocedures for Proper Installation of
Anchor Rods in Ancillary Structur@ssubmitted to theAmerican Society of Civil Engineering
(ASCE) Journal of Structural Engineerirgn 09/30/2019 This manuscript reviews thaurrent
tightening procedures for doubheit moment connections in ancillary structures @edmmends
new changes on the basis of the discrepancies found as a resulthaémirtig) study. Chapter 3
also includesmmadditionakection orappropriatdightening procedures for singfait connections

in ancillary structures.

Chapter £onsists of detailed description of a feuonth field monitoring study performed
on a trafficsignal and a luminaire in Carrolltovirginia. The anchor rod stress data from the field
monitoring was further used fdull-scalevibration testing as discussed in the next chapter.

Chaptel5 presentthema n u s dnvestigation 6f Anchor Nut Loosergron Highway Ancillary



Structure® submitted to theASCE Journal of Structural Engineeringn 03/05/2020 This
manuscript discusses the effecf wind-induced vibrations on loosening of anchor nuts in
ancillary structuresThe relationship between initianchor rod pretension, number of vibration
cycles, vibration stress range, and nut loosening was evaluatedsadt afréargescale testing.
Further, smallscale testing on doubleut moment conretions in ancillary structures was

conducted to verifylte largescale testing results.

Chapter @presentshema n u s &ffect pf Thre@d-abrication Tolerance and Sntight
on the Loosening of Anchor Nuts in Highway Ancillary Structiwoes s ub mi tt ed t o
International Conference on Transportation abdvelopment 2020on 12/16/2020 This
manuscrippresents results from a threadetaince studyhatcomparedhe thread parameters of
different diametes of anchor rods with the specified tolerances iI8TM standards. It also
evaluateshe effect of varinle wrench length and personnel strength on the loosening of anchor
nuts. Chapter 7provides the conclusions, recommendagjand future work from the research

project.
1.3 Attribution

The research work reported in this dissertation has been suppodddraied by the
Virginia Transportation Research Council (VTRThe manuscriptsiTightening Procedures for
Proper Installation of Anchor Rods in Ancillary Structdresinvestigation of Anchor Nut
Loosening on Highway Ancillary Structukes  &ffect of fihreadFabrication Tolerance and
Snugtight on the Loosening of Anchor Nuts in Highway Ancillary Structaresa raethorea by

the project Principal Investigatddy. Matthew Hebdon.
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1.4 Research Purpose and Scope

The overall purpose of this researchjpct is to determine the causes behind loosening of
anchor nuts on ancillary structures. Potential causes includingimdoded vibrations, proper
installation of anchor nuts, and thread fabrication tolerance were experimentally investigated. The

study &so recommends methods or measures for prevention of the observed anchor nut loosening.
1.5 Research Objectives
The research objectives of this study are to

1. Experimentally verify the existing AASHTO and FHWA tightening procedures for double
nut moment conections on steel and aluminum ancillary highway structures. New changes
in the specificationarerecommendeavherediscrepancies were found.

2. Develop new tightening procedures for anchor rods and nuts in a single nut connection on
Transformer Base (bas) poles.

3. Experimentally investigate the effect of whmtluced vibrations on selbosening of
anchor nuts in a double nut moment connection on aséalle traffic signal. The
parameters thareinvestigated include vibration stress range and pretemsithe anchor
rod.

4. Experimentally investigate the effect of axial vibrations onleel§ening of anchor nut on
a smaller scale in a fatigirated universal testing machine. The parameters aret
investigated include vibration stress range and pretensithe anchor rod.

5. Investigate the effect of galvanization and overtapping on the thread fabrication tolerance
of the anchor rods and nuts. Variations in thread height, major diameter, minor diameter,

pitch diameter, and flank angdeeinvestigated.



6. Investigate the variation in sntight pretension due to different wrench lengths and

applied torque in a doubleut moment connection.
1.6 Research Plan
This research project includes the following tasks:

1. Tightening procedures for double nut moment cotioes on ancillary structures
(Chapter 3)

2. Tightening procedures for anchor nuts on transformer babag@) poles (Chapter 3)

3. Fourmonth field monitoring program on two-gervice ancillary structures (Chapter 4)

4. Largescale vibration testing on fudicak traffic signal to evaluate the effect of wind
induced vibrations (Chapter 5)

5. Smaltscale vibration testing on a single anchor rod to validate the results from large
scale testing (Chapter 5)

6. Thread fabrication tolerance study to investigate the effegalofinization and
overtapping on threads (Chapter 6)

7. Snugtight study to investigate the effect of wrench lengths and personnel strength on

snugtight pretension (Chapter 6)

The research work reported in this dissertati@s supported and funded by thiegihia
Transpotation Research Council (VTRCThe laboratory testingn this research project was
conductedn the Thomas Murray Structures Laboratory at Virginia Td&lhcksburg, VA All the
equipment used during the projeetre property of VirginiaTech. However, external support in the
form of bucket truckelectrical workand crew duringhe field monitoring task was provided by the

Virginia Department of Transportation (VDOT).



CHAPTER 2: Literature Review

This chapter offers brief literature eview of the terminologyand theoryassociated with
types of anchor rogdonnectionstypes of wind loadings, past problemiserved in ancillary
structures,self-loosening, transverse/axial vibrations, current tightening procedures, and past
vibration tesihg on ancillary structures. A thorough literature review involving each tispic

provided in detaitthe beginning of each subsequent chapter.
2.1 Anchor Rod Connections
There are two types of anchor rconnectionsised n ancillary structures:

1) ThreackdShearandUplift ConnectioinAlso called the single nut connectionisttype of
connectiorconsist of a single nut on the anchor tbdtis used to fasten the base plate to
aconcrete foundatiorH{gurel). Thereis generally a grout pad between the base plate and
concrete foundation. The anchor nuts on the top are pretensioned, butahesetions
develop only some resistance to bending moment and argymioally considered a
moment connectiofGarlich and Thorkildsen 2005Jhese connections are not good in
retaining pretension under cyclic loads due to the wearing ajrthé pad and concrete
foundation.Single nut connectionare currently only required to be tightened using an
ordinary wrench with full efforbf the worker In case theconnectionis designed for
seismic or fatigue loads, it is necessary to fully pr@tenthe anchor roddexter and
Ricker 2002) Since singlenut connections are not considered a moment connedi&se t
are mostly used ismall structures such &sminaires and small diameter traffic signal

polesdue to the relatively small@anducedbending moment at the base.
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Figurel. ThreadeeShearand Uplift Connection

2) DoubleNut MomentConnectiori This type ofconnectiorconsists of awo nuts on either
side of a base platgith a stanebff distancefrom a concrete foundatiofFigure2). The
anchor rodarefully pretensiomdusingtwo nuts(a top nut and a leveling nuty following
a turnof-the-nut tightening proceduré he turnof-the nut procedure involves tightening
the nuts in a starghteningpattern in at least two inements according to the specified nut
rotations.This type of connection detail is capable of resisting mosse hence, can be
used on any ancillary structur€he petensionin the anchor rodloes not add to the
strength of the connection but provsdgdightly better fatigue resistanaedensuregproper

distribution of loadamong the anchor rodKaczinski et al. 1998)



10

’////POLE/POST

TOP NUT
WITH WASHER
% BASE PLATE

LEVELING NUT | /
WITH WASHER CONCRETE

- — . . FOUNDATION
FINISHED T . 'V/

R . v » [ . - .o
& . |

GRADE

A\
P A = >— ANCHOR ROD

- s ‘7..-# T
EMBEDDED NUT —® Ta Y — B
A b . R "A . [y : . _D
N . .
- . ey e
-aA b a .; A .' > s __° - v

Figure2. DoubleNut MomentConnection

Structual steel connectionstightened usingturn-of-the-nut procedureswhich face
problems of selfoosening of nuts, fatigue or pasure talynamic loadsare recommended to be
fully pretensionedwith preloads equal to 85%00% of the yield strength(Bickford 2008)
Moreover, here ha beenprior evidence of pretensionds and nut loosenin@nitial relaxation)
afterthefirst few days of tighteningh doublenut moment connectiorif®exter and Ricker 2002)
Initial shortterm relaxation can be due a@ombination of many factorsuch asreep of metal
parts, differential thermal expansiaandembednent relaxation(Bickford 2008). However, he
anchor rods arelso required to béighteredto 110% ofa verification torque 48 hours after the
initial tighteningto overcome this initial relaxatiofAASHTO 2015; Garlich and Thorkildsen
2005) There are no other measures specified in the tightening guidelindseforevention of

loosening of anchor nuts or measuring the pretension in the anchor rod in the field after tightening.
2.2 Wind Loading

Four types of wd loading phenomenaarct onancillary structures:



1)

2)

3)
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Natural Wind Gust$ Natural wind gusts are variable frequency and {sgked winds
typically blowing horizontallycausing variable frequency vibrations in different types of
ancillary structures (cantilevered sign, cantilevered signal, luminaires, andnaigtight
towers). In cantilevered structurelsese gusts cause motionactantileverednast arnof

the ancillary structureprimarily in the horizontal direction but can be@mpanied by
some vertical motion as we{lGarlich and Thorkildsen 2005) ocatiors with a mean
annual wind velocit of greater tharlO mph are susceptible to fatigue cracking and
vibrations in ancillary structuredue to natural gusts with many reported cases over the
past few decadegatigue crackinglue to natural gustsasprimarily occurredin mast
armto-pole canectionsof luminaires and cditever signalsign structuresn the past
reported caseslowever, here have been some incidents of cracking of the welds at the
base plate as well.

Truck-induced Wind Gusts Truck-induced wind gusts primarily cause veatiootion of
cantileverednastarnms of ancillary structures when trucks pass underngreghmast arm
Variable message sign structures are most vulnerable because of their large frontal
exposirearea(Kaczinski et al. 1998)These typgof gusts cause negligible movement as
compared to the natural gusts ghence, are ignored in the design specificati@=lich

and Thorkildsen 2005)

Vortex-shedding Vortex shedding islefined as theletachmenbf vorticesperiodically
from either side of a symmetric membe&his pattern involving the shedding of vortices
behnd the structure is also knowron Karman Vortex StregiseeFigure 3). Vortex
shedding can result in resonant motion of the support struntardirection perpendicular

to the wind directionOnly luminaires have experienceaplems in the past due to vortex
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shedding. However, other cantilevered structures may be susceffBatéch and
Thorkildsen 2005) Aluminum luminaires aréypically susceptible to vortex shedding at
locationswith uniform steady state wind velocitiesthe range of 10 to 35 mgKaczinski
et al. 1998) Fatigle cracking in aluminum luminairegue to vortexsheddingtypically
occursat the weld connectintpe base plate to the pole, hand hotesnsformer bases, and

stiffeners(Garlich and Thorkildsen 2005)

Figure3. von Karman Vortex StreeéAnderon 2007)Repoduced with permission from
McGraw Hill.

4) Gallopingi Thiswind phenomenon causes large vibrations direction perpendicular to
the wind direction similar tthevortex sheddingJohns and Dexter 1998jowever unlike
vortex shedding, gallopingrimarily occus in asymmetrical members (such as in
cantilevered structurgsas compared taircular members(such asin luminaires.
Galloping causes vertical movement of the mast ama also requires unifornsteady
winds at a lower frequencgf around 1 HZGarlich and Thorkildsen 2005ylost of the
fatigue cracking casetue to gallomg in the pasthaveoccurredat the masarmto-pole

connection and at the base plate weld.
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2.3Problems Associated withAncillary Structures

Collins and Garlichist some ofhecommon problems associated with ancillary structures

observed during inspection across the different statie ldnited State$1997)

)l
T

=

Cracked anchor rods in the standoff distasuee inside the foundation

Fatigue cracks around the hand hole, at the base platemagéarmto-pole connection
weld, welds around stiéner, and truss connection weld (tub®tube)

Loose or missing anchor rods

Excessive vibrations of support structuree do vortex shedding, gallopingnd natural
gusts

Traffic-inducedvibrations of bridge luminaries

Corroded anchor rods and nuts

Clogged drain holes and debris accumulation

2.4 Current Tightening Procedures

Turn-of-the-nut tightening procedures are recommended for tightening of anchor rods onto

foundations in ancillary structuréBASHTO 2015) The tightening procedures in the AASHTO

specifications have been adapted and derived from multiple references, inClutiengd Lefke

(1994, James et a1996) Johns and Dextdgi1998) National Coperative Highway Research

Program (NCHRP) report 46@exter and Ricker 2002and FHWA guidelinegGarlich and

Thorkildsen 2005)The anchor nutare required to be tightened incrementally up to a specific

rotation pasthe snugtight condition,andare dependent on the diameter and grade of tHeanc

rod (seeTablel). The specified nut rotations givenTablel ensure that the anchor rod achieves

minimum installation pretension (P), which is below the yield strength of the anchor rod grade.
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The anchor rod tightening is also recommended to be verified asiedficationtorque 48 hours
after ingallation to overome any initial relaxatioriThe equation for the verification torque was
derived byTill and Lefke(1994)andis further adopted in the different tightegispecifications

(Equationl).

Tablel. Recommended top nut rotations for tarfathe-nut tightenirg (AASHTO 2015)
ASTM F1554 | Top Nut Rotation (g
Anchor Rod beyond Snugtight

Diameter (inch) | Grade | Grade 55,
(UNC Threads) 36 105
O 1i 60 120
> 1% 30 60
4 mgAOQ

Equationl. Torque verification equatiofTill and Lefke 1994)

Where
T = applied verification torque
d = nominal diameter of the rod

P = minimum installation pretension (5086 the specified minimum tensile strength of
F1554 grade 36 rods, and 60% for the F1554 grade 55 and grade 105 thread@ksads and
Ricker 2002; @rlich and Thorkildsen 2005}t should be noted that the AASHTO specification

defines P as a percentage of minimum yield strength insteadsiliet strengtfAASHTO 2015)

There are a few discrepancies in the existing literature and tightguiidglines or
specifications that could lead to undeyhtening or ovetightening of anchor rods. For example,
grade 55 and 105 anchor rods have different yield strengths bstilageouped under the same
category for recommended nutatibns(seeTablel). Thegrade 55 and 105 anchads achieve
different levels of pretension when tightened by the same amount of nut rotation. Also, past

literature provides evidence suggesting engitening or yielding of grade 55 anchor rods as a
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resut of following current required nut rotations for doulet moment connectior{gloisington

et al. 2014; James et al. 1998here is also inconsistency regarding the minimum installation
pretension for the three grades of anchor rods. It is typically recommended to tighten structural
connectios wsing a P/Fy ratio of 8800% if the anchor rods are exposed to dynammalmation

loads (Bickford 2008) However, FHWAguidelinesrecommenda P/Fy of 71% for grade 105
anchor rods as opposedttee more acceptable levels of 81% for grade 36 and 55 anchor rods
(Garlich and Thorkildsen 20050n the other hand, the AASHTO specifications require a
minimum installation pretension to be a lower valu&@¥ of F, for grade 36 anchowods and

60% of K for other grade¢AASHTO 2015)
2.5 Snugtight Condition

The force required to achieve a sriight condition, a term important to this study,
depends on many factors such as the length of the wrench used, the torque applied, thread
lubrication, friction between the threads, and friction between the nut and theTplatenuegtight
condition is a precursor to the final pretension achieved ubmgirn-of-the-nut procedure in
doublenut moment connection§he snugtight condition is definedifferently in various federal
and state highway specifications. AASHTO and VDOT specifications definetgyiicas the
maximum nut rotation resulting from the full effort of one person usingiacdt®ong wrench or
equivalenf AASHTO 2015; VDOT 2016a)Other specifications and documgdefine snugight
as 20% to 30% of the final pretension or torque verificgtiexter and Ricker 2002; Garlich and
Thorkildsen 2005)The specificatin for structural joints using higstrength bolts defines snug
tight condition as the tightness attained with few impacts of an impact wrench or the full effort of

an ironworker using an ordinary spud wrench to bring the plies into firm cqR&8C2014).
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Based on the literature saugtight condition is vaguely defined and lacksraversally accepted

definition.

A recent study by lowa State University researchers in collaboration with the Minnesota
Department of Transportation (MDOT) concluded tt@itrolling snugtight pretension is critical
for the turnof-the-nut tightening metho@Chen et al. 2018)Theauthorsfound that 10% of the
yield stress of the rod is a more arate approximation for snetgght condition than the 280%
of final pretension definition given in the NCHRP 469 report and FHWA specificaixerder
and Ricker 2002; Garlich and Thorkildsen 2006was also observed that the amount of force
applied during snugjghtening is important; variation in this force can either lead to yielding of
smaller anchor rods (< kiBch diameter) or undéightening of larger anchor rods (> isch
diameter)Chen et al. 2018)This report suggested using several specific lengths of wrenches for
snugtighteninga particular diameter andagle of anchor rod. The range of recommended wrench

sizes varied from inch to 100inch.
2.6 Theory of SelfLoosening

It is believed that windnduced vibrationgn ancillary structuregue to the different wind
loading phenomenon like natural gusts,tegishedding, and gallopingpntribute to loosening of
anchor nuts. Vibrations in the past have led to partial or complete loosening of nuts in structural
and mechanical connectio(Bickford 2008; Goodier and Sweeney 1945; Jiang et al. 2003, 2004;
Junker 1969; Yamamoto and Kasei 1984prational loosening of nuts is based on the theory of

selflooseningexplained in detain this section

When a bolt or a rod is preteosed, it stores energy in the form of tension, torsion, and

bending due to deformatioHowever thisenergyheld by the frictional constraintan be released
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by overcoming the frictional forces between the mating threads and between the contact faces of

the nut andjoint (Bickford 2008) The vibrations in a boltedonnection can lead to loss of the

frictional forces and in turn, cause the loosening of the nuts. This behavior can be visualized by
assuminghe threads of the beftut jointasan inclined plane with a block resting oriRigure4).

The block tend to overcome the friction and slide downder external vibrationdf W is the

weight of the blocka nd d i s tohttee blockratative to @nadrizontaplane WxSi nd i s

the gravitational force pulling thddtka gai nst t he f r iCeotsido.n allfisftohrec eb

vibratedin any direction, the friction forceill be overcomeand the block will slide.

HWxcose

NN

Wxsine

Wxcose Y

W 5]
Figure4. Block and Inclined Plane Analogy for Baltut Joint

This same pnciple applies to the nut and bolt connection. The pretension in the bolt is the
gravitational force and frictional force is the friction between the threads and other contact
surfaceslt appears tha vibration of the blockin any directionshould ovecome the frictional
forces in a connection and cause loosentmuyvever the loosening of nuts dependent on the
direction of vibrationand the initial pretension in the bolt or rderevious research showsat
transverse vibrations (perpendicular)the axis of the bolt can cause complete loosening of the

nuts(Junker 1969)
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2.7 Transverse Vibrations

After Junker Yamamoto and Kaseiin 1984 also explainedthe mechanism of self
loosening of boltedonnectionsinder transverse vibrations based on torsional bolt deformation
Using experimental and analytical data, thehowedthat torsional bolt deformation during
trangrerse vibrationscould result inan accumulation and release of potential enethgreby
causing seHoosening.According to Jiang et al.hé selflooseningmechanismin general
involvestwo stagegas seen irrigureb) (Jiang et al. 2003)The first stageconsists ofa gradual
relaxation of preload accompanied by negligible nut looseming to the local matial
deformation or plasticity at the roofhe second stage starts when the preteadhes threshold

value resultingin arapid decrease in preload atfe nut backing off.

100 —~_ 0 80
80 i | a0 Z
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Figure5. SeltLoosening CurvéJiang et al. 2003Reproduced with permission from the
American Society of Mechanical Engineers (ASME)

In 2004,Jiang et alconducted transverse vibration tesh over 100 boltedonnections
with M12x1.75 bolts and nutend developedetf-loosening curves similar to fatigueNscurves
with a threshold valuel'heyfoundthat higher pretension in the bolt regdlin greater resistance

to loosening by transversgbrations Further,German researchers/estigated the effect of clamp
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length on seHoosening of bolts(Friede and Lange 2009)The investigation involved
pretensioning oM20-10.9 bolts to 36 kigollowed by the vibration of the joinh the transverse
direction at an amplitude of -+0.078 inclesanda frequency range of 0.2 to 1 Hihe results

showed thaalonger clamp length resulted in better resistandbé seHloosening mechanism.
2.8 Axial Vibrations

There has been mmcumente@vidence until now suggesting that axial vibrati(uezrallel
to the axis of the boligan result in total loss of prelodBickford 2008) Early research ithe
1940s showed that dynamic axiahtling in %10 nutsresulted inpartial loosening of the nuts
(around 2 of nut rotation in 500 vibratory cycle¢Goodier and Sweeney 1943he bolts were
loaded in tension repeatedly from 500 Ib to 6000 Ib in a tensile testing machine. There was
evidence of alternating tightening and loosening durindaadingunloading cycles which was

later referred to as frictional ratcheting.

Sauer et al(1950 evaluated the effect of axial vibrations on loosening of nuts instead of
guaststatic loading as done I§oodier and Sweenes part of the testing, 5/11618 screws were
axially vibrated at varying levels of dynamic load (vibrations) to static load (pretension) ratio
(DSR). Theiraxial vibrationresearchievealed thatherate ofnutlooseningwas significantduring
thefirst 500cycles bufell rapidly beyond thatup to 20000 cycle(Sauer et al. 1950fFor example,
during one of the tests, the dynamic load was fixed at 250 |Ib and static load was varied from 250
Ib to 1000 Ib.It was observed th#he rate of loosening was a functiontioé ratio of dynamic to
static load(pretension) ratio anché amouat of looseningdecreasedvith an increase in bolt
pretensionTheDSRof 250/250 produced approximatdlyssof nut rotation andSRof 250/1000
produced less than 0.26f nut rotation after 100 vibration cycl€Sauer et alalso recommended

to keep the DSR less than 0.7 to avoid any loosening issues.
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Gambrell(1968) performed a series of experimemtsanalyzethe efect of thread type
(finer vs coarse) olmosening of nuts due to axial vibratioliring the testing, axial cyclic loads
were applied to the 5/16 inch Aoblt connection by a variabkgpeed electric motor. The fasteners
were loaded to their yield stres655 ksi and subjected to variable DSRs. It was concluded from
the results that an increase in DSR increases the loosening of both thread types and also that the
rate of loosening decreases after the first few thousand cgtleibration One of theother
research studiestatedthat the clamping force in a bolted assembly subjected to axial vibrations
can increase, decrease, or remain steady depending on the level of applied vibration and pretension

in the assemblyBasava and Hess 1998)
2.9 Thread Fabrication Tolerance

Thread type, class, configuration, and fit affect not only the strength of the connection but
also the resistance to s#édbsening and fatigugBickford and Nassar 1998)Structural
connections are typically required to have a tight fit between the mating threads to avsstiasy
with strength and resistanc@alvanizations peformedon the anchor rods and anchor nuts in
ancillary structures as a precautionary measure against coyrastanchor nuts are overtapped
after galvanization to ensurepaoperfit between the mating threads. ASTM F1554 and ASTM
A563 specify toleranseon the allowable zinc buddp on theanchor rodand overtapping on the
anchor nuts, respective(ASTM 2015a; b) The anchor rod and nut thread parametectuding
major diameter, minor diameter, gitdiameter, and flank angle are required to be within the
allowable tolerances after the galvaniaa and overtapping process. Tleissurs that there are
no undesirable gaps between the mating thrézatould lead to relative motion between the
thread and contribute to nut looseningreduced strengtiPast research also shesithat loose

thread fit and larger thread clearance between the mating threads of a bolt and nut assembly leads
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to an exponential increase tine rate ofmut loosening under theffect of transverse vibrations
(Nassar and Housari 2007Bolted connectionsubjected to dynamic vibration loading are
equipped with fastener locking techniques j&en nuts, lock nuts, lock washers, serrated nuts,
serrated washers, and chemical adhesives to prevent any slip or friction loss between the mating

threads and jointsfaces(Bickford 2008; Bickford and Nassar 1998)
2.10Vibration Testing of Ancillary Structures

A majority of the research on ancillary structures has been relateelddestingthat
focused on understanding the dynamic behavior of adacil structures likeHMLTS, sign
structures, and luminaireand alsadentification ofthe fatigue limit states associated with each
structure typdConnor et al. 2012; Connor and Hodgson 2006; Foutch et al. 2006; Hoisington et
al. 2014; McLean et al. 2004; Phares et al. 2007; Zuo and Letchford. Zi¥& of thepast
researclalsoinvolved largescale testingelatedto fatigue and weld crack issugslderson 1999;

Archer and Gurney 1970; Dechant 1996; Koenigs et al. 2003; MikiE3&4., Miki and Masakaju
2001; Ocel et al. 2006; Puckett et al. 2010; Sherman et al. 2016; Stam et al. 2011; Thompson
2012) Very few research projects have investigated twesdning aspect of anchor nuis

ancillary structurespecifically(Chen et al. 2018; Hoisington et al. 2014; Nassar and Matin 2006)

One recent study that did $acused on loosening of anchor nuts on ancillary structures
and includedlargescale tesing of a straight pole(Type 5 signpo$tfrom the Minnesota
Department of Transportation (MnDO{CQhen et al. 2018)Twelve grade 552.5 inch diameter
anchor rod®n the ancillary struarewere tightened to 75% vyieldith a 450 ftlb torque Three
out of the 12 anchor rods were accidentally yielded during tightemhng signpost was loaded
cyclically ata frequency ofl Hz using dydraulicactuator at the freend. The target axial sss

was set ab ksi in the rodswhich was determined as a result of field monitoring dBiaring
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testing,one of the twelveanchor rodsn the ancillary structureere foundto have doosenut
after2000 cycks of a 6 ksi stress range. Trné tightnes was checked by striking or sounding of

the washers with a hammer, which is the technique currently used in the field by MnDOT
maintenancerew. The nut tightness was also checked by loosenintpe nut using a torque
wrench and the inspected loose nagén to turn at 180-fbs indicating that the nut wamly
partially loose. After this test, another fatigue test was conducted at a vibration stress range of 1

ksi. However, o loosening wasbserved after 1.24 million cycles.
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CHAPTER 3: Tightening Procedures for Anchor Rodsin Ancillary Structures

Chapter onsists of 3 sectioris3.1, 3.2, and 3.3. Section Piesentanunderreview
manuscript ATi ghtening Procedures for Proper
Structur es o s unalmf Stracteirdl Erngioeerinda 036/201The manuscript
provides a review of the current tightening procedures for deulilenoment connections in
ancillary structures and recommends new changes on the basis of the discrepancies found in the
currenttightening proceduresection 3.2 presents results from an experimental tightening study
on singlenut connection on transformer basehdse) poles. Section 3.3 provides information
regarding the recommended revised tightening procedures for ewutblend singlenut

connections in ancillary structures.

3.1 Tightening Procedures for doublenut moment connections in ancillary structures
Japsimran SinghMatthew H. Hebdoh

3.1.1Abstract

In the past two decades, many ancillary structures have collapskedseweral instances
traceable to loose anchor nuts. According to a quality assurance inspection conducted by the
Virginia Department of Transportation (VDOT) in 2012, approximately 30% of the anchor nuts
on the inspected ancillary structures actbsssate of Virginiawere found to be loose. The exact
cause of the loose anchor nuts is not known, however, one theory is that specified tightening
procedures were not properly followed, or were not adequate. Currently;a-thimnut method

is used for théightening of anchor nuts on doubieit moment connections at the base of ancillary

L2Department of Civil & Environmental Engineering, 200 Patton Hall, Virginia Tech, Blacksburg, VA 24060
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structures. The purpose of this research was to review current tightening procedures for anchor
nuts on ancillary structures. In doing so, the relationship between thteal dightening
parameters, applied torque, nut rotation, and pretension in the rod, were examined. One hundred
galvanized steel anchor rods, of five different diameters and three different grades were tested.
The experimental tests serve as a benchioarilidate the current tightening procedures, as well

asto recommend changes.
3.1.2Introduction

Loose anchor nuts on ancillary structures have resulted in failures of several structures in
the transportation industry. Ancillary highway structureslude overhead sign structures,
luminaries, traffic signals, and highast light towers. Structural steel joints tightened by-tfrn
the-nut proceduresyhich potentially are susceptible to sklbsening of nuts, fatigyer exposed
to dynamic loadshould be fully pretensioned with preloads up te18®% of yield strength
(Bickford 2008) Previous research suggests that a fully tightened anchor nut and the rod would
prevent any loosening under service loéDsxter and Ricker 2002However, two potential
primary causes of loosening are believed td bavertightening (resuing in yieldingof anchor
rods) and 2undertightening(Chen et al. 2018)

The transportation industryds current ti gl
Association of State and Highway Transportation Officials (AASHTGpecifications for
Structural Supports for Highway Signs, Luminaires, and Traffic Sig@edSHTO 2015)have
been adapted from tightening procedures provided in the Federal Highway Association (FHWA)
guidelines(Garlich and Thorkildsen 20057 he tightening procedures in the FHWA guidelines
and AASHTO specifications kia been derived from results of multiple research studies, including

Till and Lefke (1994, James et a1996) Johns and Dextg1998) and National Cooerative
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Highway Research Program (NCHRP) report 4b@xter and Ricker 2002)The tightening
procedures specify a twof-the-nut tightening method for installation of anchor rods on ancillary
structuresThis tightening method involves tightening the top anchor nut in angular indeogen
to a specific rotation based on the diamated grade of the rod as givenTiable?2.

Table2. Required Top Nut RotatiofAASHTO 2015)

Top Nut Rotationg beyond
Anchor Rod Diameter* Snugtight **
(inch) F1554
Grade 36 | Grade 55, 105
O 1i 60 120
> 1Y 30 60
*UNC threads only
**Top nut rotation is relative to anch

The specified required nut rotation is intended to ensatehe rods develop the minimum
installation pretension (P), which is below the specified yield strengtheafold. The minimum
pretension prevents any yielding of the rddsing the installationlt also allows for retightening
after an initial relaxabn of pretension in the roddill and Lefke 1994) Therefore,current
AASHTO specificationg2015) and FHWA guidelines2005 specify a verification torque of
110% of the required pretensi to be applied 48 hours after initiedhtening to overcome any
initial anchor rod relaxatiorequation2 derived byTill and Lefke deines the verification torque,
asspecified in the installation sequence for double nut moment connections in gdM&ines

(Garlich and Thorkildsen 2008nd NCHRP 469Dexter and Ricker 2002

4 1 CAz0
Equation2. Torque Verification Equatio(Till and Lefke 1994)

Where

T = applied verification torque
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d = nominal diameter of the rod
P = minimum installation pretension (50% of the specified minimum tensile strength of

F1554 Grade 36 rods, and 6Q%the specified minimum tensirength of the F1554

Grade 55and Grade 105 anchor rods)

However, AASHTO specificationfAASHTO 2015)define P as a percentage of the yield
strength of the rods instead of the tensile strength as specified in RidMl&lines(Garlich and
Thorkildsen 2005and NCHRP 469Dexter and Ricker 2002 herefore, there is a discrepancy

regarding the minimum pretension values in the above documents.
3.1.3 Literature Review
Grouping of grade 55 and 105 anchor rods

Limited research data exist evaluating the correlation between pretension and nut rotation
for high strength anchor rods (grade 186) anchor rods with dameter less thah.5 inch. The
Michigan Department of Transportati (MDOT) conducted somef the earlest research on the
correlationbetween pretension and nut rotat{@ill and Lefke 1994)The resarchers evaluated
the tightening of large diameter anchor rodsY inch, 2 inch, and 2.5 ih). Two of the three
diameter rod¢1.5 inchand 2.5 inch) tested were gde 55 rods. Th2 inch anchor rod tested was
grade 105 wittan average yield strength of 103 ksi from material testing. However, the pretension
and nut rotation data suggegdthat the yield behavior was closer to that of gradeo®s and not
grade 105 rods. Therefgrall the reported nut rotation recommendatiamsthe report are
applicable for only grade 55 roddowever, the grade 105 anchor rod results fronréisearch

have beeffurther referenced in the AASHTO specificatiddAASHTO 2015)
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The current AASHTO specifications group grade 55 and grade 105 anchor rods together
(seeTable?2). However, gade 55 and 105 have different yield strengths Hretefore achieve
different levels of pretension when tightenedte same nut rotationTherefore, grade 55 and
grade 105 should not be grouped under the same nut rotations as cwspadlfyed This
discrepancy in the current tightening specificatioas eiher lead to ovetightening ofthe lower

grade 55 rods or undéightening of the higher grade 105 rods.
Grouping of 1.5 inchDiameter Anchor Rods

Another discrepancy is apparent based on a review of the re¢€areimd Lefke 1994)
and the implementation documer§ASHTO 2015; Dexter and Ricker 2002; Garlich and
Thorkildsen 2005)Till and Lefke grouped 1.5 ioh anchor rods with larger anchor rods for
recommended turonf-nut procedures (30° for Grade 36, and 60° for Grades 55 and 105). However,
in subsequent publications and standards, ltftseinch diameter anchor rods are grouped with
smaller anchor rods for required tuwfinut procedures (60° for Grade 36, and 120° for Grades 55
and 105) even though each of these docun{@®SHTO 2015; Dexter and Ricker 2002; Garlich
and Thorkildsen 2005kference the research performedTiiyand Lefke.This discrepancy can

lead to the ovetightening of the 1.5 ich anchor rods as per the present specifications.
EvidenceShowing Overtightening of Grade 55 Anchor Rods

Results from two other research studies show that tightening as per the present
specifications leads to owightening of larger diameter grade 55hor rods(Hoisington et al.
2014; James etl. 1996) Grade 1052 inch diameter anchor rods on a cantilevered overhead sign
structure (COSS) armdrade 105, 2.25 inatiameter anchor rods @high mast illumination pole

(HMIP) were tested as part ohe of the tightening studied Texas A&M Urversity (James et
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al. 1996) The anchor nutsonthe CO%3® r e r ot at ed 6ty cobddion@amdthe t he s
average tensile stress induced was found to be 69.3 ksi and 66.7 ksi at tvemsoadtin the

base plate region The nuts on the HMIP we rtight @hdgian, r ot at
and theaveragéensile stress induced was found to be 62.7 ksi at two locations within the base
plate regionThe researchers concluded that the required nut rotationedd16® inch and 2.25

inch diameter would yield the grade 55 rddames et al. 1996)Researchers at the University of

Alaska in collaboration wit Alaska DOT conducted a similar study where axial force in the rods

of a Highhmast lighting pole (HMLP) was measured during field tighter{idgisington et al.

2014) The grade 55 aor rods were 1.5 @i in diameter. At the specifiecd 0 e nutit r ot at i

was found that twowd of the twelve rodgielded.
Minimum Installation Pretension

There isalsoinconsistency among the recommended minimum installation pretension for
the three grades of anchor rods in the specification docur@ABHTO 2015 and guidelines
(Dexter and Ricker 2002; Garlich and Thorkildsen 20886fording to FHWA guidelines (2005)
and NCHRP 469 (2002), the minimum installation pretension value should be 5Q%0§fade
36 anchor rods and 60% of fér other grades. However, the AASHTO specifications require the
minimum installation pretensiaio be a lower value of 50% of, For grade 36 anchor rods and
60% of F for other grades. Past research has shown that looseninghafr anuts is unlikely to
happerdue to the undetightening of anchor nuts during installatiGlames et al. 199@®ut can
happen as a result of the owghtening or yielding dung installation or windoading
(Hoisington et al. 2014)However, structural connections that experience dynamic loads are

recommended to be tightened to BH% of the yield strengt{Bickford 2008) Therefore, the
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anchor rods in doubleut moment connections should be tightened close to thiewmn specified
yield strength to ensure that there is no ustdgrtening or ovetightening.

The minimum installation pretension values given as a percentage iof FHWA
guidelines and NCHRP 469, ensures that the anchor rods are just below the mapietiffed
yield strength (se&able 3). The minimum installation pretension fBSTM F3125 gradé\325
and A490 higkstrength bolts ialsoat least 70% of the minimum specified tensile stre(l@MSC
2014) The ratio P/Fis ~81% and ~91% for A490 and A325 boltsspectivel(ASTM 2018a)
Previous research also shothat minimum tightening stress of 60% of tménimum specified
tensilestrength should be ed forlower grade 36 rods to prevent yielding during tightening as
opposed to the 70% recommended for high strength (Joltes and Dexter 1998)herefore, the
minimum installation pretension values specified in current AASHTO specifications are
recommended to be revised to align with the values recommended in FHWA guidelines to prevent
any undeitightening or ovetightening.

Table3. Minimum specified yield and tensile stren@&STM 2015a)including the minimum
installation pretension fatifferent grades of anchor ro(Bexter and Ricker 2002)

Minimum Minimum Minimum

vield Tensile Installation | P/FK

Grade | Strength Strength :
Pretension (P) (%)

(FY) (FU) (kSI)

(ksi) Ksi

36 36 58 0.5k 81
55 55 75 0.6 R 82
105 105 125 0.6 Ry 71

Other Tightening Studies

Anotherresearch study, which focused on the fatigue performance of anchor rods consisted
of progressive tightening tests ak sliameters of grade 105 anchor rods and short fatigue tests at

each incremen{Richards 2004) The diameter of rods ranged fromirich to 2.25 inchin
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increments of 0.25 oh.One rod of each diameter was testedtandg ht ened wunt-il 60e
tight. It was faund that wne ofthe grade 105 anchor rogielded at 68nut rotation beyond snug

tight condition. The specimen matrix for the tightening was extensive but did not represent a
comprehensive set of tightening data which accounts for variations due tefmasaike different

grades, lubricatiorand grip length.

The Minnesad Department of TransportatioMgDOT) in collaboration with lowa State
University researchers recently published a report evaluttengetightening procedures flarge
diameter anchor rods on highway support struct&sen et al. 2018)The research involved
testing of grades 36, 55, and 105 anchor rods. The dianfatedranged from 1 ¢hto 2.25
inchin increments of 0.25 oh. The report stresses the importance of achieving appropriate and
consistent snugjght pretension value§ he study recommended using specified wrench lengths
and maximum snugght torquevaluesto achieve snugjght rod stress equal to 10% of the yield
of the ral. The researchers concluded that following the present AASHTO specifications resulted
in possible ovetightening of smaller andr rods (diameter less thah5 inch and under
tightening of larger anchor reddiametergreater thari.5 inch). The researchers also found that
the grip length was an important factor affecting the relationship between nut rotation and
pretension in the anchor rods. It can be concluded from the results in théhstittigre wasan
exponential increase in rod deformation (decrease in rod stiffness) when the ratio of the diameter
of the rod and grip length was less than 0.6. The rod deformation did not change more than 5% for

larger diameter to grip length ratios (A.&).
3.1.4 Experimental Testing Procedure

As a result of inconsistencies between industry specificatmals numerous research

studies,anchor rod tightening tests were completed to verify and validate the current tightening
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specifications. This testing also serve@asethod to assess the adequacy of the minimum required
pretension values in the current specifications. The testing matrix included one hundred galvanized
steel anchor rods of diamegeranging from 0.75 incko 2 inch and different F1554 material
grades (36, 55, and 105ASTM 2015a) Two different types of base plate material were used f
testing with different rod diametets align with current industry standards: A36 st@ebTM
2014a)and 6061T6 aluminum(ASTM 2014b) Applied torque, nut rotation, and rod pretension
were recorded and statistically analyzed to evaluate the correlation between minimum nut rotations

andminimum pretension in the rods.
Specimen Matrix

Six base plees- 24 inchx 12 irch, three each of st (Grade A36) and aluminum (Grade
6061T6), were used for tightening 100 galvanized steel anchor iro@sdoublenut moment
connection Three different grades of rods with the same dianvetee tested on each base plate.
Most aluminum poles used in alary structures across the country have AFJ®S{ASTM 2018b)
cast aluminum bases with a singlet connection as opposed to the popular denbtenoment
connection for the cantilevered structu(ese Figure 6). Minimum specified yield strength of
6061T6 grade is 35 ksi as compared 60k&iof A356-T6 gradg ASTM 2014b, 2018b)However,
since A356T6 is not available in pta form, 6061T6 aluminum base ptes were used in this
testing. Singlenut connection tightening procedures were not tested as part of the research.
However, tle anchor nuts on singleut connection joints are recommended by the NCHB®
report to beightened to the same amount of nut rotation as deultienoment connections if the
joint is designed for seismic or fatigue log@exter and Ricker 2002Dn the other handhe
AASHTO specification requires tightening of a sinrgle connection to only half of the nut

rotation for ublenut moment connectiof®@ASHTO 2015)
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Figure6. Singlenut connection (left) and Doubleut moment connection (right)

Different base plate thicknesses were used in the testing matrix, and are shiabiesh
Base plate thicknesses were kept equal to the rod diameter being tested to simulate common
industry practice and to avoid any prying eff@€aczinski et al. 1998)The anchor rod diameters
were chosen based upon a survey of common diametedsin ancillary structures in the state of
Virginia. Tabled shows the test matrix, including the different diameter rods tegteele different
grades (Grade 36, 55, and 1@b)galvanized steel anchor rods meeting ASTM F1658TM
2015a)were tested. Each rod had UNC threads. ASTM ABGSTM 2015b)and ASTM A194
(ASTM 2016)nuts were useduring the testing such that the proof load of the used nu¢guss
to or higherhan t he anchominimim tedsde steepgtas pef theerehuired nut
guidelines in ASTM F155 (ASTM 2015a) A194 grade 2H nuts are acceptable equivalents of
A563 DH nuts and were used in place of A563 DH (ASTM 2015b) Based on the guidelines
in ASTM F1554, tihee galvanized nut grades (A, DH, or 2H) and two galvanized nut styles (hex
or heavy hex) were used. Standard F@BBTM 2018c)round washers were used throughout the

testing.
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Table4. Specimen Matrix for tightening procedsref anchor rods

Base Plate
Anchor Rod (24 inch x 12 inch)
Dginrgﬁ;er Grade| Quantity| Grade TQ:?\EE)GSS
1 8 1
1% 36 6 1%
2 5 2
1 6 1
1% 55 5 A 36 Steel 1Y5
2 5 2
1 6 1
1% 105 4 1%
2 4 2
EZ7 6 Y
1 36 6 1
1% 5 1Y4
Y 5 Y4
o A o
1% 5 1Y4
Y 7 Y4
1 105 6 1
1Y, 5 1Y,
Total 100

Testsetup

Each base plate was connected to the top flanges ofs$haped beam stubs (W27x7)
using 0.875 inhdiameter bolts. & inchx 6 inchx 0.75 irch steel reaction angle was attached to
each base plate, near the anchor rod hole, as a reaction point for the torque multiplier used in the
study. The torque was applied using three calibrated manual torque wrenches vValiowheg
capacities: 300 fb, 600 ft-Ib and H0O0 ftlb. The output torque was increased as neegading
two torque multipliersvith output capacity of 2000-fb and 8000 H#b and multiplication ratios

of 3.6:1 and 4.6:1respectively. The nut rotation angle was measured visusihga circular
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gauge wi t Imgsaréufidethe mrehokrad holdne completdest setup for a 2 ah thick

baseplate is shown ifrigure?.
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Instrumentation

Eight bolt strain gages were installed radially around the anchor rod hole in each base plate.

The instrumented strain gages recorded compressive strains in the plate corresponding to the
tensile force in the rod during tightening of th&. Each of the strain gagesas placed into 0.078

inch diameter holes drille near the rod hole, as shownFigure 8. The holes were drilled to a

depth to allow the strain gages to be installed attimitkness of the base péator measurement

of the maximum strains in the plate. The holes were located in the plate such that the strain gages
were in the centroid of the washer contact area. B5Vibolt strain gages from Tokyo Sokki
Kenkyujo Co., Ltd (TML) were used in the insimentation. The bolt strain gages were installed

using the manufacturerds recommended installa
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A data logger was used tughout the testing for mearing the strains in the plaf€he
instrumented base plates were calibrated before tightening of the rods to verify that plates were
instrumented and working correctly. The compressive strains in the plate around the halé allow
for the calculation of the applied force in the rods. The calibration and verification were performed
on a 300 kips capacity Universal Testing Machine (UTM). The UTM was used to obtain a load
versusstrain calibration curve.

Simulation of the load digbution on the plate during tightening was achieved using
washers on the top and the bottom while the plate was loaded in compression. The plate was loaded
incrementally, and the corresponding strain values from the eight strain gages were ré@t@rded.
strain values recorded from each strain gage were used for calculating an average compressive
strain below the washer area. A calibration curve between the average strain and the load was
obtained for each plate and each calibration cwas found to be ligar with a coefficient of
detemination (rsquared) greater than or equalOt®9. Moreover, individual strain gages also
showed a linear relationship with the load. The calibration curve was further used while testing to
determine the pretension load @sponding to the average compressive strain in the plate
recorded by the strain gages on tightening of the top nut.

Six base plates were also modeled in Abaqususitg 8nodedinear brick elements with

reduced integration and hourglass control (C3D&Rpbal seed size was chosen as 0.2% in
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However, 40 local nodes were created at the anchor rod hole for mesh refinemerguie=®.

Base plates were loaded in compression around the washer area and the stress resulits at the
thickness of the plate were evaluated. These compressive stress faaseldsh platewere
compared to the calibration stress valoakulated using the average of eight bolt strain gages
The FE model results were scattered with the percentageediéfebetween the FE results and the
test results varying from a minimum of 6% in the 1.2%hithick aluminum plate to a maximum

of 18% in the 2 inh thick steel base plate. The average percentage difference for the six base

plates was found to be approately 10%.

Figure9. Mesh at the anchor rod hole for the half symmetric model atHplate

Test Procedure

The tightening procedure specified in the FHWAidelines(Garlich and Thorkildsen
2005) and AASHTO specificationAASHTO 2015)was adhered to for the tightening of all

anchor rod specimens as follows:
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a) The threads of the rod and the lewg nuts were lubricated with a suitalgetroleum wax
lubricant(Toilet-ring wax: Master Plumbeihe flat surfaces of the nuts and washers were
also lubricated for the ease of tightening.

b) Both nuts were turned onto the rod, and it was confirmed thatctindd be rotated with
ease.

c) Acircular gauge with 36degree markings was attached around the rod hole for measuring
nut rotation.

d) The anchor rod was placed in the hole. The washers and nuts were turned onto the rod by
hand until they made contact withetface of the base plate.

e) A wrench was fixed to the bottom of the base plate to prevent the bottom nut from rotating
during the tightening procedure.

f) The top nut was rotated tsaugtight cordition usingan18 inchor 24 inchlong adjustable
wrench depending on the nut size. The pretension in the rod at thetightigondition
was measured and recorded using the strain gages in the base plate. It should be noted that
the snugfight condition was assumed to be achieved when the top nut, bottpamduhe
washers were in full contact with the base @lasing the maximum work effort of the
installer with a wrenct{Garlich and Koonce 2010The snugight condition stress was
within 1-10 ksi depending on the diameter of the rod, the grade of the rod, friction between
the nut and washgandappliedlubrication.

g) A mark was maderothetopnut,rodand t op washer indicating t

h) The top nut was rotated beyond the stigbt condition using a manual torque wrench and
torque multiplier. Different combinations of the wrench and multiplier were used

depending on the torque requirement for tize sif the rod.
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i) The torque was applied in increments, and the corresponding relative top nut rotation and
pretension in the rod were recorded.
]) The test was stopped after there was a large increase in the nut rotation during tightening

indicative of the yeld of the tested anchor rods.
3.1.5 Experimental Test Results

Maximum values of actual material yield and tensile strength of the anchor rod specimens,
as reported in the mill certifications provided by the supplier, are listéduale5.

Table5. Maximum reported yield and tensile strength (Mill Certifications

Diameter of Strength of rod (ksi)*

the rod Grade 36 Grade 55 Grade 105

(inch) Yield | Tensile | Yield | Tensile | Yield | Tensile
Y 44.9 66.5 61.8 81.8 132 142.8
1 56 74.5 62.5 82.3 124 139
1Y 43.7 65 63.7 85 127 141
1Y 45.3 69 58.8 80.2 130 145
2 42.2 65.5 65 88.9 125 140

*Based on bar stock testing

Grade 55 1 inch diameter anchor rods (Steel Base Plate)

To demonstrate the testing theds, the results from testing six gradd 35inchdiameter
anchor rods are discussed in detail. The other grades and diameters ofradsheere tested
similarly. The measured compressive load from the bolt strain gages in the base plate during
tightening was divided by the tensile stress area of the tested anchor rod given in ASTM F1554
(ASTM 2015a)o calculate the axiatress in the rod he six rods were tightened beyond a sudden

large change in the slope®@fSt r e s s wvomtio® u s Lndisaing thdyielding of the rods.
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The maximum reported yield and s#le strength for the rods weé2.5 ksi and 82.3 ks
respectively, as shown ihable 5. The 6St rueRsost avicarvesfnbgrade 56 rods
showed a constant i ni ti dkenutsdtation forallisixofithle rodspap r o x i
which point the behavior bege bilinear, indicating theocation of the yield point (seeigure
10) . The mean axi al stress in all of the rods
reported yield strength of 62.5 k#ilso, the mean nut rotation cosgonding tothe minimum
specified yield strength &b ksiin the tested rods w&de However, heFHWA guidelines (2005)
and NCHRP report (2002¢commendhe minimum installation pretension of 45 ksi equal to 0.6
times the minimum specified tensile sigeh of 75 ksi for grade 55 rodSASHTO specifications
(2015) on the other hand, require the minimum installation pretension of 33 ksi equal to 0.6 times
the minimum specified yield strength of 55 k#is per the results, the mean nut rotation
correspondig to the axial stress of 45 ksi was found talBeas opposed to currently specified
turnof-thenut requirementof 2 0e i n t he 2B0O2)And HASHTOesperificaions

(2015) (sed-igure 10)
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Figure10. Stress vs. Mt Rotation for grade 56 1 inch diameter anchor rods
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Torque was also recorded during the tests to determine a relationship between torque and
axial¢ ress in the anchor r ods.curiebferthess® gradess v er s u
inch diameter rods remained liaeuntil the yielding of the rod¢seeFigure 11). The behavior
became bilinear beyo rBttesstelsiuss Nouoti nRo,t astiinoifnlda rc utro
tight torque was not measured because it was applied using an adjwstabth, and therefore,
these values are not showrFigure11. The torque curves shownfhingurel1l had more variation
than the nut rotation curves shown kigure 10 because théorque applied is a function of
lubrication and friction between the threads, nuts, and gilaemeansiopeoft he & Tor que v e
St r e s sfdy thecsix rogsevas found to be O.hich is close tahe 0.12 value of thi-factor

or slope of the veri@iation torque (K = T/Pd)seeFigure11).
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Figure 11l Stress vs. Torque applied for grade' 35nchdiameter anchor rods

Combined stress vs. nut rotation curves

60Combined Stretat vvesa® siwwnrinNeach suBaktomprisel of
results for a specified anchor rod diameter but three different material grades (36, 55, and 105).
Regardless of material properties, each of the rods followed the same initial linear slope until their

regective yield strength. Some of the grade 3&gdlded beyontheir maximum reported yield
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strengths (seEigure 12 (a) and (b)). For examplgrade 361 inchdiameter anchor rods with

steel base plate yielded near tfamitual tensile strength (sEgurel2(a)). The maximum reported

yield strengths in this research study are based on the results from bar stock testing and can be
higher than the actual yield strength of the anchor rods obseuvied dhe tightening study due

to the difference in testing methods.
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Figure 12. Combined stress vs. nut rotation curves (a) 1 inch rods and Steel Base Plate (b) 1.5

inches rods and Steel Base Plate (c)c¢haés rods and Steel Base Plate (d) 0.75 inch rods and
Aluminum Base Plate (e) 1 inch rods and Aluminum Base Plate (f) 1.2&sinctis and Aluminum
Base Plate



42

Additionally, the grade 36 rods behaved very similar to the grade 55 rods, as evidenced by
the owerlapping curves irrigure 12 (a) to (f). Grade 36 and 55 anchor rods behaved similarly
because of the proximity in their yield strength values. The grade 105, @nobbr rods did not
yield during testingpecause of thiarge taquerequiredfor tightening (sed-igure 12 (c)). Also,
the maximum and minimum smight pretension values achieved during the tightening study

have been shown ifable6 for reference.

Table6. Maximum and minimum values of sniight pretension

Diameter Snugtight Pretension
Base :
of rod (ksi)
(inch) Plate - .
Minimum | Maximum
Y 6 9
1 Aluminum 3 5
1Y, 1 5
1 7 11
1Y% Steel 4 9
2 1 4

Steel vs. Aluminm Base Plates

The Owtsuse sNsut Rot ati ond cchdiameter &dnohor rodsa(lioth o f
steel and aluminum baseplates) is showfigure 13. The similar behavior of the rods in the
elastic regiorfapproximately saminitial slope)n the two baseplate types, as showhRigure13,
indicates that the turaf-the-nut tightening procedure and corresponding required nut rotations are
independent ofhie material of the base platdowever,local yielding of the aluminum plate
around the anchor rod hole was observed during the tightening of the grade 105 anchor rods. The
FE model results also showed that the cast aluminum base would approach its minimum specified

yield strength of 26 ksi close the minimum specified yield of 105 ksi for grade 105 anchor rods.
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The scatter observed Figure 13 can be partially attributeto different grade rods fromftitrent

heats.
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Figure 13. Stress vs. Nut Rotan curve forl inch diameter rods (steel and aluminum plates)

It was also observed thdttet anchor rods tightened on the aluminum plates required larger
nut rotations for attaining the saraachorrod pretension levels as compared to the anchor rods
tightened on steel platesspecially for grade 55 and 105 anchor r@deFigure13). The anchor
rods tightened on the aluminum plate also yieldedratativelylower value. These difference in
the anchor rod behavior for the tviase platenaterials could be explained due to the small
differences in the calibration slopes for the two base platmsever, the difference in anchor nut
rotations corresponding to the minimum installation pretension values for the anchor rods
tightenel on t he base plate materials was found to

effect on theoverallrecommendatias.
3.1.6 Recommendations

The minimum pretension and nut rotation for different grades and diameters of anchor rods

have beenwaluated based on experimental testing conducted as part of thidistvalydiscussed
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earlier that the average pretension developedhe grade 55 1 inch diameter rods was
approximately 45 ksiat9% nut r ot a ening agradelsh luirehdiarmheteganahor rod

4 9 e b e y-oghtdonditionugl produce a minimum of 45 ksi stress in thewbéth is equal

to 0.6 times the minimum specified tensile strength of 75Nkst.rotation values, including the

measured mean and two timesthestandd devi ati on (20), are tabul
diameters of anchor rods testedTiable 7. The 20 v altweeoaiatiendnctleennatt f or
rotation values within a particular diameter and grade of the anchor rod.

Table7.Test results for minimum pretension and

Diameter Nut Rotations beyond snugfight Minimum Pretension
(e) Me a n
of rod Base Plate
(inch) Grade Grade Grade 105 Grade Grade Grade
36 55 36 55 105

3 58 (16) 77 (18) 124 (13)
1 Aluminum | 44 (14) | 58 (14) | 87 (8)
14 41(16) | 57 (17) | 97 (20)
1 35 (17) 49 (21) 86 (29) 0.5F, 0.6Fy 0.7F,
1% Steel 42 (15) 56 (15) 86 (8)
2 42 (11) 56 (12) 85 (7)

The minimum turrof-the-nut rotations based on the mean values are tabulatedsin 15
increments for ease of tightening and verification in the fiedttTable8). The 20 was f o

be an average of &for all the rods tested. Therefore, the tolerance on the recommended values is

+15swhich allows for any ogrtightening during snugightening or external loading.

Table8. Recommended mimum nut rotations for turof-the-nut tightening in doublaut
moment connections
Minimum Nut Rotation
Diameter of| beyond snudight (g
anchor rod | F1554| F1554| F1554| F1554 | F1554| F1554
(inches) | Grade| Grade| Grade| Grade | Grade| Grade
36 55 105 36 55 105

<1 60¢g 756 120
5 1T 45¢ 60 90g O5F | 06R | O7FR

Minimum Pretension
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3.1.7 Key Findings
Minimum installation pretension

The authors propose to tiggn grade 105 rods up to 70% of the minimum specified tensile
strength as opposeéal 60%,which is as per the current FHWiidelinegGarlich and Thorkildsen
2005) All the grade 105 rods that were tested in this stuelgled between 10020 ks during
the tightening, which is greater than the specified 60% value of 75 ksi. Making this change ensures
P/ of 83% fa grade 105 rods, which is consistent with the other grades of anchor rods. The
current minimum preension levels for grade 36 ab8& were examinedin this study and these

rods performed well.
Grouping of Anchor Rod Diameters

There has not been exisive research in the past on tightening procedures for anchor rods
with diameters less than 1.5 In addition, existingAASHTO specificationgAASHTO 2015)
classifynut rotatons for all rods below 1.5 @ diameter under one category. Because of these
circumstances, all differeiameters fron®.75 inch to 2 inchwere tested in this research project.
Testing results showed that all the rods with aiters greater than or equallonch performed
similarly to each other as opposed to diamsetgeaterttan 1.5 ich currently specifiedseeTable
8). Therefore, the authors propose to change the grouping of the anchor rod diameters to less than

1 inchand greater than or equal to thras per the test results.
Separate Nut Rotatias for Grade 55 and 105

Separate minimum nut rotations have been recommended for grade 55 and 105 rods in
Table 8, whereas the present FHWuidelines(Garlich and Thorkildsen 200%nd AASHTO

specificationgAASHTO 2015)categorize grade 55 and 105 rods in the same grotipe FHWA



46

guidelines grade 55 rods and 105 rods have a minimum pretetesiehof 0.6*F, (45 ks) and

0.6*Fu (75 ksi) respectively. According to this research, grade 105 anchor rods need to be
tightened at least 8greater than grade 55 anchor rods to achieve the desired minimum pretension
levels. Therefore, both the gradesnnot be tightened to the same nut rotation or categorized in

the same group.
Observed ovetightening and undettightening

The revised recommended nut rotation values corresponding to the minimum installation
pretension shown ifable8 were compared to the currently specified nut rotation values in the
AASHTO tightening specifications shown ihiable2 to observe any instances of oxghtening
and undettightening as pethe current specifications (s&€able9). From the comparisont was
foundthatthg r a d e 5155 inchdiameterjvée being ovetightened by 4660s0n average
These rods are requir ed curentAASHTQ spegificatiens lrutthet o 1 2
testdatashowedthé®s7 5 e nut r ot atightis suffieatyooachievirg thergquired
minimum installation pretensioAlso, grade 105 rods(1 inchand < 1.5 ich) were observed to
being ovettightenal by 3@ The observed nut rotation fgrade 105 rods>(1.5 inch diameter)
was 9@as opposed to the recommen@®®d However, grade 36 anchor rods showed a variation
of only 15e which is within the recoemeanded t

Summarized results alvertightening and undetightening are shown ifmable9.
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Table9. Anchor rod diameters owtightened or undetightened

Over tichtened (O) or Under
Anchor Bolt tightened (U)
Diameter Nut rotations in parentheses
inch
(Ineh) 1 Grade 36 Gg%de Grade 105
<1 ) 0 (459 i
O 1 2" ouy |06y | 0EW
> 1Y U (15 - U (309

Snug tight and grip length

According thetightening procedures specified in AASHTO, the stight condition is
defined aghe maximum nut rotation resulting from the full effort of one person usingirech?2
long wrench or equivale®@ASHTO 2015) However, FHWA guidelines (2005) and NCHRP 469
(2002 define snugight pretension as 20% to 30% of the final pretension. There is no universally
accepted definition of snugght condition. Snudight pretension is highly variable due to
different wrench lengths and the interpretation of the definitiaviBus research on nut loosening
in high-strength bolt§Nassar and Matin 200@nd anchor r@d connectiongHoisington and Hamel
2016) has shown that nut loosening can occur as a result ofygdtloading due to external
wind-loads and overtightening. Overtightening during stigigtening in ombination with large
verification torque values has been found to be partially responsible for the yield of anchor rods
(Hoisington et al. 2014)

One of the methods that can reduce the variability associated withightigretensions
by using specified wrench length or sriegque for a snugightening a particular diameter and
grade of anchor rod. However, this area needs further researchti@ngiress ranging from-1

10ksi was observed during tightening procedurethis research studyThe recommendations in
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this study are based on these stiggt pretensiorvalues, and it is believed that the tolerance of
+15¢e s hou bwrtightening during snugightening if any. Base plate thickness (or the
grip length) equala the diameter of the rod was chosen in this study. Varying grip lengths for a
particular diameter of the rod was not considered because of the common industry pfactice
specifying base plate thicknesses of similar dimension to the rod diaAisteracording toChen

et al, the grip length effect is only significant when the base plate thickness (or the grip length) is

more than double than tldégameter of the rod.
3.1.8 Conclusions

There were differences between nut rotation recommendations in the current specifications and
the results from this research. As a result, the following conclusions have been made:
1. Current specifications require ammum pretension of 0.6 times the minimum specified
tensile strength for grade 105 rods. This value has been recommended to be increased to
0.7 times as per the testing in this research project. Increasing the factor from 0.6 to 0.7
ensures PArof 83% forgrade 105 rods, which is consistent with the other F1554 grades.
2. Anchor rod diamters greater than 1ahperformed similarly to each other. Therefore, the
recommended two categories of anchor rod diamsare less that inch andgreater than
or equako 1 inch. These two categories are different from the current specifications, which
group all rods with diameteigreater that.5 inchin one category.
3. Present tightening specifications recommend the same amount of nut rotations for grade
55 and 105 andr rods depending on the diameter of the rods. It was observed during this
study that thisspecificationleads to inadequate tightening of grade 105 larger diameter

rods & 1.5 inch diameter) It also leads tgielding of grade 55 rods (%.5 inch diametr)
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and grade 105 rods> 1 inch and < 1.5 ieh). This research recommends separate nut
rotation specifications for grade 55 and 105 rods to ensure proper tightening of the rods.

. Grade 36 anchor rods @inch) were found to be und¢ightened or ovetight e ned by 15
which is within the recommended tolerance limit. This relatively small rotation can be hard

to control while tightening in the field and does not change the results in a statistically
significant way.

. One inch diameter anchor rogerformed snilarly on the steel and aluminum base plates.
Therefore, it was concluded that the tafrthe-nut procedure and recommended nut

rotations are independenttbie material of the base plate.
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3.2 Tightening Procedures for singlenut moment connectionsnside a Transformer Base (F

base) pole
3.21 Introduction

T-base poles and most of the aluminum ancillary structures consist of-isutgle
connections at the baseb&se poles are commonly used for aluminum luminaires. The aluminum
pole is welded to a castuminum shoe basand the shoe base is fastened to tH®Je using
structural bolts. A typical -base pole connection is shownHigure14. There are no prescribed
separate guidelines for tightening sirgle connections on ancillary structurest present,
NCHRP 469 recommends tightening singlg connections to the same pretension as deulile
moment connectionfDexter and Ricker 2002Also, AASHTO recommends tightening single
nut connections on ancillary structures to half of theratgtions recommended for double nut
connections(AASHTO 2015) There isalso no guidance regarding tightening of singleat

connections provided in the VDOT Road and Bridge Specifica{bOT 2016a)

TOP BOLT POLE WITH

BASE PLATE
WASHER Aﬁ\\\\gj
@ TRANSFORMER BASE

BEARING WASHER
NUT
ANCHOR ROD,

NUT, AND
BEARING WASHER

-l
—t
e M= ACCESS HOLE

Fire'14. A luminairewith a T-base connection (lefand components insideTabase(right)

Breakaway aluminum transformer bases are d

rest of the unit when hit with a certain amount of vehicular force. Smgléghtening procedures
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are not followed for tighteng anchor nuts inside alfase. Instead, breakawayb@ises generally

come with manufacturer és i nstr uc tbasesmeguirétoer i ns
anchor rods to be torqued to 1800 ftlbs instead of using the twof-the-nut procedue (see

Figure15). As seen irFigure 15, it can be challenging to tighten anchor nuts using a hydraulic
wrench or torque wrench inside the transformer base due to limitedsaandy high amount of

electrical wiring. The structural bolts connecting the pole/shoe base tethsshay berequired

to be tightened usiniipe turn-of-the-nut methodas per the shop drawings

ON, OHIO 1985 AASHTO

#§ 4
iy

Figure15.EIectr|caIW|r| (Ieft) and manufacturerds Fnstruc
base

Due tothelack of specific tightening procedures related tbakes, a tightening study on
anchor rods of the-base connection was conducted. The tightening study was pedamrorder
to evaluate the relationship between applied torque, nut rotation, and pretension in the anchor rod.
Since these connections are typical simglé connections for aluminum ancillary structures, the
results were used for developing tightenimggedures for singtaut connections in general. A
survey of pole manufacturers, installation crews, and DOT personnel across the state of Virginia
was conducted to identify any potential good tightening methods used at present across the state

of Virginia (SeeAppendix A for survey resulis Further, some of the good tightening methods
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(deep sockets and long extensiadghtified from the survey were used to perform the tightening

study on a Tbase in the laboratory.
3.22 Test-setup

Four kinch, grade 5 anchor rods were cast inside aiB€h diameter concrete foundation.
The typicaldetailing given in the VDOT 2@lRoad and Bridge Standards was followWg®OT
2016b) The foundation was 2#hchesdeep. The anchor rods were surrounded by a rebar cage
consisting of 128 vertical rebar and-84 rebar ties at 4.fhches on center. The concrete
foundation was connected to-anth thick A36 grade steel plate usi#g 0.75inch diameter steel
stud anchors. The plate was further fastened to the stramgofidhe laboratory. The formwork

before placing of concrete and the final testup is shown ifigurel6.

Figurel6. Formwrk fotoncrte foundation (left) andbdse with theasted foundation
(right)

3.23 Instrumentation

Fifty-kip throughholeload cells(Transducer Techniques modéHD-50K-Y) wereused

to measure the pretension in #wechorrods. A manual calibrated torque wren¢GDI model:
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4504MFRMH) with a torque capagitof 450 ftlbs was used for tightening the anchor rods
incrementallyonto the Fhase. Deep sockets along with extensions wereualsd for the ease in
tightening as concluded from thsurveycomments The througkhole load cells were initially
calibratel in compression using a 400 kip capacity compression testing mgEbimey model:
QC50DR) During tightening, the change in nut rotation was recorded visually using aradz0

gauge. ACampbell Scientifidatalogger was used for monitoring and rdaay pretension data.
3.24 Test Procedure

Each of the four anchor rods was tightened five times in tdalg tvo tightening
techniques. The first technique involved tightening the anchor rod ustirgch 8eep socket from
the access hole of thelBase(seeFigurel?). The second technique involved tightening the anchor
rod using the 3nch deep socket along with a-if€h long extensiorf-or ease of tighteninghé

extension was passed through the upper holestractural bolts (seEigurel?).

Figure17. Tightening through the access hole (left) and tightening using the extension from the
top (right)

Both tightening techniques were evaluafied ease and effectiveness. The effect of

lubrication (beeswax) on applied torque, pretension, and ease of tightening was also evaluated



54

during each technique. Each anchor rod was tightened with and without lubrication using the two
tightening methods. Rally, each lubricated rod was tightened above the yield strength of the
anchor rodusingthe long extension tightening technique. Each test involved tightening the anchor

rod in torque increments and recording the corresporpigtgnsion and nut rotatien
3.2.5 Results
Yield and Tensile Strength

Grade 55 anchor rods were used for the tightening study. The actual yield strength and
tensile strength of the anchor rods, according to the mill certification documents, were 62.3 ksi

and 84.2 ksi, respectively
Comparison of Tightening Techniques

As discussed in the test procedure sectioa anchor nuts on theblase were tightened
using two techniques. The first technique involved usingrel3 deep socket along with a torque
wrench positioned through theaess hole in the front of theblase. The process presented a
challenge in tightening the rods due to the lack of clearance for tightening and limited access while
tightening. The second technique involved using-anth vertical extension along with tieep
socket and torque wrench. The long extension was passed through the bolt holes on the top of T
base. This technique proved to be relatively easier when tightening the rods since there was

clearance to rotate the torque wrencha&60

It was also obsged that there was a better distribution of stresses in the anchor rods when
the tightening was performed incrementally in a star pattern, as shéwgune18. For example,
if the target torque is 300-fbs, tightening should kebone in four increments of 75lis, following

the star pattern each time.
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()

Figurel8. Star pattern for tightening ofahchorrods

Unlubricated Rods

The effect of lubrication on pretension, applied torque, and the easetehiighwas also
examined. The pretension vs torque relationship for both lubricated and unlubricated anchor rods
is shown inFigurel19. The average slope for the unlubricated rods was shallower than the average
slope for the lubricated rods. This suggests that it took a larger amount of torque to tighten the
unlubricated rods as compared to the lubricated tbdseforeit can be concluded thhtbrication
facilitates the tightening process and makes it easie@hie\sethedesired pretension at relatively

lower levels of torque.
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- -~ Unlubricated Rods
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Figure19. Comparison of pretension vs torg@ationshipbetween lubricated and unlubricated
rods



56
Lubricated Rods

The pretension vs torque relationship fag thbricated anchor rods is showrFigure20.
All four of the anchor rods behaved similar to each offleere was no significant change in slope
of the curves and, hence, the curves were not indicative of thigngief the anchor rods. On
average, it took approximately 2606llfis of torque to achieve 0.6§F45 ksi) of pretension in the
anchor rods (seleigure20). It was determined that the recommended torque valueOe20® ft-
Ibs for T-bases would only produce -35 ksi of pretension in the anchor rods, which is almost
half of the yield strength (55 ksiPrevious esearch shows that singtet connections lose
pretension quickly under dynamic loads due to concrete weder the Tbase or the base plate
(Dexter and Ricker 2002 herefore, it is necessary to pretension these connections as much as

possible without yielding the anchor rods.
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Figure20. Pretension vs torque curve for lubricated rods

The pretension vs nut @tion curves for all of the tested rods are showFRigure 21.
There was more scatter observed in the nut rotation curves as compared to the torque curve. This
could be due to the slipping of the nut on the beasurtace of the load cell as well as the uneven

surface of the concrete below théb@se. The yielding of the rods due to the change in slope was
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more clearly observed in the nut rotation curves. The yielding of the rods or change in slope was
observed neaathe specified minimum yield strength of 55 ksi ($&gure 21). On average, the
mean nut rotation corresponding to 0.6{E5 ksi) of pretension in the anchor rods was found to

be 6%
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Figure21. Pretension vs nut rotation curve for lubricated rods

3.2.60bservations and Findings

1. ltis very tedious and time consuming to measure nut rotations insidebseTHence,
it is recommended to use torque instead of theatithe-nut method dr tightening
singlenut connections on-bases.

2. If the turnof-the-nut methodis followed, 6@of nut rotation would be enough to produce
45 ksi of pretension in grade 55 anchor rods.

3. The manufacturer recommended value of-260 ftlbs of torque produces only 35
ksi of pretension in singlaut connections on-bases. A larger torque value (250bs)
would allow for proper tightening of lubricated grade 55 anchor rodsloasé&s and

singlenut connections without yielding the rod.
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4. Lubrication facilitates the ease of tightening. Therefore, the anchor rods, nuts, and all
bearing surfaces shoube lubricated with beeswax before tightening.

5. ltis challenging toightentheanchor nuts insidef the T-base. The tightening of anchor
rods from the top of ‘base using a long vertical extension along with deep sockets helps
to reduce the effort and teminvolved with tightening.

6. The anchor nuts should be incrementally tightened in a star pattern for better distribution

of stresses in the anchor rods.
3.3 Revised Tightening Specifications for Anchor Rods in Ancillary Structures.

A revised tightening predure for doublk&ut moment connections incorporating changes
to current specified nut rotation valuesthe AASHTO specificationalong with other measures
to prevent improper tightening has bgeoposedasshown inAppendix B(AASHTO 2015) A
new tightenng procedure for singleut connections with grade 55jrich anchor rods in ancillary
structures haslso been specified inPAppendix B. The tightening procedurér singlenut
connections includetightening instructions for both-base poles and polestivian aluminum

cast shoe.
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CHAPTER 4: Field Monitoring

Chapter 4 was not part of any manuscript and congedlesailed description of the results
from a four month field monitoring program performed on two ancillary structurese

galvanized steednd one aluminum luminaire.
4.1 Literature Review

Previous field monitoring studies on highast lighting poles (HMLP()Connor et al. 2012;
Connor and Hodgson 200Blamel and Hoisington 2014; Phares et al. 20@31e focused on a
better understanding of the dynamic performance of HMLPs undefingiuged vibrations. Some
of the studies investigated the loosening of anchor (iHasel and Hoisington 2014yvhereas
others focused on looking at fatigue failures/limit states due to-wtheced vibrationgConnor

et al. 2012; Connor and Hodgson 2006; Phares et al..2007)

The field monitoring data from the University of Alaska research study were indicative of
the role of foundation type and the number of anchor rods iartteomut looseningHamel and
Hoisington 2014) The study also foundhat the snug tight torque and grip length/rod diameter
ratio influenced the pretension in the r#al.2012,Connor et alconcluded that HMLPsvere
susceptible to vortex sheddingthre second and third modesnd are required to be designed for
infinite fatigue life. In anotheresearclstudy, stresses as high as 12.4 ksi in theriiaie were
observeddue to highwind speedsluring field monitoring(Phares et al. 2007However, the
cumulative frequency of occurrence of wind speeds grdade 20 mpltausing high stressess

small & 5%).

All of the long-term monitoring programaddressed in this literature reviemvolved

instrumentation of sensors like anemometer (wind monitor) for measuring wind speeds/direction,
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accelerometers for msuring windinduced vibrations, and foil/bolt strain gages for measuring
induced stresses on the structures. The sensorstyyecally connected to a data acquisition
system (se€igure22). In some cases, dynanbehavior of the structures (natural frequency and

modal damping ratios) was predicted using pluck tests (pull tests) in the field.
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Figure22. Strain Gage locationgnemometeand DAQ systenConnor et al. 2012)
Reproduced with permission from the National Academy of Sciences, courtesy of the National
Academies Press.

Otherancillary structureslike variable message signs (VMS), highway luminaires, and
cantilevered sign structurgsave alsdeen monitoredFoutchet al. 2006; McLean et al. 2004;
Zuo and Letchford 2008)n onestudy,vibration mode Wwascaused byatural gustgbuffeting)
andvibration mode 2vasobservediue to vortex shedding during the letegm monitoring(Zuo
and Letchford 2008 outch et alalsoconcluded that resonant vibrationsrethe main cause of

fatigue cracking in highway sign truss members.

In somefield monitoring studiesmultiple accelerometers have been used along tigathei
of the structure to capture multiple modes of vibrations seen in the fielBi(gege23). The latest

technologes, such adnfrared camergswvere alsoused for measuringnd validatingdeflections
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with the anajtically calculatedieflectiondrom accelerationms a recent stud{Zuo and Letchford
2008) In general, the setup for losigrm monitoring consiet of sensors, a data acquisition

system, video/digital cameras, a wireless modem, an antmha jobbox (seerigure24).

Infrared

|
Targets \ \

Anemometer

Accelerometer 2

Figure23. The nstrumentation on the forty feet aluminum p(eo and Letchford 2008)
Reproduced with permission from thathor.
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Figure24. The gneral setup for lonterm field monitoringPhares et al. 200./Reproduced
with permission from thauthor.
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Similar to the past field monitoring programs performed on ancillary structures, a field
monitoring stuly was conducted prior to largeale testing to identify the dynamic characteristics
of a galvanized steel traffic signal and an aluminum luminaire. The-ttong stress and
acceleration data collected from the field monitoring progwasre further used ér simulating

wind-induced vibrations on a fuficale ancillary structure.
4.2 Introduction

Two ancillary structures were instrumented and monitored for four months in a high wind
speed region near the east coast of Virginia. Two different structuredtygmes aluminum
luminaire and one overhead galvanized steel traffic signal located near the James River Bridge in
Carrollton, Virginia, were field monitored from April 2018 to July 2018 (Fegure 25). The
structureswvere instrumented with accelerometers, a wind monitor, and strain gages. The sensor
data history was collecteging a data acquisition systewer the four months and used to analyze
and determine observed vibration loads and stress ranges on theseestmgative to specific
wind speeds and wind direction. Similar loading conditions were simulated in thestaige
experimental testing program. The other purpose of the field monitoring was to determine the

dominant modal frequencies and the sutadtbehavior under vibrations.

i

Figure25. Instrumented luminaire and traffic signal near the east coast of Virginia
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4.3 Field Tests

Pluck tests were performed on the individual poles to quantify their dynamic characteristics
(seeFigure 26). Pluck tests were conducted by pulling the top of the poles laterally using an
instrumented cabl®ne end of the cable was tied to the top of the pole ashigg, and the other
end was tensioned usiagcomealong attached to the trailer hitch. The cable was released using a
quick-release shacklé€luck tests were done to induce free vibrations in the poles. The resulting
vibration data was further used to calculate the natural frequencies and daatipsgf each of

the modes of the two poles.

Figure26. Pluck tst performed on the overhead traffic signal

Two pluck tests each weperformedalong the iaplane and oubf-planedirectionsof the
cantilevermastarm of each & the poles The inplane and oubf-plane directions have been
denoted as Mdirection and Zdirection respectivelyjn this report After the pluck tests, poles
were remotely monitored for ambient wind vibrations for a period of four months. In order to
collect the required data, the data acquisition system was programmed to collect data only when

the wind speed exceeded trigger levels as set during thédongnonitoring.
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4.4 Instrumentation
4.4.1Wind Monitor

A propellertype anemometdModel 05103RM Young Companyjvas instrumented on
top of the light pole for recording wind speeds and wind direction. The wind monitor was mounted
on top of an oot aluminum pipe, which was clamped to the top of thdod5 light pole.
Therefore, wind speeds andalition were measured at the height of approximately 33 feet above
the ground, which is the standard height used for wind speed computations in ASCE and AASHTO

specifications.
4 .4.2Accelerometers

One triaxial MEMS DC accelerometer (Model 3713E1125G: P@&®tronics, Inc.jvas
instrumented on top of each of the two poles for measuring the amplitude and frequency of
accelerations due to wind forces. According to previous research, these types of poles vibrate with
low amplitude and lowirequency acceleratis due to windgConnor and Hodgsor2006)
Therefore, accelerometers capable of measuring frequencieS0Q0 H) and acceleration

amplitudes (25 g peak) were used.
4.4.3Strain gagesand Thermocouple

Eight tempeature compensated strain gag@dodel CEFLA: Tokyo Measuring
Instruments Laboratory Co., Ltdyere installed on each pole near the base plate to réwoerd
stresses corresponding to the wind forces. Th
bending stresses induced due to pluck tests and ambient wind vibrations. The strain gages were
installed two feet above the base plate of the lumiraicetwo feet above the hahdle of the

traffic signal to avoid any stress risers due to sharp geometric discontinuities around theléand
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or base plateA K-type thermocoupléOmega Engineeringyith a separate data logger was also
installed near theop-box to measure the change in temperature of the ambient conditions every 5
minutes throughout the duration of theld monitoring. The instrumented sensors are shown in

Figure27.

Figure27. Win monitor‘(lft), ccelerdhéter (center), and Strain Gages (right)

4.4.4Data Acquisition

A CR5000 data logger from Campbell Scientific, Imas used for recording data and
remote monitoring. The datagger was a 1-®it data acquisition syste with 20 differential and
40 singleended analog channels. Sixteen strain gages, two accelerometers, anereomitnd
were connected to th€R5000data acquisition system. THeR5000data logger was further
connected to a cellular modd@ierra WirelesRkaven X)for wireless communications through a
satellite internet connection. The data logger was constantly powered through three universal 12
volt, 200Ah batteries connected in parallel (as seénigure28). The batteries were charged by a
7.5A1 12V smart battery charger for approximately 8 hours each nighewkternal power was
supplied to the luminaire circuit. The sensors, batteries, data acquisition system, and modem were

enclosed in a weathgroof job-box at the site.



66

Figure28. Parallel battery connection for charging CR5000

The accelerometer and the strain gage data were collected at a frequency of 50 Hz, whereas
wind data were recorded at a lower frequency of 2 Hz. Fiftyrétpuency was chosen to ensure
that the frequencies equal to or less than the Nyquist frequency (25 Hz) would be easily observed
in the data without the effect of aliasing. As per previous studies, it was expected that at least three
modal frequencies with 25 Hz for these poles would be observed. Data signal processing was
performed using a commercial data analysis and graphing sof@vayie Pro 2017 (OriginLab
Corporation) The accelerometer and strain gage data were filtered through-aslgttbangass
Butterworth filter withthecuo f f f requenci es set at 0.5 Hz (O

of the poles in each direction) and 25 Hz (Nyquist frequency).
4.5 Results
4.5.1Modal Frequencies

Two pluck tests were conducted along each of th@ane and oubf-plane directions of
the cantilever masarm of the poles. Precautions were taken so that no tnafficced vibrations
(e.g. gusts from passing vehicles) occurred during the pluck tests.-ptanaand oubf-plane
directions have beettenoted as the -direction and Zdirection in the results, respectively. The

filtered acceleration data in the time domain of each direction was converted into the frequency
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domain usin@g Fast Fourier TransforrkET) analysis. Peaks in thieequency specamwere used
to identify the first few natural modal frequencies of the poles in the Y and Z directions.
Acceleration time history along with the frequency spectrum for pluck test 1 in the Y direction

performed on the traffic signal and luminaamre show in Figure29 andFigure30, respectively.
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Figure29. Acceleration time history (Left) and frequency spectrum (Right) for the pluck test 1
perfomed on signal in Y direction
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The modal frequencies for the traffic signal and the light goden the FFT analysis are
compiled inTablel0andTablel1, respectivelyThe frequencies highlighted in the tabées the
observeddominant frequencies with maximum contribution during the pluck testoAgh the
poles were pulled at the top, multiple modes weteited due to the muitdirection vibrations

induced in the cantilever maatns of each pole



Table10. Modal Frequencies for the Traffic Signal

Pluck | . . Traffic Signal - Modal
Test Direction Frequencies (Hz)
Mode 1 | Mode 2| Mode 3
1 v 1.43 3.43 5.2
2 1.42 3.41 5.18
1 7 NA 3.48 5.76
2 1.48 3.47 5.76

68

Shaded numbers represent the dominantaifoelquencies

Tablel11l Modal Frequencies for the Lunaire

Pluck o Light PoIe_— Modal
Test Direction | Frequencies (Hz)
Mode 1 | Mode 2

1 v 1.34 4.15

2 1.35 4.08

1 2 1.04 2.75

2 1.04 2.75

Shaded numbers represent the dominantainfoelquencies
4.5.2Damping Ratios

The half-power bandwidth method waseassto calculate the damping ratios for each
dynamicmode of the two structures. Amplitudefvequency curves from the FRhalysisof the
pluck tests were analyzed for this purpose. It slallengingto determine the damping ratios
using thehalf-power landwidth method from the ambient data because of scatter around the modal
frequencies. Therefore, only the data from pluck tests were analyzed. Moreover, the damping ratios
calculated heranclude only contributions from structural damping and not aeradiidamping.
Aerodynamic damping is mainly observed when the structure vibrates in the air due to ambient
winds. However, the positive/negative contribution of aerodynamic damping is generally minimal
compared to the structural dampifigjewski and Kareem2001) Half-power frequency pots
are defined as the frequency pointsghd ) having an amplitude value egjuto peak value
di vi de HBiguedl). Balf-poer frequency points were determined on eitherdfitiee peak

(modal) frequency ah the damping rat® were calculated usingEquation 3. Half-power
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bandwidth method does not yield accurate results when the modal frequencies are close to each
other. However, halpower bandwidth method worked fine for calculatmgdal damping ratios

in this research study since the modal frequencies were spread out.
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Figure31 Half-power Bandwidth method
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Equation3. Damping ratio formula from Hajpower Bandwidth methof@Connor et al. 2012)

U

The damping ratios calculated for the traffic signal and the luminaire th@rigandwidth
method are shown ifiablel2andTablel3, respectivelyThe modal frequencies identified by the
peaks in the FFanalysiswere also verified witlthe model frequency formulafif2)/2 from the
half-power bandwidth method’he damping ratio for the first mode was generally found to be
more than the higher modes for thefftcasignal and the luminairéThe damping ratio for the
traffic signal was in the range of 0.13% to 0.6%, whereas thewats in the range of 1.04% to
2.38% for the luminaire. A similar observation was made in the field during the pluck tests where
the traffic signal took a relatively longer time to damp out the vibratifies the pluck testas
compared to the luminairgvhich could be explaed due to the long cantilever mastn of the

traffic signal.
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Table12. Damping Ratios for each mode of the traffic signal

Traffic Signal - Damping
PT':gf Direction Ratios
Mode 1| Mode 2 | Mode 3
1 v 0.4 0.15 0.27
2 0.6 0.34 0.31
1 7 NA 0.24 0.29
2 0.3 0.13 0.33

Table13. Damping Ratios for each mode of the luminaire

Pluck o Light Pole -
Test Direction | Damping Ratios
Mode 1| Mode 2
1 v 1.04 0.65
2 1.56 0.87
1 7 2.38 2.31
2 1.81 1.64

4 5.3Ambient Wind Data

A wind monitor was installed on April 30, 2018, 25 days after the strain gage and
accelerometer instrumentation. The average and maximum wind speed data were collected every
day until August 4, 2018, and the wincegpvariation is shown ifrigure32. There is no data for
a few days on the graph because the wind speed was beleetthigger speed on those days.
The average wind spe&hs found tdoe close to the different wind triggers s¢t6, 10, and 15
mph regularly throughout the field monitoring (d6gure32). A maximum wind speed of 46.9
mph was observed on May 1Aside fromthis, three other major high wind speeds were 39.0
mph, 34.2 mph, and 3 mph. Onaverage, the maximumaily wind speed was found to be
between 15 and 25 mplihe most dominant wind speed was in the range of 312pmph The
majority of the wind flow was from thgouthwest $W) direction (~ 30%)as shown in the wind
rose diagram irigure33. The SW direction wathe same as the Z direction with respect to the

orientation of the poles.
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Figure33. Wind Rcse Diagram

4.5.4Ambient Acceleration Data

FFT analyses was also performed on the ambient acceleration data to verify the modal
frequencies of the structures calculated from the pluck tests. This was done since the ambient data
resulted in a higher numbef frequency response points and, therefore, a higher level of accuracy.
The first three modes of vibration were easily observed from the FFT analysis of the daily ambient

acceleration data of the traffic signal. Higher modes were not excited due t@tpwericy wind
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induced vibrations. The second mode was found to be the most common and dominant mode for
the traffic signal per the FFT analysis. Moreover, the third mode had a relatively higher
contribution compared to the first mode. FFT analysis of #ilg dmbient acceleration data of the
luminaire showed only the first two modes of vibration. Both were equally dominant with their

amplitudes close to each other.

The maximum daily acceleration values of the traffic signal and lumidae&¢o vibrations
for the four months from April to July are shownRigure34 andFigure 35, respectively. Peak
accelerations as high as 1.8g were observed for both the structureg(se84 andFigure 35).
However, such peak values were observed for a very small duration (a few isolated peaks at a
sampling frequency of 50 Hz or 0.02 second) during the wHale Therefore, it is more
appropriate to say that peak accelerations were commonly in the range0dd@fbr the signal

and the luminaire.
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Figure34. Maximum daily acceleratiodue to vibrationgor the traffic signal
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Figure 35. Maximum daily acceleratiodue to vibrationgor the luminaire

Although the majority of wind was blowing along the Z direction, the acceleration data
suggests that vibratiomgere still experienced in bothe principal diretionsof the traffic signal
and luminaireThis could be explained due to different wind phenomena like vortex shedding and
galloping, which result in the movement of the structure perpendicular to the wind direction. This
is opposite to the parallel mawent as in the case of natural guBt®vious research also sheav
that nost of the higher modes (2nd or higherancillary structuresvere due to vortexshedding,
which require low velocity, higfrequency steady wind speeds 3® mph)(Consolazio et al.,
1998) According to FHWA, luminaires are susceptible to vortex shedding and natural gusts,
whereas cantileved signals are more susceptible to galloping and natural @satéch and
Thorkildsen, 2005)Therefore, t is very likely that vortex shedding and galloping took place
during tie four month®f field monitoringsince the majority obbservedvind speeds were low

frequencyandin the 1535 mphrange
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4 .5.5Anchor Rod Stress Data

The maximum daily bending stress valulige to vibrationgor both structures were
converted into anchor rod axial stresslue to vibrationsusing bending moment and stress
relationships (G = My/1). M afficisigmal due t &ilrdtions r o d
from April to July are shown ifigure36 and were found to ba the range of 0-48.5 ksi in either
direction The maximum value of rod stredge to vibration®bserved in the traffisignal was 4.5
ksi in the Y direction and Sksi in the Z directionThe rod stressas both principaldirectionsof
the traffic signalweresimilar to each otherdowever, he maximum daily axial rod stredse to
vibrationsrecorded in the luminaire as moreprevalentin the Z direction as compared to the Y
direction (sed-igure37). The overallrod stressange was 0.28.5 ksi in bothprincipaldirections
of the luminaire The maximum value of axial rod streige to vibrationsbserved in the luminaire
was 33 ksi in the Y direction and 3.42 ksi in the Z direction. The stressfaiabeth the structures
was also suggestive of vibrations in both primary directions (Y and @)ghout the foumonth

field monioring period.
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Figure36. Maximum daily axial rod strestue to vibrationgor the traffic signal
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Axial Rod Stress due to vibrations (ksi)
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Figure37. Maximum daily axial rod strestue to vibrationgor the luminaire

4.5.6Stress Histograms

A rainflow-count algorithmMATLAB 2018awas used tareatestress histograms fone
axial stress in the rod§hiswasperformedo better understand the relationship between the stress
range and the number of vibration cyadeservediuring the field morioring. All the stress ranges
with greater than 0.1% contribution from the number of vibration cycles were consigeré¢ide
traffic signal, the raximum significant stress rangéservedvas 5 ksiwith 0.15% contribution
to the total number of vibratiorycles For the 5 ksi and 4 ksi stress rangggraximately 22,000
and 420,000 cycles were observed in either direction for the traffic signal, respedtinelbksi
stress range had the maximum number of cycles (9.32 milliathe Z directionThe luminaire
experienced 86,500 cyclasthe maximum significarstress rangef 3 ksiin the Z directionThe
majority ofvibrationcyclesexperienced by the luminaire in the Z directvegrein thel ksi stress
range (11.60 million). Stresangehistogramswith a percentage contribution for both the traffic

signal and the luminaire in the Z direction are showRigure38 andFigure39, respectively.



76

_
o

64.58%

21.90%

Number of Cycles (x108)
O =2 N W A~ 0 O N O

10.42%

2.94%
0.15%

|
1 2 3 4 5
Stress Range (ksi)

Figure38. Rod axial stress range histogram for traffic signal in Z direction

14
82.60%

.
N

-
o

o]

(o]

N

16.77%

_ O-SZOA)
2

Stress Range (ksi)

Number of Cycles (x10€)

\V]

Figure39. Rod axial stress range histogram for luminaire in Z direction

The stress range data wasoextrapolated ovea period obne year, and ivas found that
the traffic signal would experience approximately 4.51, 1.28, and 0.07 million cycles of 3 ksi, 4
ksi, and 5 ksi stress rangesspectively Similarly, the luminaire would experience 7.05 million

and 0.26 million cycles of 2 ksi and 3 lesinually.

In order to account for multiple stress ranges, an effective stress rangisedetermined
for boththe structuresThe effective stress rang@erecalculatedusingthe cube root of the sum
of the cubes of the measured stress ranges equton for the effective stress range given in

The Manual of Bridge Evaluation is showm Equation4 (AASHTO, 2011) The calculated
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effective stress range in the Z direction was approximately 2 ksi and 1.3 ksi for thestgafat
and luminaire, respectively. The effective stress range was small, but the vibration cycles are
cumulative in naturelTherefore, it was decided to vibrate a{sitlale traffic signal in resonance at

the observed maximum stress range-6fkéi obtaned from the fouimonth field monitoring data.

3E  tr3/E 7
Equationd. Equation for effective stress ranGeASHTO 2011)

4.5.7Correlation between wind speeds, accelerationand bending stresses

Daily maximum acceleration data Wwiaicceleration values > 0.1g watedied along with
their correspondindaily maximum wind speeds to see if there was any correlation between them.
It was found that wind speeds in the range e##20mph producedcaeleration valueg>1g) on
some days. However, on other days, similar wind speeds did not produce high acoslérati
1g). This explains the variable frequency of high wind speeds. Also, on the day of highest wind
speed event (46.9 mph), high accelerations of 1.75 g were observed in the luminaire but relatively
smalleracceleration 00.54 g in the traffic signalt can be concluded that high winds do not
necessarily prodéc high amplitude vibrations butepend on the frequency of the wind and

resonant frequency of the structure.

Next, daily maximum bending stress datrestudied along with their correspondinajlgt
maximum wind speeds to see if there was any correlation betweenAh&milar pattern was
observed as with the accelerations. The highestingstresses were observed on the day with a
wind speed of 39.2 mph. However, rataty smaller stressesererecorded on the day with the
maximumwind speed of 46.2 mpiherefore, it can be concluded that high wind speeds do not

necessarily induce high stresses at treeled an ancillary structure.
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4.6 Observations andFindings

1. The second and third modefstioe traffic signal were the dominant modes with
maximum contribution during the pluck tests and ambient widdced vibrations.

These modes are the fundamentgblene and oubdf-plane modes of the long mastm
attached to the straight pole. The fasid second modes were found to have equal
contribution in the case of the luminaire.

2. In spite of the majority of wind blowing from one direction, there was evidence of
vibrations in both principal directiong/hich suggestedccurrence ophenomenon like
vortex shedding and galloping along with natural gusts.

3. The damping ratios for the luminaire were more ttvamtimesthat of the traffic signal.
Due to the long masirm of the traffic signal, the vibrations in the traffic signal took a
longer time to daop out as compared to the luminaire.

4. The | ow st blsi@ntribied © the majoi@y of the vibration cycles in both
structuresThe maximum significant stress range was found to be 5 ksi for the traffic
signal and 3 ksi for the luminairafter extrapolation of the data, it wasrluded that
the traffic signal would experience approximately 1.28 million cycles of 4 ksi stress range
annually and the luminaire would experience 0.26 million cycles of 3 ksi stress range
annually.

5. Based on the results of the field monitoring, it wasided to vibrate a fulicale traffic
signal in resonance at3iksi stress range during the laigmale experimental testing

program.
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CHAPTER 5: Vibration Testing of Ancillary Structures

Chapter5 consistsof an undereview manuscriptitled filnvestgation of Anchor Nut
Looseningon Highway Ancillary Structures submi tted to the Journal
on03/05/2020The manuscript presents the results and conclusions from thestaigeand small
scale vibration testing performed on anclamts. The purpose of the testing was to investigate the

effect of windinduced vibrations on loosening of anchor nuts in ancillary structures.
Investigation of Anchor Nut Looseningon Highway Ancillary Structures
Japsimran SinghMatthew H. Hebdoh
5.1 Abstract

Anchor nut loosening on highway ancillary structures has been a problem in the
transportation industry for the past few decades. There have been reported cases in the past, where
loose anchor nuts were found to be partially responsible for tlueefaf ancillary structures.

Variable frequency winds can lead to resonant vibrations in ancillary structures, which are believed

to be one of the potential causes of loose anchor nuts. Previous research also shows that transverse
and axial vibrations ¢alead to loosening of nuts in structural and mechanical connections. This
research was primarily focused on investigating the effect of-imithaiced vibrations on loosening

of anchor nuts in doubleut moment connections in ancillary structures. The resaavolved
largescale vibration testing of a foanchor rod configuration traffic signal on the basis of

vibration stress results from a femnonth field monitoring program. The purpose of the lesgale

1.2 Department of Civil & Environmental Engineering, 200 Patton Hall, Virginia Tech, Blacksburg, VA
24060
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testing was to establish the relationship betwthe number of vibratory cycles, rod pretension,
and nut loosening. A smadicale vibration test was also performed in a fatigied universal

testing machine to validate the results of the lmcpe vibration testing

5.2 Introduction

Many ancillary structuressuch ascantilevered sign structures, overhead traffic signals,
luminaires and highmast light towers (HMLT,) have proved to bsusceptible to windelated
fatigue and vibration issué®exter and Ricker 20025ome of the more common problems in
ancillary structures, re#ing from windinduced vibrations, include eld cracking at different
locations, tube fracturing, loosening of anchor nuts, and cracking of anchobiffeent wind
loading phenomenon contribute to vibrations in the ancillary structegsral windgustscan
lead to vibration of the structure in the direction of wind whereas phenomenon like vortex shedding
and gallopingcanresult in vibration of the structure in a direction perpendicular to the wind

direction.

There have been many reported casdisarpast few decades where anchor nuts have been
found loose on ancillary structures. Wimatluced vibrations are believed to be one of the potential
causes of the observed anchor nut loosenireyi®us researcim other fieldshasalsoshown that
trans\erse vibrations (perpendicular to the axis of the bolt or rod) can cause complete loosening of
the nutgn structural and mechanical connectifiigede and Lange 2009; Jiang et al. 2003, 2004;
Junker 1969; Yamamoto and Kasei 198@n the other hand, there has been no evidence
suggestinghat axial vibrations (parallel to the axis of the lwltrod canresult in total loss of
pretensior(Bickford 2008) However, early research showed that dynamic axial loading can lead

to partial loosening of nut&Goodier and Sweeney 1943xial vibration researchlsorevealed
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that the rate of loosening initially largeduring the first few thousand cycles hsitdramatically
reducedbeyond thaiSauer et al. 1950Fauer et al. also found that the rate of loosening is a
function of the ratio of dynamic to static load (pretension) ratio and the amount of loosening

decreases withnincrease in bolt pretensi¢h950)

Nut loosening due to vibrations typically consist of two stddiesg et al. 2003)I'he first
stage consists of negligibtetationof the nut accompanied laysmall loss in pretension due to
the local material deformation or plasticity at the thread rootse @epretension has reached a
threhold value, it marks the beginning of the second stegeh involves rapid loss in pretension
and fast backing off of the nut. The first and the second stages are also oftentocfesredn

rotational and rotationak#f-loosening stages, respectivéiahmoud et al. 2016)

Doublenut moment connectionas shown irFigure 40, are primarily used for fastening
ancillary structures to concrete foundatiom¥oublenut moment connectionare currently
required to be tightened as pleeturn-of-the-nut tightening metho@AASHTO 2015; Dexter and
Ricker 2002; Garlich and Thorkildsen 200%he tightening procederinvolves snugightening
the top nut and leveling nut followed by incremental angular tightening of the top nut based on the
grade and diameter of the anchor rod. The tightening is followed by application of a verification
torque equal to 110% of the &hpretension to overcome any initial loosenohge to stress
relaxatiornwithin 48 hours of tightenin{Dexter and Ricker 2002Aside from a fully pretensioned
top nut there are no other means to prevent loosening of the nuts specified in the present tightening
guidelinesThe numbebf cases of anchor nut loosening is a matter of concern andgpssgsus
safety risk for the travelling publi@ecausehe effect of windinduced vibrations on anchor nut
loosenings not well understoqgand there is a safety risk associated wittatiehor nut loosening,

this topicneeds further research.
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Figure40. Typical doublenut moment connection on ancillary structures
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5.3 Literature Review

Two cases of loose anchor nuigere reportedduring the failure incidents ofwb

cantilevered sign structures in Michigan in 199@l 1992). A combination of vortex shedding

and loose anchor nuts were found to be the cause of failure. In 2012, two cantilevered sign
structures collapsed ontohighway during heavy wind storms in Virgmione each in Prince
George County and Fairfax. Prior inspections of the structures revealed that these structures had
loose anchor nuts. Loose anchor nuts were also foundMioTs during 54 out of the 177
inspections done byhe Alaska Department of Traportation (AKDOT) from 2007 to 2011
(Hoisington and Hamel 2014hloisingtonand Hamel also cohadedthat the nut loosening was

not dependent on foundation type, pole height, lamp configuration, date of installation, number of

anchor rods, rod diameter, or temperature during the time of installation.

Different private and government agencies haemiified loose anchor nuts during field
inspections across different states in the United S{(@adich and Koonce 2010).oose anchor
nuts are typically identified by striking was
sound as a result of the striking is an indicatiom tdose nut. However, this measure does not

distinguish between a sntitgght or fully pretensioad connection(Garlich and Koonce 2010)
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Loose anchor nuts can lead to higher stresses in the anchor rods and increase the flexibility of the
base plate, contributing to the fatigue cracking in the welds and anchdGaxdish and Koonce

2010)

Most of the experimental or analytical research on ancillary structures in the past has been
focused on issues like fatigue perf@mee, anchor rod cracking, and weld cracking. The research
on fatigue performance afibeto-transverse plate fillet welds connecting the pole and the mast
armdates back tthe1970s(Alderson1999; Archer and Gurney 1970; Miki et al. 1984; Miki and
Masakaju 2001)In 1996, as part of an NCHRP-B8 project, it was concluded from the static
and fatigue tests conducted at Lehighuédnsity that prying action due to the bearing of anchor
nuts on the base plate can be eliminated by stiffening the(platdhant 1996)A base thickness
equal to or greater than the anchor rod diameter can be used for this purpose. It was also found that
the simple bending formula (My and moment of inertia of the bolt group could be used to
reasonably calculate the axial stresses in the anchor rods. Anothesdalgdatigue testing
program performedat the University of Texas at Austwas focused on enhanced fatigue
performanceof the connection between straight pole/mast arm and straight pole/foundation in
traffic signal structures and highast lighting connection§&tam et al. 20110ne of the findings
included the need to gperly install anchor rods as loose anchor rods could cause stress

concentrations near the weld toe and result in reduced fatigue performance.

Largescale fatigue testing on ancillary structurethe past has beelone using hydraulic
actuatorsHydraulc actuators are easy to contend program but can sometinteke longer for
testing due tdow frequency rate. Resonance testing of ancillary structures is an alternative
solution to actuator fatigue testirigesonance testing involves vibrating thectureat itsnatural

or resonant frequency using an external vibration source such as an electricThettorcing
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frequency of the motor is set equal to the natural frequency of the structure which leads to large
amplitudes of vibration in the structuprovided the structural damping is low. The amplitude of
vibration can also be changed by slightly adjusting the forcing frequency around the natural
frequency of the structurdn 1980,Van Dusercompared different methods for vibration testing

of luminairesandconcluded that resonance testing is one ofibst affordableand timesaving
methods for fatigue testing. Any significant change in stiffness can be easily detected by a change
in frequeny and avibration exciter can alsexcite aluminaire n its fundamental mode (0Z5

Hz) (Van Dusen 1980)

Hoisington and Hamel, whose reseafdgused on the loosening of anchor nuts on
ancillary structuresevaluatedfinite element analysis (FEA) of anchor rods in three different
connection models including a doulslet moment connectiof2014) The researchers analyzed
the effect ofloosening of nuts due to clamp load loss as a result of excessive permanent
deformation in the connectiom their study, gternal loading in the form of moments simulating
desing wind loads were applied on to the HMLP models to observe both clampdeaohtl any
separation between the connection elements. They discovdret doublenut moment
connections required more than 100% design loads to cause any separation or clamp load loss.
However, theauthorsrecommended that thicker base plates laigther number of anchor rods
shouldbe used to increase the resistance afgbennections to clamp load lodéassar and Matin
also performed numerical analysis and experimental tests showing that cyclic separation forces
can causa loss of clamp load in a bolted joint if the bolt is tightened beyond the {Nadsar

and Matin 2006)

Recently, lowa State University researchers in collaboration with Mirenesota

Department of Transportation (MnDOT) also condudteallargescale fatigue tests on a Type 5
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signposi{Chen et al. 2018)T'he signpost consisted of tweJe5inch F1%4 grade 55 anchor rods
thatwere tightened tan average of5% yieldwith atorque of 450 Hb using a modified open
ended torque wrenchn a star patternDue to the stiffener plates at the base plate to pole
connection, leveling nuts were fully presgmned and top nuts were left srtught as opposed to
conventional way of tightening which involves fully pretensioning the top ititge out of the

12 anchor rods were also accidentally yielded during tightening. After tighteinéngjgnpost was
cycled at 1 Hz using a 55 kip hydraulic actuator at the free end of theAsokftective stress
range of 6 ksi was observed during an earlier field monitoring study and used as a target stress
range for the fatigue test. After 2000 cycles of 6\ksration stresdoading, testing was stopped

to check nut tightness. Upon inspection using striking of the waahdnsutsvith a hammerpne

of the twelve anchor rodutswasfound tobe partiallyloose.The nut tightness was also checked
using the modified torqiwrench. It was found that the inspected loose anchor nut began to turn
at 180 ftlb torque. A second largecale fatigue test was also conducied lower stress range of

1 ksi. However, no loosening was observed after cycling the signpost for 1.2gnnoicles.

Due tolack of sufficientpast research in the field of anchor nut loosening in ancillary
structures and historical evidence showing loose anchor nuts on ancillary structures throughout the
United Statesa research study consisting af investigation into the effect of wirshduced
vibrations on loosening of anchor nuts in ancillary structures was condiibidesearcktudy
involved a fourmonth field monitoringperformed on a galvanized steel traffic signal and an
aluminum luminairgo identify the magnitude and type of wind loads actingr@seancillary
structures. A largscalevibrationtesting was further conducted on a faumchor rod traffic signal
on the basis of vibration stress results from the field monitoring. The purptse lafgescale

vibration testing was to determine the relationship between vibration stress range, number of
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vibration cycles, anchor rod pretension, and loosening of anchor lragdy, a smallscale
vibration testing consisting of axial vibrations irsimgle anchor rod fastened in a double

moment connection waonductedn order to validate the larggcale testing results.
5.4 Field Monitoring

Two previously installedncillary structures (one aluminum luminaire and one galvanized
steel traffic sgnal) close to each other were instrumented and monitored near the James River
Bridge in Carrollton, Virginia for a foumonth period from April 2018 to July 2018 (SEéigure
41). The location was chosen on the Isasi historical high wind speeds in the region due to the
proximity to a large water body and minimal surrounding forest c@Ve traffic sgnal consisted
of eight,2 inch diameteanchor rod fastened to a 21 fléh straight pole. The outside diameter
of the straight polefahe traffic signal was 17 inch at the top and 19.5 iatcthe bottom. The
luminaire was a four 1 inch diameter anchor rod configuration strueitliean overall height of
26 feet. The outside diameter of the straigiiewf theluminaire was inchat the top and 8 inch
at the bottomMultiple sensorsincluding accelerometers, wirahemometerstrain gagesand
thermocouplewere instrumented on each structure. Pluck tests were conducted on the first day of
the field monitoringprogram to identify and calculate the dynamic characteristics like modal
frequencies and damping ratios of the individual structukéisr the pluck tests, the ancillary
structures were remotely monitored for wimdluced vibration data including accelgoas, wind
speeds, wind direction, vibration stress, and temperature change fonadiotr periodHowever,
only data pertaining to observed pole vibration stresses and anchor rod vibration stresses for the

traffic signalis relevant to the discussiomthispaper and hence, has been discussed in detail here
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Figure41. Instrumented traffic signal and luminaire in Carollton, VA

5.4.1Instrumentation

A propellertype anemometer (Model 05103: RM Young Company) wsislledon top
of the uminairefor recording wind speeds and wind direction. Oneaxial accelerometer (Model
3713EL125G: PCB Piezotronics, Incwas installed on top of each of the two structures for
measuring the amplitude and frequency of accelerations dwintbloads. Eight temperature
compensated strain gag@dodel CEFLA: Tokyo Measuring Instruments Laboratory Co., Ltd.)
were installedadially, 45 apart from one anothen each polabove the hantioleto record the
bendingstresses corresponding to thind-induced vibrations, as shownkigure42. A Campbell

Scientific CR500@ata logger was used for recordemgdmonitoringdata

) 4 g -

Figure42. Wind monitor‘(lft), cceleromgter (cem}, and Strain Gages (right)
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The accelerometer and strain gage data was collected at a frequency of 50 Hz as compared
to wind monitor datawhich was cdected at a lower frequency of. A higher frequency of 50
Hz ensured that all th&tructuralfrequencies less than or equalttee Nyquist frequency (25 Hz)
were observed without any effect of aliasing. The accelerometer and strain gage data were also
filtered through a sixtlorder bandpass Butterworth filter with the-ciit frequencies set at 0.5 Hz

(O half of the fundamental frequency of the pc
5.4.2Results

In this paper, the direction parallel to thastarm plandor both polehas been denoted
as Y, and the directioperpendicular tthe mastarm direction has been denoted a®uring the
four-month field monitoring periada maximum wind speed of 47 mph and an average wind speed
of 15 mph vasobservedThe nmajority of thewind was blowing from a direction perpendicular to
the plane of the ns arm(Z) in bothof thestructures. However, stresses and accelerations were
observed in both the principal directions (Y and Z) of the ancillary structnhesh was likely

due to the effestof wind phenomenarike vortex shedding and galloping.

The measured gde bending stressafue to vibrationsvereused to calculatanchor rod
axial stressedue to vibratonss si ng si mpl e bending moment and
The maximum daily anchor rod stredse to vibrationsn thetraffic signalwasfound to bet.5ksi.
The distribution of maximum daily rod stredge to vibrationgor the traffic signal during the
four-month field monitoring period is shownfiigure43. A rainflow algorithm in Matlab (Moell:
R2019a) was further uséolconvert axial stress data in the anchor iottsvibration stress ranges.
A histogram showing the relationship betwaba number of vibration cycles artie vibration
stress range in the anchor rods altmgZ direction @ the traffic signal is plotted ifrigure 44.

Each histogram bin width was set as 1 ksi. For example, the stress ranges between 1 ksi and 2 ksi
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were summed under the 2 ksi histogram Bbime majority of cycles (9.32million) for the traffic
signalweredue tol ksi stress rangé&our ksiand5 ksi stress ranges contributed approximately
420,000 and22,000 cycles in either principal direction of the traffic signal during the rioamth
period.Stress ranges greateath5 ksi had contribution less than 0.1% of the total vibration cycles

and were considered negligible to the vibration accumulation.

Axial Rod Stress due to vibrations (ksi)

05 |

4/5 415 4/25 5/5 5/15 5725 6/4 6/14 6/24 7/4 714 724 8/3 8M3
Date

—&— Maximum axial stress in rod (Y) --#--Maximum axial stress in rod (Z)

Figure43. Maximum daily axial rod stress due to vibrations for the traffic signal
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Figure44. Vibration stress range histogram for anchor rods along Z direction
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Based on an extrapolation of stress rarayes a period of one yeat was found that the
traffic signalwould haveexperiencd approximately 4.51, 1.28, and @.@nillion cycles of 3 ksi,
4 ksi, and 5 ksi stress rangesspectively. Based on tlield monitoringvibration stress results,
it was decided to vibrate a ftdcale traffic signal in the laboratorythe highest obseed stress
range of4-5 ksi. Due tahe observance of multiple stress ranges throughout the field monitoring,
an effective stress range was also calculated using the cube root of the sum of the cubes of the
measured stress rangssnilar to that performed for fatigue evaluation of bridgactures The
equation as given in the AASHTO Manual for Bridge Evaluation is showEquation 5
(AASHTO 2011) The slope was chosen as 1/3 because of the lack of adequate data to support a
different slope.The effective stress range was found to be 2 ksiHerttaffic signal inthe Z

direction.

3E  traE 7
Equation5. Equation for calculating effective stress range

5.5 Large-scale Vibration Testing

Wind-inducedvibrations were simulated onfall-scale oubf-savice, four-anchofrod-
configuration galvanized steel traffic signal. The pole wall @4875inch thick with an outer
diameter of 1linch at the bottom anélinch at the top. The traffic signal was 20 feet in height
with a1.5inch thick galvanized bag#ate. The mast arm had.1875inch wall thickness witla
32 feet length. The anchordewere F1554 grade 55 add25inch in diameter. The pole was
vibrated in resonance using an eccentric weight motor attached at the free end of the pole. The
eccentrc weight and the frequency of the motor was varied for achieving desired vibrations. The

anchor rods were instrumented with bolt strain gages to measure pretension. The effect of varying
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pretension and vibration stress range on nut loosening was investlyaing individuaVibration

tests.
5.5.1Experimental Testsetup

The anchor rods in a doubteit moment connectioare generally embedded inside a
concrete foundation. However, a reaction box fixture was used instead for simulating a fixed
boundary conidion during the testing. This ensured that multiple poles could be tested with the
same reaction fixture. THabricated anchor rodserefirst made snugight using a 22 inclong
operrended wrench and latistenedo 120sbeyond snugdight conditionat the vertical plates of
the reaction box fixture using a tuaf-the-nut tightening procedure (s€é&gure45). The reaction
box fixture was also stiffened using cross stiffeners. The traffic signal at the baseaddurther

fastened to the anchor rods in a doefilé moment connection (s€gure45).

=

Figure45. Reaction box fixture fastened to the anchor rods

The reaction box fixturevas fatered to two W14x99 sectionghich were connectedit
three locationso the floor of the laboratoryight feet apairfseeFigure 46). The two W sections
were also connected using plates at the top and bottom ravigle resistance to torsional

movements during vibrations.
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Figure46. Complete view of the tesetup for largescale testing

5.5.2Instrumentation

A variable frequency industrial stepper motor (AMCI ISMD23E®EM12) with a
maximum torque capacity of 240-gzwas used for inducing vibrations in the traffic sigiag(re
47). The motor was connectedaaeomputer using an Ethernet cable amel tnotor frequency was
input using a softwa interface. Aweight was eccentrically attached to the motor shaft using a
rotation arm. The eccentric weightoduced a centripetal force large enough to induce vibrations

in the pole at the free end.

Figure47. Variable fregency stepper motor attached to the free end of the pole
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The bolt strain gages (Model BFBIC-5LIBT: Tokyo Measuring Instruments Lab.) were
placed4.25inch deep inside a 0.0Ti&ch predrilled hole in the center of the anchor rods to measure
anchor rogoretension. The bolt strain gage centesinstalled at the midlepth of the doublaut
moment connection to ensure proper measurement of pretension in the anchor rods. Foil strain
gages (Model FLA6-11-5LJCT: Tokyo Measuring Instruments Lab.) were also llesta? feet
above the hand hole to measure induced bending stresses in the pole during vibrations. One tri
axial MEMS DC accelerometer (Model 3713E1125G: PCB Piezotronics, Inc.) was attached at the
free end of the pole to measure acceleration due to iddubeations. A laser distance sensor
(Model OPT 2011: Wenglor) was placed below the free end of the pole tamdeaseend
deflections Tilt sensors (Model Tilt 33A: CTi) were attached to the flat surfaces of the anchor nuts
to measure any nut rotatiodse to loosening during testing. All the sensors were connected to a

CR5000 data acquisition system for recording and collecting data.
5.5.3Experimental Test Procedure

Fifteentests were conducted in total during tasge scale vibration testing.he first test
involved vibration of the traffic signal with a 46et mast arm. The vibratierwerenduced in the
2"9mode fundamental oubf-the plane mode of the mast draf the traffic signalAfter vibrating
the pole for 600,000 cycles (including triakts), a weld crack was observed on the connection
between the mast arm and straight pole [Sgere 48). Due to weld crackinghe remainder of

the ffteen tests were conducted on the straight pole in the fitgiahanode.
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Figure48. Weld crack at the connection between straight pole and mast arm

The following test procedure was adopted for the ke vibration testing:

1. The straight pole was fastened at the base plate to thedtdatianchor rods in a double
nut moment connection using a twofithe-nut procedure. It was ensured that there was a
standoff distance (less than o#tmlt diameter) beyond the doubieit moment connection
as per the VDOT tightening specification reqments (VDOT 2016a; b) Standoff
distance reduces éhmagnitude of any bending stresses in the anchor rods due to shear
forces or torsional momen(Kaczinski et al. 1998)The anchor nuts were tighteneith
a 22 inch long operended wrench untilne desired pretension in the anchor rods was
achieved.

2. All of the sensors (pole strain gages, accelerometer, tilt sensors, and laser distance sensor)
were installed, instrumented, and connected to the data acquisition system for recording
data.

3. For the frst test, the mast arm was connected to the straight pole using structural bolts, and
the motor was attached to the free end of the mast arm for inducing vibrations. For all the
other tests, the motor was mounted to the free end of the straight pole.

4. A pluck test was performed on the structure, which involved pulling the free end of the

pole or the mast arm and releasing it to induce free vibrations. The free vibration data from
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the different sensors was analyzed using Fast Fourier Transform (FFT) toidetére
resonant frequencies.

5. The pole was vibrated in resonance by inputting the resonant frequency in the motor
configuration settings.

6. Nutloosening was recorded throughout the testing using measured change in nut rotations

and pretension.
5.5.4Experimental Results

The testing configuration, modal frequenciasdvibration directions for allifteentests
are shown inrable14. Modal frequencies for the first natural mode were in the range of 4.6 Hz
and 4.4 Hz. The difference in frequencies was due to the varying connection stiffness as a result
of varying installation pretension in the anchor rods. The modal frequency for the ficsttbat
plane mode of the mast arm was found to be 5.6®Hlzng the esting, alrop in modal frequency,
stiffness, and vibration stress ravgas observedhenever the pole came out of resonance due to
weld cracking or nut loosenin@herefore, m order to account for multiple stress ranges during
testing, an effective stss range was calculated for individual tests EspeationS). The rod stress
data was also converted into vibration stress ranges and corresponding vibration cycles using a

rainflow algorithm in Matlab

Table14. Testing configuration, modal frequency, and vibration direction for{scgée tests

Testing Modal o L

Test No. Configuration Frequency(Hz) Mode Vibration Direction
1st outof-plane Perpendiculato the

1 w/ mast arm 5.68 b plane of the mast

mode of mast arn
arm
2-15 straight pole 4.6-4.74 Lst _mode of Vertical
straight pole
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Test 1

A summary oflargescalevibration testing results is shown Trable 15. The pole was
vibrated with the mastirm inTest 1at a vibration stress range b8 ksi for 350,000 cycles. The
average pretension in the anchor rods at installation was approximately @iksi is 66% of
the minimum installation pretension of 45 ksi for grade 55 anchor rods. Adiofabf 4% in
pretensiorwas observed with the majority of loss in the initial few hours of testing. The maximum
change in nut rotation otlvas observetbr one of the four anchor rotlsroughout the tesafter

350,000vibrationcycles aweld crack was observed at the mast arm to the pole connection.

Table15. Summary of largescale vibration testing

Maximum | Maximum
. Average | Percentagg Change in
Effective Number Initial Loss in Nut
Test . , Stress . : .
Configuration of Cycles| Pretension Pretension Rotations
Number Range o .
: (millions) | inRod | Observed| Observed
(ksi) . . .
(ksi) in any in any
Rod (%) Rod
1 w/ mast arm 1-3 0.35 29 4 1
Weld fatigue crack at mast arm to pole connection
2 w/o mast arm 2 1.01 32.5 3.63 1.8
3 | 24 0.34 33 4.16 <1
Weld fatigue crack at base plate to pole connection. Pole replaced.
4 w/o mast arm 5.5 1.01 12.75 20 1.1
5 6 1.57 11.22 25.8 1
Weld fatigue crack at base plate to pole connection. Pole replaced.
6 5.5 10.15 8.14 NA 1.5
7 6 |48x10r| Hand 100 Loose
tight
8 4 2.25 3 100 4.5
9 3 2.23 2 100 2
10 w/o mast arm 3.4 1.31 4 100 3.3
11 5.2 5.06 55 52.4 0.14
12 4.4 2.67 2 73.5 1.42
13 4.8 3.46 3 68.2 4.8
14 4.8 3.5 4 81 3.28
15 5.1 20.23 5 56.4 NA
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Tests 26

All of the tests afteTest 1 were conducted on the straight pole in the fundamental mode
in the vertical direction. The stress range and pretension paramet@est@ andTest3 were
similar toTest 1. However, the pole was vibrated for a longer time (1 million cyclésn2.

The percentage loss in pretension and nut rotations were also sinfitsttb. At the end dfest
3, a weld crack was observed at tase plate to pole connection and the p@le replacedsee

Table15).

The vibration stress range in tests 4 and 5 were increased to 5.5 ksi and 6 ksi, respectively,
close to the target vibration stress ranganfithe field monitoring results. The initial pretension
was also subsequently decreased to approximately 13 ksi in both testalfleskh). The poles
were cycled for more than 1 million cycles but negligiblenubls eni ng (1e) was ob
both tests. The top anchor rod in tests 4 and 5, which was oriented to achieve the largest stress,
experienced a pretension drop of 20% and 26%, respectively&bé=l5). The maprity of this
loss was during the first few thousand cycles, as shown in the pretension loss curve for Test 4 in
Figure 49. This initial dropwas believed to be due to local material deformation at the threads,
stress relaxation,na differential thermal expansion and was accelerdtezlto vibrations. After
Test 5thepolewasagainreplaceddue tothe development of a weld crackila¢ base plate to pole

connection.
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12.75 ksi Pretension

11 Axial stress
in top rod

9 Axial stress
in bottom
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Figure49. Pretension loss curve foest 4
A smallnut rotaton (< 2¢ was observed duringest 6 when the pole was vibrated at 5.5
ksi stress range for 10 million cycles with an initial pretension of 8 ksil@ele15). During Test
6, significant changes in ambient temperature around the gesip induced thermal stress
fluctuations in the bolt strain gages. Bolt strain gages were not temperature compeanshted
dummy gage was instrumented unfiést 6 to account for any thermal stresses. Thexe
pretension dropif there wasany, was not recorded durinfjest 6. Subsequent vibration tests

involved the use of dummy bolt stain gage for data analysis.
Tests 711

After the first six testsexperienced negligible nut rotatignthe initial pretengon on
subsequent testsas decreased to less than 5 ksi to determvimetherloosening takes place at
lower pretension levels. Test 7 involved vibration testing of the pole omiyr handtightened
anchor nuts. A complete loss of pretension along witlkibgaff of the nuts was observed after
only 480 cycles of 6 ksi vibration stress range ($able 15). Following this, he anchor rod
pretension in tests 8, 9, and 10 wset at 3, 2, and 4 ksi, respectively. Thigration stress range

was initially set close to 5 kdbut due tgprogressivdoosening of the nutand drop in stiffness
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during testing, the effective stress range for all the three tests was in the range of 3 to 4 ksi. A slow
but steady drop in pretewsiin the top anchor roith approximately 2 million cycles was observed
in all three testsThe petension loss curve fdrest § with 3 ksi initial pretensionis shown in

Figure50. An overall nut rotation of 4én the top nut was observed duringst 8.

3 ksi Pretension
35

25
Axial stress
2 in top rod

Axial stress
1 in bottom rod

Pretension (ksi)

-05
0.00 0.50 1.00 1.50 2.00 2.50

Number of Cycles (x108)

Figure50. Pretension loss curve for Test 8

After complete pretension loss in tests 8, 9, and 10, anchor rod pretension was set at 5 ksi
in Test 11. The test was stopped after 5 omllcycles of 5.2 ksi stress range. A pretension loss of
52% withnegligiblenut rotationg<1g wasobserved duringest 11 (se&ablel5). The pretension
loss curve forTest 11 is shown ifrigure51. Similar to tests -b, the majority of initial loss in
pretensionin Test 11was believed to be due to stress relaxation and local deformation at the
threadsFrom the above results of testd Z, it canalsobe concluded that tr@nchor nut loosening
due to 45 ksivibration stress range begins to happen at lower levels of pretdrsorksi)
Therefore, improper tightening (tightening at lower levels of pretension i.e. < 5ksi) along with

wind-induced vibrations can lead to ancimoit loosening.
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5 ksi Pretension

Axial stress in
top rod

Axial stress in
bottom rod

Pretension (ksi)
w
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Figure51. Pretension loss curve for Test 11

Test 1215

Repetition of vibration testing at 2, 3, and 4 ksi initial pretension was performed in tests
12, 13, and 14, respectivelio determinethe variation inloosening behavioat each of the
pretension levels. The effective stress range was in the range of 4 to 5 ksi for the tests. The anchor
rods did not become completely loose in any of the three hestgver, pretension loss was high
(70% to 80%) after 2:8.5 million vibration cycles. The pretension loss curve Test 13
involving repetition test for 3 ksi pretension, is showfrigure52. The pole inTest 13 was going
in and out of resonance after 3.5 milliortlgs therefore, the test was stopped vagproximately
68% loss in pretension. The anchor nuts waneost completelyoose after vibration testing in
tests 12, 13, and 14 and were backed off using minimal wrench torque. The nut loosening curve

for the bp and bottom anchor rodsTiest 13 is shown ikigure53.
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Figure52. Pretension loss curve for Test 13
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Figure53. Nut loosening curve for Test 13

After Test Y4, it was decidedot perform vibrations & ksi initial pretension for a longer
period of time in Test 15. The anchor rods did not become completely loose and experienced a
56% drop in pretension &ift 20 million g/cles of5 ksi vibration stress range icdting that anchor
rod loosening begins to happbalow the threshold d ksi initial pretension. The nut rotations
were not reported for Test 15 since the tilt sensors used for measurement of nut rotations did not

function properly during the vibratidesting.
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Loosening behavior

When an anchor nut becomes totally loobe, dverall behavior of pretension and nut
rotation in the anchor rods during vibration loosengsg indicated irthe above resulisan be
divided into three stages. The first stageolvesrelativelysmallnut rotatiors accompanied by
quickloss in pretension due &zceleratedelaxation and local material deformation at the threads.
The second stage consists of plateauing or steady loss of the pretension and nut rotaime.over t
The third stage involves the suddagcking of the nut leading to complete loss in pretension, a

behaviorlike this isevident from the loosening curves showrrigure 52 andFigure53.
5.6 Smallscale Vibration Testing

Vibration testing of a single anchor rod in a doul# moment connection was performed

in a 110 kip fatigugated MTS universal testing machine (UTM). The anchor rod connection was
vibrated in an axiatlirection parallelto the direction of the axis of the rod) on the basis of the
results from largescale testing. The objective of the testing was to validate and verify the large
scale vibration testing results. The vibration frequency and amplitudeesteadjusted to match

the results from the field monitoring and larggale vibration testing. ASTM F1554 grade b5
inch diameter anchor rods were used for the vibration teSthgytestrod was instrumented with
bolt strain gage for pretension measneat during testing. The effect of varying pretension and
vibration stress range were investigated through different individual tests similar to thecaleye

vibration testing.
5.6.1Experimental Testsetup

The test anchor rod was passed through aihdlge center of a 1 inch thick ASTM A36

steel base plate with dimensions 24 inch x 12 inch. The test anchor rod was fastened in-a double
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nut moment connection at the base plate. The top end of the test anchor rod was faateped to
built-up fixture. The base plate was fastened to a botfouilt-up fixture using two,1.5 inch
diameter threaded rods. The top and the bottom-bpifixture were clamped in the grips of the
fatigue testing UTM.The est anchor rod in the doubheit moment connection was akly
vibrated using sinusoidal cyclic forces. The loading frequency was set close to the first mode
frequency (4.7 Hz) of the pqlas observed during the largeale vibration testing. The base plate
was also braced to prevent any lateral movement dtgstong. A schematic and photograph of

the testsetup is shown ifrigure 54.

\ GLAMP PLATE
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\ FIXTURE PLATE

\ BUILT-UP

W SECTION

Figure54. Smallscale vibration testetup Schematic (left) and Photo (right)

(TYP.)

5.6.2Instrumentation

A bolt grain gage (Model BTM6C-5LIBT: Tokyo Measuring Instruments Lab.) was
installed2 inch deep inside 8.078inch predrilled hole in the center of the test anchor fidte
center othegage was at the mithickness of the base plate foreasurement ghaximumtensile

stress in the anchor roflhe anchor nut surfaces and base plate were marked with a black marker
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to visually checkor any loosening of the nut during testing. A dummy gage was also installed in
an anchor rod similar to the test rod to accoanafy thermal stress variations during the vibration
testing. Bolt strain gages were connected to a CR5000 data acquisition system for data recording

and collection.
5.6.3Experimental Test Procedure

Six axial vibration tests were performed in total. Eatbration test involved the following

test procedure:

1. The threads and bearing surfaces of the anchor rod and anchor nuts were lubricated with
beeswax. The anchor rod was fastened to the base plate in adguilement connection
using a turrof-the-nut procedure. The anchor nuts were tightenethg a 1&nch long
adjustable wrench until the desired pretension level, as measured by the bolt strain gages,
was achieved.

2. The anchor nuts and the base plate were marked with a black marker to check for any
change in nut rotations.

3. The frequency and force amplitude rate of the fatigue testing machine were increased until
the required vibration speed and stress range were achieved, respectively.

4. Any loss in pretension or change in nut rotation was recordeoeaily.
5.6.4.Experimental Results

A summary ofthe smallscale vibration testancluding vibration frequency, effective
stress range, number of cycles, initial rod pretension, and percentage loss in prasesisawn

in Table16. The anchor rod was vibrated at a loading frequency of 4 Hz for the first five tests, and

at 4.7 Hz for the sixth test. The testing was
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identified from the largescale testing result¥ibration testsl and 2 were performed aninitial
pretension of 3 ksi and 2 ksi, respectively. Anchor rods in both the tests experigmetzhaion
loss of 87% each aftapproximately 2 million cycles when cycled at an effective stress range of

3.43 ksi (se@ able16). The vbration loosening curve fdrest 2 is shown ifigure 55.

Table16. Summary of smalécale vibration results

. . Effective Initial Percentagg
Vibration Number . .
Test Stress Pretension| loss in
Frequewy of Cycles| . .
Number (H2) Range (millions) in Rod | Pretension
(ksi) (ksi) (%)
1 3.43 1.81 3 87.6
2 3.43 2.04 2 87.1
3 4 3.79 4,93 4 51
4 4.28 3.7 2 73.4
5 4.63 2.66 3 55.9
6 4.7 5 20.1 5 61.1
2 ksi Pretension
25
2
E 15
‘E' Axial stress in
'% the rod
g 1
05
0
0.00 0.50 1.00 1.50 2.00 2.50

Number of Cycles (x108)

Figure55. Vibration loosening curve for Test 2

Test 3 involved vibration testing at 4 ksi rod pretension. The anchor rod expeaéricdéd
loss in pretasion after 5 million cycles 08.8 ksi vibration stress range (s€able 16). The
majority of the pretension loss was in the first few thousand vibration cycles as shBigaren
56. Tests 4 and 5 were repetition tests for 2wl 3 ksi preension levels, respectively. The

loosening behavior of the anchor rods in tests 4 and 5 was similar to the loosening behavior in tests
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1 and 2, respectively. However, the anchor rods in tests 4 and 5 did not become completely loose
after 3.7 million and Z million cycles, respectively. There was still approximately 0.6 ksi and 1.5

ksi pretension left in the anchor rod for tests 4 and 5, respeciied6 involved vibration testing

at the pretension threshold of 5 ksi identified from the lsgde teBng. The anchor rod

experienced a 61% pretension loser#0 million cycles of 5 ksiibration stress range.

4 ksi Pretension

Axial stress in
the rod

Pretension (ksi)

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Number of Cycles (x10€)

Figure 56. Vibration loosening curve for Test 3

Comparison of largescale and smailkcale vibration testing

The pretasion threshold below which the anchor nut loosening starts was 4 ksi in the
smalktscale vibration testing as compared to 5 ksi in the {acgée vibration testing (sdegure
51 andFigure 56). The difference in pretension threshules believed to be due to the secondary
contribution of other types of vibrations, like transverse and rotational vibrations during the large
scale vibration testing. However, the overall prekemloosening behavior along with number of
vibration cycles for the anchor rods wiasind to besimilar in bothlargescale and smalcale
vibrationtests (sedablel5andTablel1l6). A comparison of theretension loosening curvesaat
ksi pretension performed for both the tests is showiigare 57. The overall behavigor the

general shape of looseningas same for all the testhoweverthe largescale vibratiorntests
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involvedagradual decrease in pretension over time as compatkddmallscale vibrationtests

(seeFigure57).
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Figure57. Comparison opretension loosening curves3ksi initial pretension

A combined pretension loosening graph of all the tests performed during thedatge
and smalscale testing is shown iRigure58. The graph provides a good representatibthe
pretension threshold (5 ksi) below which nut loosening occurred during the individual tests. The
pretension loss was not recorded during Test 6 of the-ta@e testing due to thermal stress
fluctuations and an expected pretension loosening caydéen shownith the dotted lines in
Figure58. The expected loosening behavior for anchor rod in Test 6 is similar to the other tests

with pretension higher than 5 ksi and small nut rotations
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Figure58. Initial pretension vs number of vibration cycles for all vibration tests

5.7 Conclusions

Based on the four month field monitoring program, lesgale vibration testing, and small
scale vibration testing performed on ancillary structures, the folloasanglusions can be made

regarding the loosening of anchor nuts on ancillary structures:

1. The majority of windinduced vibration cycles on the instrumented traffic signal were due
to | ow vi br at b ksihwittsnaxireusncontribationy af .32 Million cycles
from 1 ksistress rangd-our ksiand 5 ksi vibration stress ranges contréol420,000 and
22,000 cycles during the four month field monitoring period. After extrapolation of the
anchor rod vibration stress range data, it was concluded that the traffic signal should
experience approximately 4.51, 1.28, and 0.07 million cycles 4f &d 5 ksi vibration
stress ranges in either of the principal directions during one full year. Therefore, the target
vibration stress range was set in the range of 4 to 5 ksi forsaaje vibration testing.

2. Vibration stress and acceleration dataygasted vibrations in both of the principal

directions of the instrumented traffic signal and luminaire in spite of the majority of the
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wind blowing from one direction during the field monitoring. This occurrence are likely
due to wind phenomenon like vert shedding, and galloping, along with natural gusts.

It was concluded from the largeale testing that improper tightening (tightening at low
levels of pretension) of anchor rods in ancillary structures can lead to loosening of the
anchor nuts when sudgted to windinduced vibrations. It was observed that loosening of
anchor nuts on the tested traffic signal occurred at pretension levels legsk$iamhe
anchor rods with initial pretension greater toaequal tdb ksi did not become completely
loose when cycled for approximate29 million cycles a#é to 5 ksivibration stress range.
Anchor rods with initial pretension of 2, 3, and 4 ksi became completely loose within 1.5
3.5 million cycles.

. The initial pretension threshold for loosening was fotmbde approximately 4 ksi during
smaltscale testing an8l ksiduring largescale testing. The observed loosening during the
smaltscale testing occurred more rapidly compared to the-Ergle testing; however, the

total number of vibration cycles todsening along with overall loosening behavior was
found to be similar in both larggcale and smaBcale vibration testing. The smaltale
vibration testing provided validation for the largeale testing conducted on a fsdlale

traffic signal.

. The overall behavior of anchor nut loosening observed during both the vibration tests can
be described by three stages. The first stage consists of a fast drop in pretension and
relatively small nut rotation due to accelerated initial relaxation and localncstion at

the threads. The second stage involves a slow and steady loss of pretension and change in
nut rotation. The third stage involves a sudden rapid nut rotation leading to a complete loss

in pretension.
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CHAPTER 6: Thread Fabrication Tolerance and Sng-tight Study

Chapter 6 consists of an underiew manuscriptitted A Ef f e c t of Thread
Tolerance and Sndugi g h't on the Loosening of Anchor Nut
submitted to theASCE International Conference on Transportato Development 2020 on
12/16/2019 The manuscript compares results from a thread tolerance study conducted on anchor
rods and nuts procured from 3 suppliers in Virginia with the allowable tolerances specified in
ASTM. The results from the variation inwgtight pretension due to wrench length and personnel

strength have also been discussed in detail in the manuscript.
Effect of Thread Fabrication Tolerance and Snugfight on the Loosening of Anchor Nuts
Japsimran Singhand Matthew H. Hebdon, Ph.D EF
6.1 Abstract

Loose anchor nuts @ncillary structures in thieansportation industry pose a serious safety

risk to the traveling public. The exact causeaathor nutloosening is unknownbut thread
tolerances and improper tightening are believeaetsome ofthe potential causeASTM F1554

and A563 specify allowable tolerances for galvanization and overtapping on anchor rods and nuts,
respectively. Too tight of tolerance fit would not allow forfree turning of the nut onto a rpd
whereas a loostlerance fit could lead to loosening of the nuts upitmation and reduced
pretension Additionally, the swugtight condition is vaguely defined in th&ghtening
specificationswith variations leadingo undettightening or ovetighteningduring theturn-of-

the-nut tightening procedurd& he thread parameters of anchor rods and nuts procured from three

12 Department of Civil & Environmental Engineering, 200 Patton Hall, Virginia Tech, Blacksburg, VA 24060
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suppliers were investigated using Digital Image Analysis. The thread parameters were found to be
within allowable tolerances indicating that nut loosgnis unlikely to occur due to thread
tolerance related issues. The investigation of dighy pretension in a doubleut moment
connection revealed that sntight stress is highly variable due to the variable wrench length and
personnel strength, andrcéead to undetightening or ovetightening of the connection during

the turnof-the nut tightening procedure.
6.2 Background

Anchor rods and nuts are commonly used to fasten ancillary traffic structures to a
foundation. Ancillary traffic structures tygally include overhead sign structures, traffic signals,
luminaires, and higimast light towers. Doublaut moment connections are commonly used for
overhead sign structures, traffic signals, andmgtst light towers, whereas luminaires primarily
consistof singlenut connections. Over the past few decades, there have been some failure
incidents where ancillary structures have collapsed onto roadways. During the subsequent
inspections, loose anchor nuts were found to be partially responsible for thestdilbose anchor
nuts lead to higher stresses in the anchor rod and further contribute to the potential collapse of the
ancillary structures. The exact cause of loose anchor nuts is unknown, but potential causes include
thread tolerances, improper tighiegy, and windinduced vibrations. This research study evaluates
the effect of the first two potential causdsead tolerances and improper tightening due to

variable snugight pretension.

Anchor rods and nuts are galvanized to prevent their corrositreifield during tleir
service life. ASTMF1554 and AB3 specify allowable zinc buddp and overtapping allowances
on the external and internal threads of the anchor rod and anchor nut, respectively, as shown in

Tablel1l7 andTable 18 (ASTM 2015a; b) The anchor nuts atappedoversized after a hatip
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galvanization process to minimize the likelihood of rejection due to the inability to run the nut up
thethreads by handPoor quality control during manufacturing can lead to improper galvanization
and excessive overtapping, further facilitating the creation of larger gaps between the mating
threads of the anchor rod and nAitloose tolerance fitlue to lager gapscan potentially lead to

loosening of the nuts upon vibration and even reduced preteafsgornightening.

Tablel7. Allowable Zinc Buildup on ASTM F1554 Anchor Rof@SSTM 2015a)

Nominal Diametrical| MaximumAnchor
Threads/
Diameter i Zinc Rod Diameter (in.)
(in.) Buildup, in. | Major Pitch
3 10 0.020 0.7682 | 0.7032
1 8 0.024 1.0220 | 0.9408
1Y 7 0.024 1.2718 | 1.1790
1Y% 6 0.027 1.5246 1.4163
2 4.5 0.050 2.0471 | 1.9028

Table18. Overtapping Allowances for ASTM A563 NUASTM 2015b)

Nominal | Threads| Diametrical| _ Minor | Pitch Diameter Mm'mum

Diameter| per | Allowance,| Diameter (in.) (in.) D ajor
, . ; iameter
(in.) inch n. Min | Max | Min | Max (in.)
Y 10 0.020 0.6620] 0.6830| 0.7050{ 0.7127| 0.7700
1 8 0.024 0.8890] 0.9140] 0.9428| 0.9516| 1.0240
1Y 7 0.024 1.1190] 1.1470{ 1.1812| 1.1908| 1.2740
1% 6 0.027 1.3470| 1.3770] 1.4187| 1.4292| 1.5270
2 4.5 0.050 1.8090] 1.8450]| 1.9057| 1.9181| 2.0500

Thread gagessuch agplug thread gage ring thread gage thread depth gagethread
micrometersand thread pitch gaggareavailable for measuring different thread parametach
asdiameter, depth, pitch, and angle. However, thegegjase contact measurement mettiloas
are expensive, less accurdtaye potential fonuman error, andause thread damage after use
(Rao et al. 2013)0On the other hand, Digital Image Analy§i3lA) is a noncontact methodit

involves using a microscope, digital camera, and efficient lighting tegrosgss the images of
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the threadgMutambi and Yu 2004)Therefore, the DIA technique was ds® measure thread

parameters in this research study.

Turn-of-the-nut tightening procedures are currently used for fastening anchor rods onto
foundations in ancillary structure@ASHTO 2015; Dexter and Ricker 2002; Garlich and
Thorkildsen 2005) This procedure, in a typical doulbd@t moment connection, involves sAug
tightening the anchor nuts followed by an incremental angular tightening of the top nuthes per t
diameter and grade of the anchor rod. Pretension achieved as a result of itigh$rmaogdition
is variable and depends on many factors, such as the length of the wrench used, personnel strength,
friction between the mating threads, and lubricationy Aariation in snugdight pretension can
lead to variable final pretension during ttofithe-nut tightening. The snutyght condition also
does not have a universally accepted definition and is defined differently in various federal and
state highway spdications. As per the AASHTO tightening specifications, stight is defined
as the maximum nut rotation resulting from the full effort of one person usiigiachlong
wrench or equivalen{AASHTO 2015; VDOT 2016a) Other reports and implementation
documents define snitgght as 20%to 30% of the final pretensiofDexter and Ricker 2002;

Garlich and Thorkildsen 2005; MDOT 2014)

The importance of controlling snught pretension during turof-the-nut tightening was
pointed out in a recent study conducted by lowa State reseainheoflaboration with the
Minnesota Department of Transportation (MNnD@Chen et al.2018) The researchers concluded
from the testingf anchor rods on Skidmore Wilhelm that sttigiht pretension is highly variable.
The results from the lowa State study revealed that it is relatively easy to yieldrsitzatieter

anchor rods (d4¥%2inch) and undettighten lager diameter anchor rods {¥2 inch). It was also



114

concluded that 10% of the yield strength of anchor rods provides a better approximation for the

snugtight condition as compared to other definitions.

This research study involved the measurement of thread parameters such as major
diameter, minor diameter, pitch diameter, flank angle, and pitch of five diam#tenslf,1 inch
1%, inch, 1% inch, and 2 inglof anchor rods and nuts procured from three suppliers. DIA
technique and Vernier Calipers were used for measurement. Thd gammeter measurements
were compared with the allowable tolerances, asvsha Table17 and Table18. The second
phase of the study consisted of an investigatiomefeffect of variable wrench lengémd force
applied on the variation of sndight pretension in a double nut momentngection. Two
diameters (1 inch and 2 incbf anchor rods were sndightened by different participants using

variablelength wrenches.
6.3 Evaluation of Thread Fabricaton Tolerance
6.3.1Thread Terminology

There are two types of threadsternal andexternal. Threads on a bolt, rod, or screw are
referred to as Oexternal threadso6 whereas thi
Threads have a triangulargfile with the topof the grooveknown asthe crest and the bottoiwf
the groove known as the rodthe flanks are defined as the straight sides connecting the adjacent
root and crestThe distance measur@erpendicular to the axis of the bolt or h#iveen the
adjacent root and crest is known as the thread hdigbtdistance measured parallel to the axis of
the bolt or nut betweeoorresponding points on adjacent thread surfaces is known as the thread

pitch. Theflank angle isdefined aghe angle beteen a flank and the axis that is perpentir to
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the bolt or nut axis. The thread parameters, like thread pitch and thread height, vary with the

diameterThe thread profiléor a typical bolt and nut can be seerFigure59.

: MAJOR DIAMETER
{——PITCH DIAMETER——

|——MINOR DIAMETER I e
B FLANK

MAJOR DIAMETER
PITCH DIAMETER —l

MINOR DIAMETER—

THREAD
PITCH ‘|

FigjrreQ. Thread Terminology for the bolt (left) and nut (right)

There are three types of diameters corresponding to external and internal threads: major,
minor, and pitchThe major diameter is the largest diameter measuregebatthe crests for the
external threads and measured between the roots for the internal threads. The minor diameter is
the smallest diameter measured between the roots for the external threads and measured between
the crests for the internal thread$iepitch diameterns defined as the diametef an imaginary
cylinderthatpasses through the thread surfaoeh that the distance between the adjacent flanks
intersecting athe crest and the distance between the adjacamidlintersecting at the root are
equal(Fastenal 2009)The pitch diameter should laproximatelyhalfway between the major

and minor diameter

Three types ofthread seriesre commonly used in structirengineering applications
Unified Coars€UNC), Unified Fine (UINF), and8 thread 8-UN). There are six classes of thread
fit specified within each thread seriég\, 1B, 2A, 2B, 3A, and 3B. A and &e symbolsassigned
for external and internal threadsspectively.Thread fit is denoted by the number next to the A
and B symbols. The higher number refers to a tighter fit. Thread combination 2A/2B is most

commonly used for industrial and commercial applicat{¢astenal 2009)
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6.3.2Methodology

Five diameterg¥ inch 1 inch, 1%, inch,1% inch, and 2 inghof anchor rods and anchor
nuts were procured from three suppliers. Threads of the procured anchor rods andreauts we
produced by rolling and were hdip galvanized. The anchor rods were grade 55 and were 12 inch
in length. Three measurements of the thread parameters were taken along the length of the anchor
rod. A mix of ASTM A563 grade DH and ASTM A194 grade 2H amatuts were procured based
on availability(ASTM 2015b, 2016)However, the galvanization and overtapping tolerances are
identical forboth types of nuts. Three heavy hex nuts of each diameter were cut in half using a

bandsaw, and thread parameter measurements were taken for one half of each nut.

Five thread parameters (major diameter, minor diameter, pitch diameter, flank angle, and
pitch) were measured for each anchor rod and anchor nut specimen. The measured values were
compared to the specified ASTM tolerances in order to study the thread fit and the gaps between
mating threads. AMP digital microscope (ViTinModel: UM12) with meaarement functions
and a resolution of 0.1 mm (0.004 inatds used for measuririge fivethread parameterghe
microscope LED lightand other external lighting were useditnprove image clarity, improve
edge detectiogrand reduce reflection noisEhemajor diameter of the rod and the minor diameter
of the nut were measured usizgjinch FowleiElectronic Vernier Caliperdue to the limited field
of view as a result of the high magnifying power of the microscdpe. rest of the thread
parameters (threlapitch, thread height, and flank angle) were measured using the digital

microscope.
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Anchor Rods

The experimental procedure for the measurement of thread parameters on anchor rods was

as follows:

1. The outside jaws of the Fowler Electronic Vernier Calipezsaviirst used to measure the
major diameter of the anchor rod at one location along the length.

2. A target calibrator was used to calibrate the 5MP ViTiny microscope lens at the mid
height of the anchor rod.

3. The thread height, thread pitch, and flank amglthe anchor rod were measured. The

thread height measurement of a specimen under a microscope is stiogure®O.

Figure60. Measurement of the thread height of a specimen underitheseope

4. The thread pitch measured in Step 3 and the major diameter measured in Step 1 were
further used toaculate the pitch diametefhe expression for pitch diameter in terms of
the major diameter and the pitch was derived using the basic thrdibel gike@n in
ASME B1.1(seeEquation6) (ASME, 2003) The assumption of a 80ank angle was
used while deriving the expression. This assumption was valid because the flank angle
measurement variations duringgtstudy were within +/0.25%and therefore, hava

negligible effect on the derivation of the expression.
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Equation6. Equation for finding out pitch diameter of anchor rods

5. Two times the thread height was subtracted from the major diameter calculated in Step 1
to calculate the minor diameter of the anchor rod.

6. Steps 1 to 5 were repeated for two other locations on the same anchor rod. The average of
the thread parameter measuesits at the three locations was calculated.

7. The same procedure (step§)lwas repeated for the other diameter anchor rods and

suppliers.
Anchor Nuts

The experimental procedure for the measurement of thread parameters on anchor nuts was

as follows:

1. The insde jaws of the Fowler Electronic Vernier Calipers were used to measure the
minor diameter of a halfut anchor nut at a particular location.
2. Steps 2 and 3, similar to the anchor rod procedure involving calibration and measurement

of thread height, threguitch, and flank angle, were performed (5&gure61).

Figure61l. Measurement of the flank angleabspecimen under the microscope
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3. The relationship between the thread pitch and minaonelier derived using the basic
thread profile given in ASME B1.1 was further used to calculate the pitch diafseter
Equation7) (ASME, 2003)

OEGAERATI ACGKOIOAI AGAOEOA® T pPC QU EAPC T X U WU
Equation7. Equation for finding pitch diameter of anchor nuts

4. Two times the thread height was added to the minor diameter calculated in Step 1 to
calculate the major diameter of the anchor nut.

5. Steps 1o 4 were repeated for cut halves of the two other anchorThésaverage of the
thread parameter measurements from the three nuts was calculated.

6. The same procedure (stepS)lwas repeated for the other diameter anchor nuts and

suppliers.
6.3.3Results and Discussion

The averageneasurements of the thread parameters for different diameters of the anchor
rods fromeach supplier and their variation from tmaximum allowedolerancesare shown in
Table19, Table20, andTable21. The major diameter and pitch diameter for all the anchor rods
from the three suppliers were found to be within the allowable tolerances. The negative percentage
variation as shown ifable19, Table20, andTable21indicates that the major diameter and pitch
diameter of all the tested specimens were less than the maximum allowed tolerances. There are no
tolerances specified for mindiameter in ASTM F1554ASTM 2015a) Also, the flank angle for

all the test specimens was found to be close ¢ovgh a variation of +/0.25%



Table19. Measured thread parameters for anchor rods from Supplier 1

Major Diameter Pitch Diameter

Average | Average Variation Variation

Diameter| Minor Flank
: . Average| from the Average| from the
(in.) Diameter| Angle ) . ) :
(in.) (e) (in.) maximum (in.) maximum
tolerance (%) tolerance (%)

Ya 0.6289 | 30.15 | 0.7470 -2.76 0.6831 -2.86
1 0.8355 | 30.25 | 0.9930 -2.84 0.9137 -2.88
1% 1.0618 | 30.00 | 1.2350 -2.89 1.1404 -3.28
1% 1.3188 | 30.15 | 1.4920 -2.14 1.3744 -2.96
2 1.7067 | 30.10 | 1.9980 -2.40 1.8484 -2.86

Table20. Measured thread parameters for anchor rods from Supplier 2

Major Diameter Pitch Diameter
Average | Average Variation Variation
Diameter| Minor Flank Average| from the Avera from th
(in.) Diameter| Angle erag . cerage om the
(in.) (e) (in.) maximum (in.) maximum
tolerance (%) tolerance (%)
Ya 0.6205 | 30.20 | 0.7465 -2.82 0.6826 -2.93
1 0.8419 | 30.05 | 0.9915 -2.98 0.9097 -3.31
1% 1.0703 | 29.80 | 1.2435 -2.23 1.1540 -2.12
1% 1.2678 29.95 1.5040 -1.35 1.3864 -2.11
2 1.6888 | 30.05 | 1.9880 -2.89 1.8371 -3.45

Table21. Measured thread parameters for anchor rods from Supplier 3

Major Diameter Pitch Diameter
Average | Average Variation Variation
Diameter| Minor Flank Average| from the Avera from th
(in.) Diameter| Angle erag . erage om the
(in.) (e) (in.) maximum (in) maximum
tolerance (%) tolerance (%)
Ya 0.6535 | 30.15 | 0.7480 -2.63 0.6815 -3.08
1 0.8464 | 30.15 | 0.9960 -2.54 0.9142 -2.83
1% 1.0649 | 30.10 | 1.2460 -2.03 1.1539 -2.13
1% 1.2814 | 30.25 | 1.4940 -2.01 1.3789 -2.64
2 1.6762 | 29.90 | 1.9990 -2.35 1.8456 -3.01

The average variation of the thread parameters from the allowed tolerances for the different
diameter of the anchor nuts proed fromeach supplieare shown inTable 22, Table 23, and
Table24. The minor diameter measurements were found to be within the allowable tolerances for

all of the test specimemrxceptthe¥inch diameter anchor rod from Supplier 3, which was off by
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0.96% (seeTable 24). The pitch diameter of 10 out of 15 test specimens was more than the

allowable tolerance. The maximum daton observed was 1.26% fo¥sinch diameter anchor

rod from Supplier 3 (se€able24).

Table22. Measured thread parameters for anchor nuts from Supplier 1

Major Diameter Pitch Diameter Minor Diameter
Average —— — ——
: Variation Variation Variation
Diameter| Flank
: Average| fromthe | Average| from the | Average| from the
(in.) Angle ) . ) )
(e) (in) minimum (in.) tolerance| (in.) tolerance
€ (%) range(%) range(%)
Ya 29.93 | 0.7937 3.07 0.7143 0.2 0.6677 o
1 29.92 | 1.0427 1.83 0.9540 0.25 0.8983 | Within
1Y 30.15 | 1.3087 2.73 1.2048 1.18 1.1355
1% 30.18 | 1.5369 0.65 1.4242 | Within 1.3532 range
2 30.07 | 2.0881 1.86 1.9281 0.52 1.8242

Table23. Measured thread parataes for anchor nuts from Supplier 2

Major Diameter Pitch Diameter Minor Diameter
Average — —— ——
. Variation Variation Variation
Diameter | Flank
) Average| fromthe | Average| from the | Average| from the
(in) Angle (in.) minimum (in) tolerance| (in.) tolerance
(e) ' ' '
(%) range(%) range(%)
Ya 29.83 | 0.8014 4.08 0.7101 | Within 0.6&23
Within
1 30.15 | 1.0496 2.50 0.9563 0.49 0.9000
1Y4 29.93 | 1.2977 1.86 1.1960 0.43 1.1323 range
1% 30.13 | 1.5539 1.76 1.4303 0.08 1.3570 9
2 30.13 | 2.0732 1.13 1.9120 | Within 1.8160

Table24. Measured thread parameteaws &nchor nuts from Supplier 3

Major Diameter Pitch Diameter Minor Diameter
Average — — ——
: Variation Variation Variation
Diameter| Flank
) Average| fromthe | Average | from the | Average| from the
(in.) Angle ) L ) .
(e) (in.) minimum (in.) tolerance| (in.) tolerance
€ (%) range(%) range(%)
Ya 30.08 | 0.7718 0.23 0.7013 -0.52 0.6557 | -0.96
1 30.02 | 1.0365 1.22 0.9580 0.67 0.9000 Within
1Y 29.87 | 1.3047 241 1.2058 1.26 1.1393
1% 30.05 | 1.5693 2.77 1.4381 0.63 1.3560
2 30.08 | 2.0515| 0.07 1.9117 | Within | 1.8100 | '@nge
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The major diameter measurements were foundetanbre than the minimum specified
tolerance for all of the 15 test specimens from the three suppliers. There were no maximum
tolerances specified for the major diameter. However, a maximum variation of 4.08% from the
minimumtolerance was observed for thaench anchor rods from Supplier 2 (SEable23). The

flank angle variations were negligible and varied in the range o£230.8&

The major diameter for both the anchor rods and the anchor nuts were witiowsble
tolerances. The measured major diameters of the anchor nut specimensi¥elarder than the
minimum allowable tolerances and the major diameter of the anchor rod specimens3#ere 2
smaller than the maximum allowable tolerances. Since theurezhthread parameters for the
tested anchor rods and nuts were within allowable tolerances, it can be concluded that the thread

tolerances are unlikely to contribute to any nut loosening under vibrations.
6.4 Variation in Snug-tight Pretension
6.4.1Experimental Testsetup

The tightening of an anchor rod in a doubhlg moment connection on a typical ancillary
structure was simulated in the laboratory. For this purpose, grade 55 ancheitihotisnch and
2 inch diameters were sntightened on ASTM AB steel base plat§STM 2014a) The base
plates wer@4 inchlong andl2 inch wideOneinchand2 inch anchor rods were used to represent
behavior of smaller diameter and larger diameter anchor rods used in the industry, respectively.
ASTM A194 2H heavy heruts along with ASTM F436 round washers were used throughout the

testing(ASTM 2016, 2018c)

The base plate thicknesses were equal to the diameter of the anchor rods, representative of

the commonindustry practice. Each base plate was fastened to ltsltaped beanstubs
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(W27x217) using//8 inchdiameterA490 bolts The beam stubs were further connected to the
strong floor of the laboratory. Each anchor rod was passed through a predrilled heleantdr

of the base plate. The top nut was stiggtened using an adjustable length ratchet. The bottom
nut was prevented from rotating while tightening by using an adjustable wrench clamped to the
bottom of the base plate. The testup for snugightening of a2 inchanchor rod is shown in

Figure62.

Figure62. Testsetup for snugightening

6.4.2Instrumentation and Calibration

Each base plate was instrumented with bolt strain gages to measunedticed
compression force in the base plate during tightening. Eight bolt strain gbgjego (Sokki
Kenkyujo Co., Ltd, Model: BTM-6C) were placed inside 5/64 inch predrilled holes below the
centroid of the washer area around the rod hole such thaageecgnter was at mttlickness of
the base plate (séegure 63). This method ensured the effective measurement of maximum
compressive strains during tightening. The compressive strains in the plate were measured and
recorded usig a Campbell Scientific CR5000 data logger. After the instrumentation of bolt strain

gages, each base plate was calibrated in compression W&gk# capacity Universal Testing





























































































