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EXECUT BUEMMARY

Thisis the final report foNCDOT Research Project RP 2018 on foundations for coastalast
armtraffic signal structuresChis reporfpresents aummarystate of practice and literature review on
foundation systems for coastahst arntraffic signal struaires. The original scope of this project
involved experimental and computation research on alternative foundation sf@témesupport of
coastamast arntraffic signal structures areas with high wind loads, limited rigbt-way, and poor
geotechnical conditionglowever, at the request of the Steering and Implementation Committee (SIC) of
this projectthe focus was changedéatail a state of practice (SOP) study to docurttenfoundation
systems used by coastal departmehtsansportation to support coastahst arntraffic signal structures.
The SOP study involvedeveloping and administerirggsurvey questionnaire thaasdistributedto all
coastal U.S. Departments ofahsportationsA total of 12 DOTSs participateid this survey
guestionnaireThe main objective of this survey wasdocument théoundation systems used azaly
specialfoundation design practicesedin thesupportof mast arnraffic signd structure in coastal
environments that often involve exposure to high wind loads, smaltafglily, and poor geotechnical
conditions. The survey was complemented with follggyphone interviews with participatimf NCDOT
engineers from the geotechnical unit atgb review of documentati@rovided by the transportation
departments, includindesign aids, construction drawings and standartss report presents a summary
of the main findings of the SOP studblated to theypes of foundations used, design metlologies and
procedures used, design wind loading usedextent and scope of geotechnical investigation typically
used for these structures in coastal environments.

The SOP studyevealedhat the met commonly used foundation system to support aebastist arm
traffic signal structures wassingle conventional drilled shaft. Occasional use of a drilled shaft with wing
walls was reported by NCDOT, VDOT, and ALDOT for structures with high torsioading demand
on the foundationHowever, VDOT and ADOT reported that in recent years their practice was moving
towardseliminating theuse of wing walls due to construction and installation difficulflésee SOP study
also revealed large differences ie throcedure for selecting wind speed and the asteacfoundation
loading demandThese differenceareattributedto variationsin timelines for transitioning from

allowable stress design (ASD) to load and resistance factor design (2RI as sigficant changes



in the load factors and wind speedps used in the design of mast arm traffic signal structihese
differences make the comparison of design practices between coastal DOTs challenging.

At the request of the S|@esign practices betwe&DOT and NCDOT were compardeersonnel
from the geotechnical unit of NCDOT were interested in identifying why current NCDOT design practice
often requires the use of a drilled shaft with wing walls when a similar mast arm staesigeed
according tccurrent FDOT practices in coasFlorida, with similar wind loading demand and mast arm
dimensions used by NCDOT, would consist of a single drilled shaft without wingivadisefore, this
report also includes comparison examples suggested by the |gigeattembers from the NCDOT
geotchnical unitThese comparison examples are presented in Chapésed on a fictitious mast arm
traffic signal structure in a coastal site designed using current NCDOT and FDOT procEderes.
comparison is challenging dtethe fact thatat the timeof the studyNCDOT was still using ASD
design practice and ASCEOB wind speed mapwhile FDOT ha already fully adopted LRFD based
designand ASCE 710 wind speed map3herefore, recognizing inherent differences betw&eb and
LRFD and the significalchanges in the wind speed maps and associated load factors that occurred
during the transition to ASCE-10, the comparison problems assuntieatthe same design wind speed
of 170 mph applies to both agencigswever,it is acknowledged théhe ASDnominal design wind
speedor use with the 5th Edition AASHTO LTWould belower by about 22%ith respect to the
LRFD-basedultimatedesign wind spee@®SCE #10). It is important to note that the design wind speed
selection wa not part of the scope of trstudy but is certainly is eritical factor in the design process of
these foundation systems. The comparison problems revealed important differences in the design
approach used by both agencies, particularly with respéut tmobilized unit side friatin during
torsion.NCDOT estimates the mobilized side friction based on the current 2010 FHWA drilled shaft
manual, while FDOT uses a modified expression that is depth independent and yields unit side friction
values abouti0% to 100%higher than those padécted using the FHWA drilled shaft mandat
embedment depths of 10 ft and 30 ft, respectivighgrefore, this difference alone results in shallower
drilled shaft embedment depth requiremdatd=DOT designs

This reportalso includes a literature riew that summarizes researamdrilled shafts under the
complex multi-directionalloading present imast arntraffic signal structuresSpecifically, the
combined eccentric lateral and gravity loads on mast arm traffialsstructures lead to axiahear,
flexural, and torsional loads transferred to the mast arm foundafost current design approaches
adopt a decoupled approach for the analydi®re the failure loads are predicted separately foatia
loading,lateral loaéhg, and torsioal loading. However, experimental research has revealedathat
significant reduction imateral load capacitgccurswhen the drilled shaft isimultaneosly subjectedo

torsion.However, the SOP study revealed that all pgrdints use a decoupled approach for the design of

Vi



drilled shafts supportinmast arntraffic signal structurethat do not account for these interaction effects

The literature revievalso revealed an important gap in terms of static methods for predictihskin

friction when the foundation is subjected to torsion loading combined with axial and bémndegThe

current FHWA drilled shaft manual does not provide guidelineskiarfaction for this loading case and

the static methods used are bagedxperimental data from compression axial load tEstally, the

literature review included a summary of some alternative foundation systems that have been proposed for
supportingcoastal traffic signal mast arm structures at sites with poor geatatbanditionsFor

example, FDOT has reported investigating the feasibility of using drivergpmsted concrete pilesvith

the intent otthe postgrouting along the shalfteingable to enhance the torsion capaci@ther alternative
foundation systemislentified include large driven pipe piles that can be driven open or closed ended, and

finned pipe piles.
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1. Introduction

Thisfinal reportfor NCDOT Research Project RP 2618 on foundations for coastalast arm
traffic signal structureentails astate of practicetudyandalliterature reviewSpecifically, thisreport
summarizes the findings of a supvguestionnaire followed up with phone interviews to 12 coastal U.S
Departmerg of Transportation talocumentheir practics related to foundation systems usedtfor
supportof mast arntraffic signal structures. The focus included type of foundatdesign
methodologies and procedures, wind loading, and typical geotechnical investigagdrfor these
projects in coastal environmenihefocuswas on structures locatenlcoastaregionswith poor
geotechnical ground conditions (low average SPWldounts and high grounglater table) anéxposed
to high wind speesl The SOP compiled information regardiihg following aspects

Mast arm structure dimensigns

Design wind speeds and associated design codes
Foundatiorsystems usedifcluding rangef dimensions).

Level of geotechnical investigatiaypically required bythe stateDOT,
Typical design andontractuaprocedurs,

Review ofstatedesignstandardsnd designs aids (e.g. spreadsheets, Mathcad)

=A =4 =4 =4 4 -4 4

Information regarding possibletal a parial failures or poor performangef any coastal mast

arm structuregincluding foundations

The SOPS$ presented i€hapter 2 and key relevaimformationcompiledduring the survey and

phone interviewss presentedn Appendces A, B, C and D

This report also includes a literature revié¢®ee Chapter Shatfocused oriopics relevant tohe
ongoingNCDOT RP 2018L7. Topics investigated include:

Laterally loaded piledvlethods and accura@f predictingfailure loads

1

9 Torsion loading on piledviethodsand accuracef predictingfailure loads

1 Combined lateral and torsion loadingethods and accuraof predictingfailure loads

1 Experimental reseah on drilled shafts subjected to combined lateral and torsion loadings:
- Centrifuge tests
- Full-scaleteds,

i Alternative foundations systems.

This report is organized in 6 chapters and 4 appenditesldition to this introduction chapter,

Chaptes 2 and 3 describe and summarize the findioigthe state of practictudy. Chapter 2 presents
1



the methodologand a summary of the results, while Chapter 3 includes a summary of the reported
failures, or poor performancef coastal traffic signal mast arstructures reported by the SOP
participants. Chapter 4 preseatsillustrative design example compare grrent desigused by NCDOT
procedures and assumptions to thosed byFDOT fora fictitious mast arm traffic signal structuwrader
the samealesign conditions (i.e. wind speed and geotechnical conditiGhgpter 5 presents the findings

of the literatue review and Chapter frovidesa summary and conclusions.



2. State of practicestudy onfoundations for coastalmast arm

traffic signal structures

2.1. Introduction

This chapter presents a summanasfate of practice (SOP) study carried out to compare rilesid
construction practices related to foundation systems for coastahmastaffic signal structure¥he
following subsections present a synthesis of the compiled information related toofamgst arm
structures, foundation systems used and ifieastion of the most popular system used in each state,
range of dimensions (embedment depth and diameter) for drilled shaft foundations, and a surimeary of
design approach used to consider corabilateral and torsion loadinghe survey questionnaitesed is

presented in Appendix B and the responses recéiyéie participants is included in Appendix C.

2.2. Coastaktate DOTsconsidered for thistudy

The survey questionnaire was completed by thedhastal DOTs shown Figure2-1.
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Figure 2-1: Map showing participants of SOP study.



2.3. Methodology
The methodology followed in this SOP study consisted of the following steps:

a. Review of online information (manuals, dgsdrawings, etc.)as well aseview of available

online design resources (e.g. spreadshesftsyare)of each DOT,

b. Designof asurvey questionnair® collect informatiomotreadily available online

C. Distribution ofsurvey questionnaire to particigan

d. Compilation of surveyesponss,

e. Progress meeting on July 2018 with members of Steering@gpidrhentation Committee (SIC)

of NCDOT to provide an update the SOPsynthesis andurvey responses received to date,
well asto receive feedbacRhis meeting resulted in some modificationsthe survey andhe

addition of followrup conference calls to respondents,
f. Follow-up conference calls to survey respondents (performed between July to October 2018),

g. Compilation of survey questionnaire results andrimfation compiled during followp

conference calls,

h. Presatationanddelivery of SOP Report (Draft versigoresented to NCDOT alanuary2019).

2.4. Review of resources at eactastal DOT

Most SOP participants have design drawings, guidelines, and dedighati are publicly accessible
on the internetA summaryof thewebsitesaddressethat were useth this SOP study are listed in
AppendixA. A summary of the different design standards can be found in Appendix C.

2.5. Mastarm structures

A schematic of a repsentative mast arm is showrFigure2-2. The loading demand on the
foundation systems uséal supporicoastal mast arm traffic signal strucwigaffected not only by the
wind speedbut also the dimensions ofetimast armtsucture.Therefore, the SOP study included
compilation ofdimensions for these structures (e.g. height, length, base diaatejeFor the purposes
of this research preft, thekey dimensionsexaminedvere themast arm length anthe pole heightas

they were considered to have the minfiienceon the resultindoads transmitted tahe foundation.
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Figure 2-2: Schematicof a typical mast arm structure.

The dimensions focommonlyusedmast arms vargreatlyfrom state to state. Fexamplejn

North Carolinabased on thBICDOT Mast Arm StandardsNCDOT ITS document datet/14/11), the

maximum pole height is 26 feet, the mast arm lengths range from 5Gdet7and theliameter of the

pole baseangesfrom 12 to 26 incheslhe range of reaction loa¢ishear loagmoment, and torque)

reported by this NCDO$®andard foramast arm traffic signal structure built within NCDOT Wind Zone

No. 1 (i.e.a design wind speed ®=140 mph) is shown ifigure2-3. This figure illustatesthe

influence of the mast arm length on the loading demand for the foundation system.
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The range of mast arm lengths reported by the SOP survey participants are summBigeee in
2-4.
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Figure 2-4: Range of mastarm lengths reported by SOP patrticipants

2.6. Design wind speeds

The loading demand on the foundation system is greatlyeiméed by thelesignwind speedA
review of design wind speeds is mpatrt of the scopef this study, but a summary of the desigmebi
speedaised bythe different state DOTwas included as part of the SOP stutiyereforethe SOP
requestegbarticipants to indicatthe version of thavind speed mapsurrentlybeing useas well asthe
edition of theASCE 7guidelinegsthat arerelatedto Minimum Design Loads and Associated Criteria for
Buildings and Other Structurdglost state DOTs obtaitesgn wind speedfrom isotach wind zone
maps such as the one shownhigure2-5. This figure shows thahe design wind speed values vary
based on th geographic location of the structure. Wind speed maps like this one have been periodically
updated by ASCBEuch as ASCE-83, %98, 705, #10, and 716. The wind speed maps included in these
different ASCEversions look similar but have important difecesOneimportant difference is that
ASCE 705 and earlier versions were Aglased maps and in 2010, starting with ASCE,theload
factorschangedand thewind speed mapserebasel on risk categoryThe periodicupdaing of wind
maps is a challenge faranystate DOT agenciesincethis require consistentevision and updating of

design standargsften with limited personnel or resources.
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Note: Contous are labeddwith wind speed values in mph.
Figure 2-5: I sotach windspeedmap for continental USA by ASCE 7-05 (2009).

A summary of thédASHTO specificationsdesign wind speeslource and design philosophysed

by the SOP participanfer design ofmast arm structurds presente¢h Table2-1.

Table 2-1: Standards used for selection of design wind speeds for mast arm traffic signal structures

AASHTO Year Wind Map Comments
Standard (Edition) Source
ASD. Wind map based on wind spestd
LTS 3 1994 (3 Ed) ASCE 793 10m elevation3-s gust
LTS 4 2001 (4" Ed) ASCE 798 ASD. Wind map be_lsed on wind spesd
10m elevation. & gust
ASD. Wind map based on wind spead
LTS5 2009 (3" Ed) ASCE 705 10m elevation. % gust
LTS 6 2013 (6" Ed) ASCE 710 ASD. Wind map ba_sed on wind spead
10m elevation. & gust
LRFD. Design wind map depends on rig
LRFDLTS 1 2015 (F'Ed) ASCE 710 level defined by MRIWind mags based
on 3s gust at 10m elevation

Notes: LTS: AASHTO Standard Specifications for Structural Supports for Highway Signs, LuminaireBadfid Signals.
ASD: Allowable stress design; LRFD: Load and Resistance Factor Design; MRI: Mean Recurrexag Inter
LRFDLTS: AASHTO LRFD Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic
Signals.

Thestandard used byeach stateonsideed in this reporaresummarized imable2-2.



Table 2-2: Standards useby coastal states in the SOP

AASHTO LTS State
LTS 31994 Texas, Alabama, Georgia
LTS 42001 Oregon, Mississippi,
LTS 52009 Louisiana, North Carolina
LTS 62013 South Carolina, Virginia, and Massachtis

LRFDLTS 12015 Florida and Washington

Figure2-6 shows a map summarizing the maximum coastal wind speed repottesiSHP
participans. This figure also reports the current dessggndardeing used byhie participants for the
design of coastal mast arm structur®@everal participants indicated that foundation design for mast arm
traffic signal structures had not yet been updated to the latest AASHTO standards due to personnel or
other limitations By contrast, most SOP participants reported having structurajriesandards updated
to comply with the latest AASHTO editioRigure2-6 also showsthe maximum mast arhengthused by
each DOT.

Washington DOT
Wind Speed: 115 mph
(LRFDLTS 1, 2015)
Max. Mast arm: 65 ft

(MRI)

Massachusetts DOT
Wind Speed: 130 mph (LTS 6, 2013)
Max. Mast arm: 60 ft

Oregon DOT
Wind Speed: 110 mph
(LTS 4, 2001)
Max. Mast arm: 55 ft

Virginia DOT
Wind Speed: 90 mph (LTS 6, 2013)
| Max. Mast arm: 75 ft

North Carolina DOT
Wind Speed: 140 mph (LTS 5, 2009)
Max. Mast arm: 75 ft

- South Carolina DOT
| Wind Speed: 110 mph (LTS 6, 2013)
Max. Mast arm: 65 ft

S Georgia DOT

~~__| Standard Wind Speed: 90 mph
(LTS 3, 1994)
Max. Mast arm: 65 ft

Texas DOT /
Wind Speed: 100 mph |/
(LTS 3, 1994)

Max. Mast arm: 65 ft

Louisiana DOT
Wind Speed: 130 mph
(LTS 5, 2009)

Max. Mast arm: 70 ft

Mississippi DOT
Wind Speed: 140 mph
(LTS 4, 2001)

Max. Mast arm: 65 ft

Alabama DOT
Wind Speed: 100 mph
(LTS 3, 1994)

Max. Mast arm: 60 ft

Florida DOT
Wind Speed: 170 mph
(LRFDLTS 1, 2015) (MRI)
Max. Mast arm: 78 ft

Figure 2-6: Summary map of maximum coastal wind speeds

2.7. Foundation types used for coastal traffic signal structures
The most popular foundation system used by coastal DOTs for supporting coastal mast arm traffic
signal struatres is the drilled shaft. All 12 SOP respondents indicated that drilled ahethie main

foundation system used to support these structureasidnal use of spread footings vedsoreported



by Massachusetts, South Carolina, Oregon, Texas, and AdaBanead footings were used only for

projects with small mast arms located at sites with competent soil conditions.

For sites with poor geotechuail conditions (e.g. low SPT blow counts drigh watertable) the
states of North Carolina, Virginia ahguisianareported usinglrilled shafts with wingwallsThis
foundation systerfeaturesa conventional drilled shaiftitegratedwith two reinforced oncrete walls
werethe steeteinforcementn the wingwalls idied to the drilled shafas shown ifFigure2-7. The
wingwalls are typically installkin the upper 3 to 6 feet of the drilled shafith the main purposkeing
to increase the torsiohaapacity of the foundation/irginiaand Louisianandicated they arabandoning

use of wingwalls due to constructability issues
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Figure 2-7: Example design drawings fora drilled shaft with wingwalls.

NCDOT and WEDOT reported using a foundation system consisting of gogobumicropiles with a
pile cap for sites with verypogre ot ec hni c al conditions (e.g., SPT N
usually requires a projespecific designFigure2-8 shows design drawings used by NCDforma

specific coastal project.
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SECTION B-B

(FOR CLARITY ANCHOR BOLTS ARE NOT SHOWN)

Project No. U4438
PASQUOTANK COUNTY, NC
Soil type:Southern Atlantic

Coastal Plain residual soils

n
SECTION A-A ——— MICROPILE ANCHOR DETAIL

Figure 2-8: Micropiles and capadapted from (NCDOT 2012)

2.8. Dirilled shafts

Again, SOPsurvey responsenfirmed that drilled shafts are the most common foundagietem
used by participants for supporting mast arm traffioai structures. This section summarizes

dimensios and design procedures useaoss the states inclutli| this study.

2.8.1. Range of dimensions reported by SOP participants

As discussed earlier, the dimensions of drilled shaft foundations depend on thg tEdand
dictated bymast arm dimensions (primarily mast arm lenggigle heightand design wind speed. The
dimensions will also greatly depend on the geotechnical tonsliof the site. Most DOTs use the
Standard Penetration Test (SPT) agatimaryfield test to characterize geotechnical conditions as site
of mast arm traffic signal structgerhe range of embedment depths and diameters reported by the SOP
participats are summarized Figure2-9.

From ths figure, it can be seen that the embedment depth of drilled shafts used in NCDOT projects
ranges from 9 t@1 ft. and of diametemsngefrom 3.5 to 5 ft. These values are similar tos#reported
by FDOT, whichuses mast arnw similar dimensions andals a similar design wind speed. FDOT
reported embedment lengths between 12 and 20 ft. (with the deepaitinstbeing 25 ft) and drilled

11



shaft dimeters typically between 4 and 4.5 ft.
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Figure 2-9: Rangeof dimensions of drilled shafts reported by SOP participants.

2.8.2. Designproceduresised by SOP participants
As mentioned befor¢he loading demandn foundation systems of mast arm traffigrsal structures
involves combined lateral loadingroducing shaaandbending moment) and torsioHowever, all SOP

participants reported analyzing the problem using a decoupled approach wleffectiseof thdateral
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loadingareconsidered separatelsoim the torsioal loading.Table2-3shonvs a summary of the design
procedures used by the different D€ analyze the two loading conditions. For lateral loading the
ultimate loadcalculatedoy Broms (1964a, 1964b, 1965) is ds®y many DOTSs. The other approach is to
analyze the drilled shafising norlinear py curves and a softwaseich as EPile (Ensoft, 20@).

Table 2-3: Summary of design procedures for drilled shaft foundatias.

Lateral Loading and Bending Torsion Loading Torsion is

STATE con_S|dered _coupéd
with bending or

Broms | L-Pile Other Skin Other separately
WSDOT X Q) Separ at
OoDOT X 2) Separat
TxDOT X X (3) Separ at
LA DOT X Ensoft Shaft (2) Separ at
MDOT X X (2) Separ at
ALDOT X (2) Separ at
FDOT X 4) Separ at
GDOT X X (2) Separ at
SCDOT X (2) Separ at
NCDOT X 2 Separ at
VDOT X X COM624P (2) Separ at
MADOT X Separ at

Notes: (1): Washington Bridge design manual. @method otdmethod (FHWA, 2010).
(3): Texas cone penetrometer (FHWA, 2010). (4): FDOT uses a moflifirezthodthat removes depttlependency
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3. Failures or poor performance of coastal traffic signal maserm

structures

3.1. Introduction
This sectiorpresets a summary of reportddiluresor poor performance of cetal traffic signal
mast armsThis informationis presented separatdlyits own chapter thighlight therelativelow
percentage of reported faiks, or poor performance, of these structanekstheir foundationsThis low
rate of reported failures despite the generalhigh prevalencef hurricanes in the geographical areas of

the SOP participants.

3.2. Recent krricanesn SoutheastJS

Since 200032 hurricanes have affectttk jurisdictionof the coastal DOParticipants of the SOP
study.This time span includdsurricane Lili in 2002 that affected LaDOT to MichaeR018that
affected Florida an@eorgia The wind speethtensitiesreported br the different hurricanes rargjfrom
Category2 to 5 soin most statethedemand on theoastalraffic signalstructuresnay not have

corresponded tthe full design wind loads.

3.3. Reported failures or poor performance
All SOP participants haviadicated that performance of coastal traffic signastnaam structures
(and foundtions) has been satisfacto®nly Mississippi(MDOT) reported one failuref the foundation
of a coastal traffic signahast armlocated at an intersection in the cityBifoxi, Mississippi,that
happened duringurricane Ké&rina in 2005.This failure involved a mast arm with a length of 65 feet
failing in torsionby rotating approximately90 degreesBased on available information fburricane
Katrina(Babour 2006),the wind speeds estimated to have been approximate2) mphat the site of
the traffic signalThe MDOT personnel interviewed as part of the SOP study indicated that the mast arm
structure wasimply rotatedto its original orientation to rerun it to s&® without any major repairs

required.

Eventhoughthe Puerto RicdOT wasnot part of tis SOPstudy; it is reported thaHurricane Maria
causedh largemast am rotation in the i@a of Fajardo. The mast arm was located in the interseofion
PR-194 with PR53 andexperienceda rotation of almost 180Figure 3-1 containgpictures provided by
Dr. Losif Szabo on September,2ZD17.Hurricane MarigSeptember 20)7a Category 5storm had

maximum sustained winds of 175 mph.
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Plan view: estimated rotation

Figure 3-1: Mast arm failure in Fajardo, Puerto RicoT Hurricane Maria 2017
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4. Comparative designexamples

4.1. Introduction

This chapter presents a series of comparison design examples involving a fictitious mast arm traffic
signal structure This taskvasadded to the original scope okttesearctproject at the request of
memberof the Steering and Implementation Committee (SIC) from the NCB&dtechnical
EngineeringUnit. These analyses were requested after the findings of the SOP study for this research
project were reportedt is ourundersanding thathe request for these analyses wetivatedby the
observed or perceived differences in drilled shaft dimensions for similar mast arm coastal stngetlires
in other states relative to those used in North Caroliitee members of th&IC from the Gotechnical
EngineeringUnit werespecificallyinterested in compang the dimensions of the supporting drilled shaft
foundations to the same fictitious support mast arm traffic signal strudesemedising the procedures
reportedto beusedby FDOT and NCDOTInitially, thefictitious example assumed the same structural
geometry, geotechnical soil conditions, and wind expodime scope wakterexpanded to include two

additional loading conditions for the NCDOT design cases.

Themastarmgeonetry and soil conditionassumedor the fictitious exampleasrequested by SIC
members of theesearch projectare shown in Figuré-1. The mast arm height and length are 21 and 70
feet, respectivelyAs shown in this figure, the mast arm inaaé traffic signals and several signs.
Additionally, theSIC membergequestd that the analyses be performeddaite with poor geotechnical
conditions consisting of a homogeneous, loose, saturated sand with the groundwater table at the ground
surfaceand the unit weight and average SPT blow count showigare4-1. The objective of thenitial
analysisequestd by the SlGvas to compare required embedment lengthdritied shafts with
diameters of 4, 4.5, and 5 ft for a wind speed of 170 nipeUNC Charlotteresearcheragreed to this
request, noting however that thature of the requested analydid notaccount fodifferencesin wind
speednaps and design philosophiesedby FDOT and NCDOat the time of the SORt the time of
the SOPrepat, NCDOT was using the 5th edition AASHAA'S specificationswhich utilize theASD
design philosophandwind speeds sourced from ASCHE3. In contrastFDOT was using thést
edition of the AASHTCLRFDLTS specificationswhich utilize the LRFD designhdosophy andvind
speed sourced from ASCEID. The ASCE 10 release introduced significant changes in how wind
loads are calculated. The load factors for wind were significantly revised and, correspondingly, the wind
speed maps were updated to reftbid change as well as introduce separate wind speeds for different
risk categories. Fohe initialcomparative analysis, it was requested thatsame basic wind speed of
170 mphbe used in designing the foundation according to both the NCDOT and pid@aduresThis

simplification may be useful for initial comparison purposes, but it is important to point out that the
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equivalentominalwind speed for ASEbased desigasing the % Edition AASHTO LTSwould be
about 22% lowethan the LRFBbasedultimatewind speedThe selected design wind speeds for the
comparison examples were provided by &€ members from the NCDOTeBtechnicaEngineering
Unit. Furthermore, a detailed evaluation or discussion on the differences o$péad selection was not
part of the scope of this studgithoughit is evidentthat it is a key factor in the design procéss

foundation systems of coastal mast arm traffic signal structures.

= 7

Loose Sand
SPTNg =5
Yeat = 117.4 pef
Yo = 95.0 pcf
o =30°

Figure 4-1: Mast arm structure and drilled shaft with soil profile used in comparison examples

After adraft report was submitted to the NCDOT S#Tequestvas receivedo expand the
comparison problem to include two additionablyses with the NCDOT desigropedures at a reduced
wind speedTable 41 summarizes the three comparison examples requested by NABi{3Table
provides information on the geometry of the mast arm structure, the geotechnical condition considered
whenestimaing the load capacity of the drilled shaft, thedosy demand for the different cases, and
other information as per instructiopsovidedby the SICIt should be noted that the loading demand for
the examples using the NCDOT design procedures were prawded. Kevin Durigon, P.E. from the
NCDOT ITS aml Signals Unit.

17



Table 41: Comparison examplesrequested by SIC members of NCDOT RP20187

ID of Comparison Example Case

DOT Element Load CaseNo. 1 Load CaseNo. 2 Load CaseNo. 3
Information common | Mast arm geometry Figure 41 Figure 41 Figure 41
for all design examplg Mast arm length 70 ft 70 ft 70 ft
cases (i.e., to FDOT | Mast arm height 21 ft 21 ft 21 ft
and NDOT) Drilled shaft diameters D=4,45and5ft | D=4,45and5ft | D=4,45, and5ft
Soil conditions Saturated, loose san( Saturated, loose san{ Saturated, loose san
(Figure 41) (Figure 41) (Figure 41)
FDOT Wind speed 170 MPH
Design Specification fol AASHTO-LRFD
loads LRFDLTS1®
Typeof analysis LRFD
Axial load Neglected
Lateral load (sheafy 18.1
Bending momen{®) 436.6
Torsion (factored) 496.9 kipft
NCDOT Wind Speed 170 MPH 100 MPH 100 MPH
(Loads provided by | DesignSpecification AASHTO LTS5 AASHTO LTS5 AASHTO LTS 4
Kevin Durigon, PE? (2009) (2009)“ (1994)®
of NCDOT) Typeof analysis ASD ASD ASD
Axial load 5.26 kip 5.3 kip 3.8 kip
Lateral load (Sheafy 12.3 kip 4.4 kip 8.7 kip
Bending momenf) 307.6 kipft 172.3 kipft 224.3 kipft
Torsion 468.9 kipft 165.7 kipft ® 302..4 kipft
Notes: (1): Lateral shedpad and bending moment are factored groundline reactions, i.e., at top of drilled shatft.

(2): Loads for NCDOT provided by Mr. Kevin Durigon, FEases 2 & 3 via emailncAugust 23, 201p
Bpeadsheet Mastarindex17743v1.1.

(3): Loads for FDOT cases based on AASHTI®FDLTS-1
(4): Loads based on Methoesgcond gust wind speed (100 mph wind speed from ASCE).7

(5): Torsion loads based on ASCH?3.
(6): Loads based on fastastle wind speed (100 mph wind speed fré&v@CE 793, Group 1).

4.2.

and

Drilled shaft embedment depths for design example using FDOT procedures

4.2.1. Embedment length requirements to resist lateral loading moment demand

For the lateral load and bending moment loading demand, FDOT reported in theaB®ieyuse

theBroms (1964 and bultimate load method for single pileEhe assumedoil reaction alon@ single

pile installed in a uniform sandepositatg e ot ec hni c al

shown in Figure 2.
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Figure 4-2: Soil reaction assumed by Broms (1964) fahort single piles in sands

Basedon the Broms methodology used by FDOT, the resisting moment for a given drilled shaft
diameter can be computed for differentled shaft embedment depthatil the factored resisting
moment at the groundline (using a resistance load fastab) is found to be equal to, or just greater,
than the factored bending moment demand listed in TablgNéte FDOT methodology was only
performed forCase 1)To resist the lateral load and bending moment desiaidd inTable4-1, the
computed redued embedment lengtlisr drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft using the FDOT
design processvere 15.1 ft, 14.5 ft, and 14ffir drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft,

respectively.
4.2.2. Embedment length requirements to resist toréd@ading demand

The design approach used by FDOT that was reported to the SOP is described in their structural
manual (Section 13 of Volume 3) that is a basedABHTO LRFDLTS-1 (2015), but with their unique
modifications as described in FDOT (2017, 204:i8d 2019)Oneimportant modification is thahe
methodology used by FDOT to compute the torsional capacity of a single drilled shaft, as reported in the

SOP, is based on computing the side frictioh §sing a modified beta method as follows:

Q7 o} (4.1)

where, is the effective vertical stress at the depth of interest for comp@iagd is
equivalent to the coefficient used in the beta static method that is commonly utilized for ésitize
vertical capacity of drilled sfts.For drilled shafts under axial loadirtpe FHWA (2010) drilled shaft

manual recommends using a beta method as follows:

Q13 (4.2)

Wher¢g is an empirical coefficient that can be estimatsthg empirical correlations with

geotechnicainformation obtained frorfield tests such aghe SPTEmpirical correlations for static
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methods are based on well characterized axial load Tés<orrelation reported by FHWA (2010) for
the beta coeffi@nt issourcedrom load test data interpretadn d anal yzed by &eese and
The expression for dimensionless coefficierns:

I —Op® T oW QO (4.3)

wherel isthe SPT blow count corrected for hammer eng¢ogyeequivalent to a 60% efficiency

(above equation applies onlyio ~ p ), andd is the depth of the SPT blow count in feet.

The) coefficient used by FDOT is estimated using a modified equation from thdeortpedy
Reese and OO6 Ne i dependentydn@rBdepthvzh les been teinaved, as follows:

] PBAET—— —— (4.4)

where O is the field or uncorrectedSPT blow countAccording to the FDOT design guidance,
the above equation is valid for sands fialll SPT values between 5 and Ebr field SPT values equal

to or greater than 1%DOT recommends using pPd.

Based on the reported FDOT design procedures, the factored torsional resistance for a drilled shaft

installed in a homogeneous sasid can be computed as follows:
n3y »n 0 2 a - 2“ 003 (4.5

where:

- % = Resistance factor for torsion (=1.0 for mast arm traffic signal structures),

- = side friction coefficient as per above equation correlation with ISRT( Blso),

-, G - =effective stress level at tleid-depth of the drilled shaft (embedment depth),

‘O = drilled shaft diameter,
- 0 =embedded depth of drilled shaft.

FDOT uses an LRFD based methodology, thus the factored torsional resistance (Eq. 4.5) must be
equalto or greater than the factored torsaioading demand-or the comparison examptée factored

torsional loading demand is listedTiable 41.

Using he above approacthe minimum embedment depths obtained for the comparison example
(Figure 41) werefound to be38 ft. 33.5 ft, and 8.5 ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft,

respectively.
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4.2.3. Summaryof FDOT embedment depth results for comparison example

The computed required embedment depths for the comparison example in Figarel€ase 1
loading inTable 41, obtaned using thé-DOT procedures reported in the S@R summarized iRigure
4-3.

—O—Lateral load & bending design

——Torsional load design

Minimum embedment depth (ft)

O >}

10 + f
4.0 4.5 5.0

Diameter of drilled shaft (ft)

Figure 4-3: Summary FDOT embedment depth results for comparison exampléCase No. 1 Only).

This figure presents two curves corresponding to the required embedment depths for the 3 drilled
shaft diameters considered for the two geotechnical limit states of lateral loading amd) lzewdi
torsional loading that were described and presented ah@ma@mpaison of the two curves show that
torsional loading design controls the embedment depth requirement based on the current FDOT design

procedures considered (i.e., using the codegllist€able 41).

4.3. Dirilled shaft embedment depths for design examplegNCDOT procedures

The comparison example solved using the NCDOT design procedures réptinee&OP are
presented for the three loading demand scenarios requestedI¢ thietheNCDOT researclproject
SIC. These three casase listed inTable4-1land orrespond to a design wind speed.@® mph(Case
No. lused for direct comparison with the FDOT analyzed ¢caseja design wind speed of 100 mph that
corresponds t€ases No. 2 and No.v@th demand loads computédsed on different design cod&ee
Table 4-1).

4.3.1. NCDOT embedment length requirements to rdatstral loaghg moment

The embedment length requirement to resist lateral load and bending is computed by dEMROT
lateral load analyses based on thequrve formulationThe desigrusesASD with a global factor of
safety of 1.5 for the loading demand listed’able4-1.
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The py methodology models the pikeehavior witha series of discrete elements and thie s
reaction resultant (ghroughnortlinear springsas shown schematically igure 4-4. The NCDOT ITS
and Signals Unit indicated in the SOP survey for this profettthe py analyses for drilled shafts
supporting mast arm traffic signals are performed using the commercial software (HPKdEt, 208).

Lateral ‘ S\ Moment
load I

AN =)

>

Increasing depth, x
Pile —

AWM
/M >Noulinear —

springs

>
_/VVV\_I Xn-1 Pile deflection, y (L)

p-y curves

Soil-pile reaction, p (F/L)

/\NV\'I&/

Figure 4-4: Schematic showing pile model used in-¥ curve analyses of laterally loaded piles.

NCDOT reported in the SOfRatthe py curve formulation by Reese et al. (19®&Hypically used
for mast arm sitemvolving sands with a higlvater tableThe typical shape of thisycurve proposed
by Reese dall. (1974) is shown ifigure4-5. In this figure important elements of theypcurvecan be
identified,including: the initial slog, O , and the ultimatsoil resistance valu@, . At any point
alongthe py curve theresultantsoil reactiony), acting on the pile is a force per unit length of pile that
related to the pile deflectiod) at the location of th norlinear spring Additional background on the-y

analyses can be foundieese and Van Img2011).
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Soil reaction, p (F/L)

Lateral deflection, y (L)

Figure 4-5: Typical Reese et al. (1974)-p curve for laterally loaded piles in sands.

Specific to he py curve proposed by Reese et al. (1974), the curve is formed by an initial straight
line with a slope equal @ that extends to Poitt (coordinates) o). Then the py curve has a
curved transition segment that contseeoints andd . Pointd corresponds to a pile lateral deflection,
at the depth of the nonlinear spring, equaDirt (whereOis the diameter of the drilled shafihe
transition segment is followed by a straight segment that connects ®antso. Pointo is where the
ultimate soil reactionr| ) is mobilized.The value of] is a function of the véical effective stress value
at the depth of interest, the friction andgk@4 and the diameter of the drilled sh&®) @nd is computed
by LPILE following the procedure established by Reese et al. (1B@4}his py curve formulationthe
ultimate sdl reaction is considered to be mobilized at a lateral deflection equ@fip iThe parameters
required to define the-p curves for a pile modeled using the Reese et al. (1974) formulation are listed in
Table4-2. This table ao lists the values selected for the analyses for the comparison exanei{®.
parameter is used to define the variation of@he with depth.The'O is the slope of the
initial portion of the py curve and although has un@sF/L? it should not be confused with the soil
modulus Q). For loose, saturated sands like in the comparison exaengéue of20 Ib/ir? is typical for

"Cand so that value wassumed for the following analysis
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Table 4-2: Input Parameters for p-y curvesfor comparison example

Values used for Comparison

Input parameter Description/Comments
Example
p-y curveformulation Reese et al. (1974) for sands SeeFig. 41
Typically selected based GPT

Friction angle %&e 30, as per Figure4

correlatins

Used to define vertical effective
stress profile

Used to define variation &

Effective unit weigh(( & 55 pcf as per Figure4

6] parameterQ) with depth 20 Ibfir?
Diametr, embedment length, D=4,45,5f1t

Drilled shaft info structural parameters for nonlinear L varied until drilled shaft was able to resi
El loading demand.

Usingthe NCDOT desigrapproach described above and the LP$bEware to perform the
nonlinear py analysisthe minimum embedment depths required to resist lateral loading and associated
bending moment were computed for the three loading demand cases liBadteid-1. The results are

summarized below.

Results for Loading Case No. 1 (Wind speed = 170 MPH)

As indicated inTable4-1, this loading demand case involvewiad speed of 170 mph that produces
alateral load of 12.3 kipand corresponding bending moment of03.6 kipft. As mentioned beforehe
loading demangrescribedor Case No. 1 was provided BYCDOT, while the analysis followed the
specifications in AASHTO LTS (2009)

Using the approach and model described above, the computed embedment lengédsteerpsist
the lateral load andssociatetbending moment were computed for Case N@heminimum required
lengthsfor this loading casaisingan ASDsafety factor ofL..5 were computed a2 ft, 14.4 ft, and
13.8 ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respectively.

Results for Loading Case No. 2 (Wind speed = 100 MPH)

As indicated inTable4-1, this loading case corresponds to a wind speed of 100 mplsasdhe
specifications iIMASHTO LTS5 (2009) to compute the loading actions and available strengghs
previouslymentionedthe loading demand listed in this tabde Case No. 2 was providég NCDOT.

Using a similar approach as for Case No. 1, the computed embedment lengths required to resist the
lateral load an@ssociatetbending moment were computed for Case N@h2 minimum required
lengthsfor this loading aseusingan ASDsafety actor ofl1.5 were computed &k ft, 11.7 ft, and D.9
ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respectively.
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Results for Loading Case No.@Vind speed = 100 MPH)

As indicated inTable4-1 this loading demandase corresponds to a wind speed of 100 mph and the
AASHTO LTS4 (1994)code.The loading demand for Case No. 3 was provided by NCDOT and is listed
in Table4-1. As can be seen in this tablbetloadingdemand in terms of lateral loathd bending
moment ishigher for Case 3 thdior Case 2 despiteoth being based on a wind speed of 100 MPHs Th
differencein loading demands related taifferentcode editiongSee Table 4) and thatCase 3 is based

on fastest mile wind speed, versus Case 2 that us8sstttond gust wind velocity

Using the approach and model described above, the computed embedment lengths required to resist
the lateral load andssociatedhendingmoment wereomputel for Case No. IThe minimum required
lengthsfor this loading casejsingan ASDsafety factor ofL..5 were computed a35 ft, 13.4 ft, and
12.6 ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respectively.

4.3.2. NCDOT embedment length requiremettdsesist torsiohoadng

The design approadhat was reported ité SOP to besed by NCDOT to resist torsion loading
demand is based ?ASHTO LTS5 (2009), which usesan ASD approach for the design against
torsional loadlt should be noted that ti¢CDOT ITS & Signal Unit indicated being in the transition to
adopt tle LRFD based design accordingf®FDLTS-1in AASHTO (2015).The methodology described
below is based on the ASD approach as it was still in place at the time of the SOP study.

Themethodology used by NCDOT to compute the torsional capacity of a siiltgd dhaft, as

reported in the SOP, is based on computing the side fri¢fdbnging a modified beta method as follows:
Q19 (4.6)

wheres jy is the effective vertial stress at the depth of interest for computingndb is the
coefficient used in the betdfective stresstatic method that is commonly utilized for estimating vertical
capacity of drilled shaftdFHWA 2010) As mentioned earlier (See Eg3Y.theb empirical coefficient
that can be estimated using empiricadrelations with field tests like the SPThe empirical correlation
(Equation 4.3 based on a well characterized axial load éstsrpreted and analyzed by Reese and
O 6 N e1i988) invdlves a terndependent on depth. Foonveniencekg. 4.3is repeatedbelow.

i —Op® TP 0 La QO 4.7)
whereterms were as defindzkfore.

The side frictiorfor drilled shafts in sand deposisscomputed by NCDOT and FDOT usititge

same effetive stress static method basedwuitiplying the vertical effectivetress by an empirical
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coefficient. Themaindifferencedetween the two approachess on theempirical coefficienused as
NCDOT uses thEHWA recommendefd coefficient(Eq. 4.7), and FDOT usea modified coefficient
with respect to the original FHW¢goefficient called thevepor coefficient(Eq.4.4). From Eq. 4.7 and

4.4, te ratio of these two coefficient®r the same site and SRalues,is as follows:
— P8t T8I W & QO (4.8)

The above equation assusiteat the SPT Nig values used by FDOTareequal to No values that
areused to computb (Eq. 4.7 as pelFfHWA (2010).Equation 4.&hows that the side friction required
for torsion capacityising theb coefficient as per FHWA (201®yill be lower than the capacity comied
using the FDOT approach based onwhgor coefficient and that this difference increases for longer
drilled shaft due to the depth dependency oftheefficient For examplebased orEq. 4.8 theaverage
side friction computedsing NCDOTapproab (b coefficient) will be71.5%, 59.8%, and 50.7% of the
average side friction computed usiihg approach by FDOWepor coefficient) for drilled shaft lengths
of 10 ft, 20 ft, and 30 ft, respectivelff.his difference in design side friction for torsisrdiscussed

furtherin the comparison section of this chapter.

Using the static method described abdkie NCDOT design procedungsing AASHTO LTS5,
wouldresult in the following expression to compthe ultimate torsional resistance for a drilled shaf
installed in ehomogeneous sarsite:

Y 0Q0* 0 > (4.9)

Where " Qcorresponds to the aveg@interface friction between drilled shaft and surrounding

foundation soil that can be replaced by expression in Eq. (4.5%jraptified to:
Y 1Q O“ 005 (4.10)

where:

- b = side friction coefficient as per above correlation with SRJI(Eq.4.3 or4.7),

» =average effective stress level along the embedment depth of the drilled shatft,
D =drilled shaft diameter,
- L =embedded depth of drilled shaft.

Theminimum embedment deptlising the ASD approach is based on ensuring that the torsional

loading demands equal or greater than the ultimate torsional divided by a global factor of &dety.
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on inputobtainedrom NCDOT duringthe SOP studya global factor of safety against torsional loading
of unity iscurrentlybeing used for desigtrGrorsion=1.0) (NCDOT, 2010).

Usingthe NCDOT design approach described abakie,minimum embedment dias required to
resisttorsionalloading were computkfor the three loading demand cases listefaible4-1. The results

are summarized belofer thedrilled shaft diametersonsideredf 4 ft, 4.5 ft, and 5 ft.

Results for Loading Case No. 1 (Wind spke&70 MPH)

As indicated inTable4-1 the torsional loading demand of 468.9-Kigorresponds to a wind speed
of 170 mph and thAASHTO 2009 LTS5. As mentionegreviously,the loading demand listed in this
table for Case No. 1 was provided by NCD®or this loading demandhe geotechnicatonditions of
this simplified example, anithe approach described above, the computed required minimum embedment
lengthswere49.6 ft, 42.9 ft, and37.8 ftfor drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respety. If
an ASD factor of safety of.4 were to be used for design, the required minimum embedment lengths
would increase to 646, 55.25ft, and48.33ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft,
respectivelyHowever, as mentioned earlidCDOT ussa FS=1.0 for this desigmpproach AASHTO
2009 LTS5).

Results for Loading Case No. 2 (Wind speed 100 MPH)

Loading Case N, as indicated ifTable4-1, has a torsional loading demandlék.7 kip-ft based
on a wind speed of 100 mph and A&SHTO 2009 LTS5. The computed required minimum
embedment lengthsere26.75 ft, 23.4 ft, and20.8 ftfor drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft,
respectivelyThese minimum required embedmenpitis increase to 33f8 29.5ft, and26.1ft for
drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respectiviélype ASD factor of safety is increased from
1.0to 1.5

Results for Loading Case No. 3 (Wind speed 100 MPH)

Loading Case N@, as indicated ifTable4-1, has a torsional loading demanfd3024 kip-ft based
on a wind speed of 100 mph and %&SHTO 1994LTS-4. Using this loading demandé computed
required minimum embedment lengtliere37.95 ft 33.03 ft ard 29.23 ftfor drilled shaft diameters of
4 ft, 4.5 ft, and 5 ft, respectiyelThese minimum required embedment depths increase to #,842303
ft, and37.04ft for drilled shaft diameters of 4 ft, 4.5 ft, and 5 ft, respectivieiiye ASD factor of stety is

increased from 1.0to 1.5
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4.3.3. Summaryof NCDOT embedment depth resuits comparison example

This subsection summarizes the computed required minimum embedment depths for the comparison
example inFigure 41, based on NCDOT procedures reported in the SOP for the Load Cases No. 1
through 3aslisted inTable 41.

Summary of Results for Loading Casélo. 1 (Wind speed 170 MPH)

The minimum required embedment depths computed for Loading Case No. 1 (Wind speed = 170
mph) as per information ihable 41are summarized iRigure4-6. This figure presents tweourves
corresponding to the required minimum embedment depths for the 3 drilled shaft diameters considered for
the two geotechnical design considerations of: i) lateral loading and bending momenttcaaibiial
loading using methodologies that wereatdsed and presented aboyecomparison of the two curves
show that the torsional loading design controls the minimum embedment depth requirement based on the
NCDOT design procedure reported in the SQ\s(i.e., using the codes listedTiable 41 for Load
Case No. 1).

2
=
<
B
g —O—Lateral load & bending design (LPILE; FS=1.5)
g 30
g ——Torsional load design (FS=1.0)
Lo 25
Z
g 20
B i
10 4 ; i
4.0 4.5 5.0

Diameter of drilled shaft (ft)

Figure 4-6: Summary NCDOT embedment depths forcomparison examplei Load Case No. 1.

Summary of Results for Loading Case No. 2 (Wind spé€0 MPH)

The minimum required embedment deptbmputed for Loading Case No. 2, using a wind speed of

100 mph and the additional information provided able 41, are summarized iRigure4-7.
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—O—Lateral load & bending design (LPILE; FS=1.5)

—A—Torsional load design (FS=1.0)
Load Case No. 2 (Wind speed = 100 mph)

Minimum embedment depth (ft)

O

4.0 4.5
Diameter of drilled shaft (ft)

o
[}

Figure 4-7: Summary NCDOT embedmen depths for comparison examplé Load CaseNo. 2.

This figure presents two curves corresponding to theired minimum embedment depths for the 3
drilled shaft diameters considered for the two geotechnical design considerations of: i) lateral loading and
bending moment, and ii) torsional loading using methodologies that were described and presented above.
A comparison of the two curves show that the torsional loading design controls the minimum embedment
depth requirement based on the NCDOT design proegdported in the SOP study (i.e., using the codes
listed inTable 41for Load Case No. 2).

Summary of Results for Loading Case No. 3 (Wind speed 100 MPH)

The minimum required embedment depths computed for Loading Case No. 3, using a wind speed of
100 mph and the additional information providedTiable 41, are summarized iRigure4-8.
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45 —O—Lateral load & bending design (LPILE; FS=1.5)

—A—Torsional load design (FS=1.0)

Load Case No. 3 (Wind speed = 100 mph)

Minimum embedment depth (ft)

1S

4.0 4.5
Diameter of drilled shaft (ft)
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Figure 4-8: Summary NCDOT embedment depths forcomparison examplei Load Case No3.

This figure presents two curvesrresponding to the required minimum embedment depths for the 3
drilled shaft diameters considered for the two geotechnical design considerations of: i) lateral loading and
bending moment, and ii) torsional loading using methodetotiiat were describead presented above.

A comparison of the two curves show that the torsional loading design controls the minimum embedment
depth requirement based on an older NCDOT design code as indiafied41 for NCDOT Load Case
No. 3.

4.4. Comparson of minimum requiredmbedment lengtifer Comparison Example
The comparison example designed using current design procedures used by FDOT and NCDOT
showed that torsion loading controls the minimum required drilled shaft embedment depths for the three

diameters considered atite conditions of the example summarizeéigure4-1.

4.4.1. Comparison ofrequiredlengths based dateralloadng

A comparison of the required minimum embedment depths required to withstand the lateaatload
bending momendemandor the comparison exarngusing procedures for both DOiBprovidedin
Table 43. The comparisogorresponds to values computed for loadiegnandCase No. 1Table 41)
that corresponds @wind speed of 170 mphAs pointed out earlier,abpiteboth DOT examplehawe
thesame wind speedhe differencesomputecdarerelated tovariationsin loading demandelatedto the

differentcodes used by botlagencies antklated tadifferences irdesignprocedures as described above.

Table 43 shows thatheminimum embedment depth requiremectsnputedusing theFDOT
design approacfi.e.,based orthe Bromsultimate load procedure and the LRFD methodology with
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resistancé factor of 05) yieldedresults thaaresimilar or slightlylongerthan the valuesanputed using

the designmethodologysed by NCDOTi.e., based omp-y formulation,LPILE, and an ASD approach
with a global FS=16

Table 4-3: Comparison of minimum embedment depths required to carrylateral load demand

Drilled Minimum Embedment Depth Required (ft)
Shaft :
Ratio L /L
Diameter FDOT NCDOT NCDOT ~FDOT
(ft) Load Case No. 1 Load Case No. 1
(Broms, LRFD wif factor =0.5) | (LPILE, ASD and FS=15)
4 151 15.2 100.7%
4.5 145 14.4 99.3%
5 14.0 13.8 98.6%

4.4.2. Comparison ofrequiredlengths based dorsionloading

A summarycomparison of the minimum embedment depths required to withstand the torsional

loadng demandor the comparison examplesing the procedures reported by FDOT and NCDOT are

provided inTable4- below.

Table 4-4: Comparison of minimum embedment depths required to carry torsional load demand

Drilled Minimum Embe dment Depth Required (ft)
Shaft FDOT NCDOT Rati
. atio L /L
Diameter Load Case No. 1 Load Case No. 1 NCDOT —FDOT
(ft) (w coefficient, and (b coefficient, and
LRFD w/ f factor = 1.0) ASD w/ FS=1.0
4 38 49.6 130.5%
4.5 335 42.9 128.1%
5 305 37.8 123.9%

The resultsn Table 44 show hat theminimumembedment lengthrequiredto withstand torsioal

loading are considerably higher than the values required to resist lateral loading repbatad4n3.

Therdore, as mentioned befordesign to rest torsion loading controls the drilled shaft design since it

requiresconsideraby} deeper embedment depths compare@goirements to resiaiial loador

bending/lateral load demands.
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Additionally, Table4- alsoshows that ta embedment depth requirements using the current NCDOT
design procedures$or the same design wind speed of 170 napbébetwesn 24 and 31% longéhnan the
values obtained using the current FDOT proceddrds.differerceis attributedto the differences the
design approactiescribed earlier, i.ethedifference in skin friction coefficient where FDOT has opted to
use dess conservative omega () coefficient that is a modification of the original béta (
coefficient proposed bR e e s e and OAddraparisdn of(the Side &igtion coefficients used by
NCDOT (i.e.,based on the 20IleHWA drilled shaft manudland FDOT is showm Figure4-9 based on
the expression i&q. 4.8 and assumingomogeneousand site conditions (i.e,constant SPT with
depth andNeo & Nsield). This figureserves to illustrate hotine FDOT side friction coefficien(s )is
higher than the corresponding NCDDWValues for a givemverageSPT (0  value). Thedifference
between the side fricin computed using the FDOT procedure increasesimgtieasing drilled shaft
embedment depthFigure 49 shows the FDOesign side friction for torsion &bout 40%&and100%
higher than theorresponding value using the NCDOT (FHWA, 2010) procedure for drilled shaft
embedment depths of 10 ft and 30 ft, respectively.
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2 050 Constant SPT N, with depth
T N..,=N
o field 60
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Embedment depth (ft)

Figure 4-9: Ratio of FDOT to NCDOT torsion side friction capacity as a functbn of depth

Duringthe SORphone interviews, FDOT personnel explained thatagency had decidedrtwodify
thetorsional side friction coefficient timtentionallyresult in higherdrsioral capacities compared to
those obtained using the original B8). Asamemwtioned f i ci en
above, he main difference is that FDOT has eliminated the factor related to depth depeAderiogr

reason that influeces thelifferent torsional minimum required embedment depths computed when using
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FDOT and NCDOT design procedures for the comparison example is associated to code and design
approach differencegs indicated inTable 41, FDOT useASHTO- LRFDLTS-1 which involves an
LRFD methodology that results in larger factored loauts currentlyusesa resistance fact@= 0.5 for

the geotechnical torsion capacity.contrast, NCDOT in the SOP study reported usimdeAASHTO

LTS-5 (2009)that is based o0ASD methodologyandusesa global factor of safety equal to 1However,

it is the writets opinion thathe mainfactor that makes the FDOT embedment lengths lower than the
NCDOT values for the comparison examptmsidereds related to théighertorsioral sde friction

coefficientsintentionally used by FDOT
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5. Literature Review

5.1. Introduction

Theliterature reviewsummarized in this chapter focusedresearchn the following three main

areas:

1 Performance ofrilled shafts under combinddteral and torsin loading.

1 Alternative foundation systems for combined lateral and torsion loading

The above three topics are basedheninitial scope of this research project involved experiments
and computational efforts to better understand theviah@erformancend capacity) of drilled shafts
under combined lateral and torsional loading. Additionally, the research scope included identification of
alternative foundation systems that showed promise as possible foundations to support magicarm traf
signal struaires. The original research project involved experiments and analyses on a selected
alternative foundation system. As mentioned earlier, the original scope was modified early in the project
to focus on the SOP and the comparison of aesigcedures ofanventional drilled shafts.
Nevertheless, this literature review chapter is presented to summary some key findings as they relate to

the revised scope of the project.

5.2. Performance ofrlled shafs undercombinedateraland torsionaloadng

Most of theidentifiedresearchhat involved study of drilled shafts under combined lateral and
torsional loading demand has bdsym theUniversity of Florida(UF) and from with funding from
FDOT. A timeline summarizing thmost relevant researctofn these instittions inFlorida is presented

in Figure 51.

Most of the research summarized in this figure has involved scaled model tests using the UF
centrifuge thatan be approximated to fedkcalefield conditionsusing scaling lawsindependenof any
advantags andossibldimitationsassociated toentrifugebasedesearchwhich is outside the scope of
this study theresearch by the UF research group is very valuable to gain insight on the behavior of drilled
shaftsunder combined lateraind torsional lading. Other relevant research from other research groups
include Li (2017) andLi et al. (2017) from the University of Oregon thawestigated load transfer
mechanisms of drilled shafts under combifegdral and torsion loading aperformed fulscalefield

tests The following subsections summarszbe most relevant studiseown in Figure 8.
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Figure5-1: Timeline showing selecte@search on drilled shaftinderlaterd and torsional loading.
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5.2.1. Certrifuge tess at UFreported byHu et al.(2006)

Initial research by UF includes the MS thesis by Herrera (2001) and the doctsealadisn by Hu
(2003). These studies involved performing a series of centrifuge tests of drilled shafts in homogeneous
saurated sand deposits under combined lateral and torsional loading. A summary of th&roesthis
study caralsobe found inMcVay et al. (2003) anHu et al. (2006).

Hu et al. (2006) performed 91 centrifuge test®lving model drilled shafts likthe one showin
Figure 52. Thestudy involved uniform sand conditiomsth 3 levels of relative density, and undbeth
dry and saturated conditions, thesabedment deptto diameter (L/D)ratios(L/D =3, 5, and ¥, and
loading conditiongnvolving pure lateral loadingnd combined lateral and torsiachieved by varying
the location of the appliggbint loadalong the mast arm shownkigure 52. Table 51 summariesthe
main test conditions considered by Hu et al. (2006).

[Temporary Support Strut

Figure 5-2: Details of centrifuge model testing byHu et al. (2006).

Table 5-1: Summary of test conditionsconsidered byHu et al. (2006)

Type of tests Nmtl;:tzr of Conditions Embe{l;l;;;lt depth Load Application
- At Pole (No torson).
Centifuge i | Toose medum and 3, 5and7 ( :
At mid mast (T>0)
. Loose and dense
Centrifuge 37 saturated Sand 5and7 At end of mast (T>0)

The initial set of tests by Hu (2003) involvegperiments under later@lading only. These tests
results are useful to compdhe predicted failuréateralload obtainedusing the ultimate load method by
Broms (1964) with the measured failure lsadthe centrifugeexperimentsvith notorsionalloading As
mentioned in Gapter3, the Broms (1964) methoi$ theoneused by FDOT for lateral load design.
Rodriguez (2019yomparedredictedultimate lateral loadasing Broms (1964) with themeasured
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failure lateral loas reported by Hu (200&)nd the summarng presented ifrigure 53. The experimental
results presented involthree L/D ratios and three relative densiti&$is figure shows that in general
Broms(1964)overpredicedthe measured failure loady about 35 %or L/D ratios of 3 and 5In
contrast, he predttionsfor L/D = 7 were foundshow good agreemewith measured failure values
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Experimental failure lateral load (kN) reported by Hu (2

Figure 5-3: Predictedlateral Load based on Broms (1964Yyersus Experimental loads by Hu (2003)

Centrifuge tests with combined lateral and torsional legady Hu (2003yevealedhatthe presence
of torsionloadinghas a significant impact on the lateral load capacity of the deep foundatiancan be
seen irresults presented Figure 54 whereHu et al. (2006)jepors a significantloss of lateral lad
capacity when torsion loadinig present.The above figur@resents three plots EHteral load versus
lateral deflection fothreelevels of torsioni) no torsion, ii)torsion wherthe point load isappliedat the
center of mast arm, and iii) torsiahen the point load igppliedatthe end of the mast arnf.he test
resultscorrespond teentrifuge testby Hu (2003)with sand at a medium dense relative density=(D
53%). The three ploshowncorrespond to embedment ratios (L/D) of 3, 5 anéat. all three L/D
ratios theresults show that the lateral load capacity deaesasgnificantly and is the capacity decrease is
the highestds much as about 50)%r the experimerstwith the highest level of torsional loaditeyel
(i.e., when the poiribad was located at the end of thast arm).In summary, theesults shown in
Figure 54 show that the presence of torsioading can decrease considerably the lateral load capacity of
the drilled shaft.
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Figure 5-4: Influence of torsion on lateral load capacity of drilled shafts(Hu et al.,2006).
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The above researainderlinegsheimportance ofleveloping design procedures that consiter
coupled effects dfateral and torsiondbading This is an important as the SOP studypregd in
Chapter 2, showed that all US DOT participants currently use a decoupled methodologyctahgedi
capacities of the drilled shaft under lateral and torsion loading. This highlights the need for more research
to better understand the performanéeeep foundations under combined lateral and torsional loading
and towards development of couplggbeoaches that adequately capture this important decrease in lateral
load capacity reported in the literature (e.g., Hu, 2003; Hu et al., 2006).

5.2.2. Full-scak torsion tests at silty clay test site Oregon State University

Li (2017)and Li et al. (2017) repatiresults forafull-scalefield torsioral load tesprogram
involving two instrumented testrilled shafts Thetorsionalfield tess wereperformedatthe
geotechnical field research séethe Corvallis campus @regon State Universityhese drilled shafts
were installegoredominantlyin stiff to very stiff silty clayto clayey siltasshownin Figure 55. There
were two test sites ate thzcation TDS and TDSFB with thiatter installed with a free base condition.
Figure 55 shows a photofanexhumedrilled shaftaftercompletion oftesing andthe loading arm used

to appy the torqudoading
A TDSFB
CPT-1 Northeast, A'
Distance (m)
0 10 11 12
: O i |
°
X Min.
L=
£ ATD
A Test
Stiff-to-very stiff,q A4
silty-clay-to-clayeysilt-q| Max
* D=0.9m"
v

Figure 5-5: Details of torsioral load tesing at the OSU site by Li et al. (2017)

Thedetails of the torsional load test atescribed by Li (2017and Li et al. (2017) Themeasured
ultimate torsional loagvere 18CkN-m and250 kN-m for thetestdrilled shaftsTDSFB (free baseand
TDS, respectively The larger torsional capacity of tektlled shaft TDS was due to the contribution of
the basef the drilled shafand alsaelated to differences soil conditiors including adense silty sand
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layer that was present near the bottafrthe TDS shaft.The authors showed that the torsion load versus
was well approximated by a hyperimoinodel and peak load was reacladeér relatively small rotations

of no more than Begrees.The prediced maximum load using the total stressmethodfor drilled
shaftspr oposed by Re e swereacasdnalilyaldse with differerdt §rater than 25%
(Li, 2017).

5.2.3. Full-scaleloadtests ofdrilled shaft supportedmastarms by UF resegech group
Thiyyakkandiet al. (208) extendpastcentrifuge studieby the UF research group performted

investigate performance of drilled shaft foundations subjected to combined torsion and lateral Itading.

this studyauthors present results @full-scale teston mastarmdrilled shaft assenties as the one

shown in Figure 8.6. One of themain objective of the study wato investigate the couplddteral and

torsionload behavior of drilled shaftsThe studyrepats a significant reduction in lateral resistance due

to the influence of tongethat is in line withobservations reported from thegirevious centrifuge studies.

The field tests showedtsional resistance was redudsdapproximately 20% by the impact lateral

loadwhen compared with the anticipated torsional resistprediced using static methods of thait

skin friction valuedike thea (clay) andb (sand)methods.

- TSZi i

Blay 1) 7 Tension load cell
Ymaist = 17.9 KN/m®, Ngo = 4
C, = 30 kPa, gc= 1200 kPa ||

0.75m

18m

Sand with Silt (SP-SM)
Yo = 18.1 kN/m?, § = 31°
Nea= 6, qc= 2300 kPa

3.05m

£
[ T =
w0
w
€ Sand with Silt (SP-SM)
o Ysat = 19.0 kN/m?, ¢ = 34°
= Nso= 9, q.= 6750 kPa
N Y
5 IJ M Sand with Silt (SP-SM)

Yoar = 19.6 kN/m’, § = 36°
Neo = 16, gc= 13000 kPa

210m

Figure 5-6: Subsurface profile andfield testing setupusedby Thiyyakkandi et al. (2016).

Thereduction of lateral load capacity due dosional loading measured in these field tests is shown
in Figure 57. This figurealsoincludesresults from the UF centrifuggudies by Hu (2003) and Hu et al.
(2006) that were summarized earlier. As can be geield test with the higher level abrsion loading
resulted in dateral load capacity drop in excess of 80¥his valuable field study further highlights the

importance of considering the large reduced lateral load resistance due to the coupled effect with torsion.
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Figure 5-7: Reduction of lateral capacityversustorsion loading level(Thiyyakkandi et al., 2016).

5.2.4. Unit skin friction for torsiorcapacity

Many of the studies summarized in the previous sestian wh as SOPparticipantsreported use
of adecoupled approach to estimate the torsional resistatifl@d shafts. The most common approach
used was to compute the torsionapacityusing static methogsleveloped from axial load tests, to
estimate theunit side resistance (e.gkin friction) that would develop along the sksarface of the
drilled shaft. If we consider thaheskin frictionin general varies along the drilled shaft with depth, the
contributiontowards theorsional capacityf thisside resistance fan idealizeddrilled shaftwith a

cylindrical geometrycan be computed as follows:
Y “88 Qa MNa (5.1)
where:

- "Y=torsional capacity associated to unit side resistance (skin friction),
D = drilled shaft diameter,
- L =embedded depth of drilled shaft

- "Qa& =unit side friction at depth z.

Basedon thefield testsreported by Li et al.Z017) that comparedtbrsional capacity o testdrilled

shaft with a free base versus a conventional drilled ,ghaftontribution from the tip towards the

41



torsional capaty can be significantThe contributionfrom the baseowards the torsion capacity can be

computed athe average shear strégses the area, which can be estimated
Yoo, DA (5.2)
where:

- "Y =torsional capacity associatedftiztion along thebase

-, =average normal stress along the base,

- d=interface friction angle between base and soil at the base,

- = aveaagearm of averagshear stress (D/4 for constant distribution to fof3riangular
distribution),

- D =drilled shaft diameter

Thiyyakkandiet al. (2017propose an equation to estimate the contribution of the base towards the

torsional capacity of theritled shaft based on thenit weight of concrete as follows:
Y 1 DDA O- (5.3)
where:

- "Y =torsional capacity associated to friction along the base,
-7 = unit weight of concrete

- d=interface friction angle between base and soil at the base,
- L = embeddedlepth of drilled shaft,

- D =drilled shaft diameter.

Theunit side resistancds) is estimated in the literature primarily using static metteded on
correlations with irsitu tests that were developed from axial load tests. The most commonly used
methods araeported in the FHWA drilled shaft manual (FHWA, 2010) and includé thethod for
sandgqe.g., SPT correlation) and themethod for clayst{ased on undrained shear sty#¢nS). Use of
CPT basedtatic method$ke the LCFC by Bustamante and i@neselli(1982)was also reported by
several torsion studies (Li et al. 20TThiyyakkandiet al. 2017).

The differenceeported in Chaptes of empirical coefficienb used bymostSOPparticipants
(including NCDOT),versus thalepthindependeniviepor coefficient used by the FDORighlighted the
importance to further studhis important design aspect. In particular, given that the static methods being

used in practicevere developed from axial load tests and not from actual torsional tests.
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5.3. Alternativefoundationsystems
Although the SOP study identified the drilled shaft astiest usedoundation systerfor traffic

signal mast arm structures a few alternative systeawve been reported in the literature.

Thiyyakkandi et al. (2014eportedyood perfomance ofa precast driven piléhatis postgrouted
along the skin area and tihotos of tis postgrouted precast driven pitge shown in Figure-8. The
authorgreport that thepostinstallation grouted pileadsimilar or higher lateral and torsidmad
capacities compared to a drilled shaft of similar dimengidhigyyakkandi et al. 2017) This study did
not comment opossibleissues associated ¥ibrations induced during pile drivingat could be a
consideratiorat sites located in urban enmiments.

Figure 5-8: Photos of grouted precast pile reported by Thiyyakkandi et al. (2017)

Another possiblalternative foundation systeitientified ashavinggoodpotential to suppothe
large loading demanaf coastaimast arntraffic signals are hrge diameter open ended driven steel pipe
pilesthatwere the focus of a relatively recéd€HRP study by Brown and Thompson (201Bpwever
mastarm trdfic signal structuresftenhave dimited footprint rightof-way available for the installation

of the foundationsthus thismay limit the use of thialternative for projects with limitedrea

The use ofbteel pipe pilswith helicalplate fins asshown in Figure 8, has been recenthgported
by PND Engineers IncThese pilesmarketed under theade name SPIN FIN piles are proprietary
deep foundation systeby PND Engineer$2018). This type of pile, or a modifiedesign with different
typesof the fing or modifiedfin layout may bea feasible foundation systeaternative In particularas
the fins mayhelp withstand théarge torsional loadthat adiscussedre the controllinglesign load in

thecoastal mast armomparison examples presentedChapter 4
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Figure 5-9: Photo of SPINFIN finned pipe pile (Image fran PND Engineers).

5.4. Summary

The literature revievgtudyshows that there is a need for more researdietter understand the
behavior ofdrilled shafts under combined lateral and torsion loadirtge few largescale field studies
available showed that thesence of torsional loading significantly decredlsedateral capacitgf the
drilled shaft. There is a need for additional fidtale field tests that involved combined lateral and torsion
loading. Additionally, there isa need to develop analysischdesign procedures that considered the

combined tor®n and lateral loadingn a coupledashion.

The literature review also revealad important gapelated to the need fatatic methods for
predicting unit skin frictiorfor torsion loadingor preferably combinedtorsionwith axial and bending
loading The currentpproach is to use staticethodseported irdrilled shaft manual e.g.,FHWA
2010)that arebased on axial load testingpustheir applicability to the complex loading involved in

traffic signal mast arms is questionable.

In terms of altenative foundation systems that could be used for suppartasg arncoastal traffic
signal structures at sites with poor geotechnical condittmeg alternative systems were identified, but

additioral researclis needed to assess their feasibility.
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6. Summary and conclusions

Thisreport presented the results dftate of practic€SOP)study performed asart of NCDOT
Research Project RP 2618 on foundations for coastal traffic signal mast arncatres. The SOP study
involvedan emailsurvey questionnaireeview of design documentation for different participants, and
follow-up phone interviewt the12 coastal U.S Departments of Transportatiw@i participatedThe
main objective of the surveyas to find out their construoth and design practice related to foundation
systems used to support traffic signal mast arm structures in coastal environments wharenttey
exposed to high wind loads and poor geotechnical conditions. The foctis eaziment information
such agype of foundations used, design methodologies and procedures, design wind loading, and scope
of geotechnical investigation typically used for these structures in coastal environments.

The SOP study revealed that the mashmonly used foundation systemdupport coastal mast arm
traffic signal structures was a single conventional drilled shaft. Occasional use of a drilled shaft with wing
walls was reported by NCDOT, VDOT, and ALDOT for structures with high torsional lgadimand
on the foundation. Hower, VDOT and ALDOT reported that in recent years their practice was moving
towards eliminating the use of wing walls due to construction and installation difficulties. The SOP study
also revealed large differences in theqadure for selecting wind speadd the associated foundation
loading demand. These differences are attributed to variations in timelines for transitioning from
allowable stress design (ASD) to load and resistance factor design (laRF@)I as significat changes
in the load factorsral wind speed maps used in the design of mast arm traffic signal struthees
differences make the comparison of design practices between coastal DOTs challenging.

At the request of the SIC, design practices betweenTFar@ NCDOT were compared. Pearsel
from the geotechnical unit of NCDOT were interested in identifying why current NCDOT design practice
often requires the use of a drilled shaft with wing walls when a similar mast arm structure designed
according to cuent FDOT practices in coastalofida, with similar wind loading demand and mast arm
dimensions used by NCDOT, would consist of a single drilled shaft without wingwalls. Therefore, this
report also includgcomparison examples suggested by the projecn@@bers from the NCDOT
geotechrtal unit. These comparison examptesisiderea a fictitious mast arm traffic signal structure
in a coastal site designed using current NCDOT and FDOT procedures. The comparison is challenging
due to the fact that, at thiene of the study, NCDOT was stilsing ASD design practice and ASCBY
wind speed maps, while FDOT had already fully adopted LRFD based design and AS®&nd speed
maps. Therefore, recognizing inherent differences between ASD and LRFD and thesasigoifanges in

the wind speethaps and associated load factors that occurred during the transition to ARCEh&

45



comparison problems assumed that the same design wind speed of 1({0asphyppplied to both
agencies. However, vtas pointed outha the ASDnominaldesign wind spedappropriate for use with
the 5th Edition AASHTO LTSvould belowerthan the LRFDultimatewind speedy about 22%The
comparison problems revealed important differences in the design approach used by both agencies,
paricularly with respect to the mdized unit side friction during torsion. NCDOT estimates the
mobilized side friction based on the current 2010 FHWA drilled shaft manual, while FDOT uses a
modified expression that is depth independent and yields unifrisitien valuesthan are 8%to 100%
higher than those predicted using the FHWA drilled shaft mdrtlVA, 2010)for embedment depths
of 10 ft to 30 ft, respectivelyTherefore, this difference alone results in shallower drilled shaft embedment
depth regirements for FDOT designs.

Thisreport also includeéa literature review that summarizeesearch on drilled shafts under the
complex, multidirectional loading present in mast arm traffic signal structusgecifically, the
combined eccentric laterahd gravity loads on mast arm fffiia signal structures lead to axial, shear,
flexural, and torsional loads transferred to the mast arm foundaftomliterature review and SOP results
showed that mst current design approaches adopt a decoupled apgoodich analysis, where the
failure loads are predicted separately for the axial loading, lateral loading, and torsional loading.
However, experimental research has revealed that a significant reduction in lateral load capacity occurs
when the drilled sHais simultaneously subjected torsion. However, the SOP study revealed that all
participants use a decoupled approach for the design of drilled shafts supporting mast arm traffic signal
structures that do not account for these interaction effectdit@taure review also revealeah
important gap in terms of static methods for predicting unit skin friction when the foundation is subjected
to torsion loading combined with axial and bending forces. The current FHWA drilled shaft manual does
not provideguidelines for skin friction fothis loading case and the static methods used are based on
experimental data from compression axial load tests. Finally, the literature review included a summary of
some alternative foundation systems that have been mpdposvere deemed to haw®me potentiaffor
supporting coastal traffic signal mast arm structures at sites with poor geotechnical conditions. For
example, FDOT has reported investigating the feasibility of using drivergpmsted concrete piles, with
the intent of the pogirouing along the shaft being able to enhance the torsion capacity. Other alternative
foundation systems identified include large driven pipe piles that can be driven open or closed ended, and
finned pipe piles.All these alternaties would require additioheesearch to better assess their technical

merit and feasibility.
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APPENDIX A WEBSITES USED TO COMPILE DESIGN AND CONSTRUCTION
INFORMATION FOR EACH SOP PARTICIPANT

STATES INCLUDED IN THIS
APPENDIX

ALDOT
FDOT
GDOT
LaDOT
MDOT

NCDOT
OoDOT
SCDOT
TxDOT
VDOT
WSDOT
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State DOT

Website address

Description

Alabama

https://www.dot.state.al.us/conweb/spg
fications.html

2018 standard specifications

https://alletting.dot.state.al.us/Docs/Stg
dard_Drawings/2017%20En
ish/STDUS17_1000.pdf

Standard drawigs

https://alletting.dot.state.al.us/Docs/Stg
dard_Drawings/2016%20En
ish/STDUS16_1200.pdf

Standard drawings wind speed

Florida

http://www.fdot.gov/structures/Structur
sManual/CurrentRelease/Vo
LTS.pdf

FDOT modifications to LRFD
specifications for stictural supports for
highway signs, luminaires and traffic
signals (Irfdlts1)

http://www.fdot.gov/structures/proglib.g
htm

Excel $readsheet Mastarm
Index17743v1.1

http://www.fdot.gov/roadway/DS/18/1D
[17743.pdf

Standard mast arm assemblies 17743

http://www.fdot.gov/roadway/ds/12/ids/
ds-17743.pdf

Index 17743 standard mast arm "d" &
"e" assemblies

http://www.fdot.gov/structures/ProgLib
htm

MathcadDrilled Shaft LRFD v1.0

http://www.fdot.gov/roadway/DS/16/I1D
[17745.pdf

Mast arms drawings

Georgia

http://mydocs.dot.g.gov/info/gdotpubs/
ConstructionStandardsAndDetails/Forr
/Allltems.aspx

Standard drawings

http://www.dot.ga.gov/PartnerSmart/By
iness/Source/specs/2DBtandardSpecifi
ations.pdf

Standard Specifications Construction
Transportation Systems

http://www.dot.ga.gov/PartnerSmart/Dg
ignManuals/SignalDesignManual/Traffi
%20Signal%20Design%20Guideds
2016.pdf

Traffic signal design guidelines

Louisiana

http://wwwsp.dotd.la.gov/Inside_LaDO
D/Divisions/Engineering/Standard_Pla
/Pages/default.aspx

Standard plans / special details

http://wwwsp.dotd.la.gov/Inside_LaDO
D/Divisions/Engineering/Design
Build/AmiteBridge_Juban/RFR/I
12%20PS
08%20Geotechnical%20P&0(1120-

09).pdf

Geotechnical performance specificatiq
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http://www.fdot.gov/structures/Programs/DrilledShaft-LRFDv1.0.exe

State DOT

Website address

Description

Mississippi

http://sp.mdot.ms.gov/Construction/Stg
dard%20Specifications/2017%20Stand
d%20Specifications.pdf

Mississippi Standard Specifications fg
Road andridge construction

http://mdot.ms.gov/documents/Ipa/che
ist/7221.pdf

Materials for Traffic Signal Installation

http://mdot.ms.gov/bidsystem_data/20
0123/PLANDATA/107241302.pdf

Standard drawings

North
Carolina

https://connect.ncdot.gov/resources/sal
y/Pages/ITSDesigrResources.aspx

ITS and Signals Unit Design Resourc

https://connect.ncdot.gov/resources/Gg
ogical/Documents/163-

29_Geotechnical%20Invegation%20an
d%20Recommendations%20Manual.p

Geotechnical investigation and
recommendations manual

https://www.scdot.org/business/standa
specifications.aspx

Standardspecifications for highway
construction

Oregon

https://www.oregon.gov/ODOT/Engine
ring/Pages/Drawing3raffic.aspx

Standard drawingsTraffic

ftp://ftp.odot.state.or.us/techserv/roadw
y/web_drawings/2018_STD_July_201]
Update.pdf

Oregon standard drawings 2018
numbers and revision dates

http://library.state.or.us/repository/2015
201512030819134/0DOT_HWY_GEO
ENVIRONMENTAL docs_Geology G¢
ology GDM Chptrl6.pdf

Foundation Design for Signs Signals,
Luminaires, Sound Walls and Building

https://www.iccsafe.org/

Https://www.iccsafe.org/

South
Carolina

https://www.scdot.org/business/standal
specifications.aspx

Standard specifications for highway
constuction

https://www.scdot.org/business/traffic
signals.aspx

Traffic signal design guidelines sc

https://www.scdot.org/business/geotec
aspx

Geotechnical design manual

Texas

http://www.dotstate.tx.us/insdtdot/orgcl
art/cmd/cserve/standard/toc.htm

Traffic standards (english)

https://library.ctr.utexas.edu/digitized/te
asarchive/phasel/244ctr.pdf

Analysis of single piles under lateral
loading

http://onlinemanuals.txdot.gov/txdotma|
ualsfeo/geo.pdf

Geotechnical manual

ftp://ftp.dot.state.tx.us/pub/txdot
info/dal/specinfo/trstds/traffisignat

pole-foundation.pdf

Traffic signal pole foundation standar
drawing
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https://connect.ncdot.gov/resources/safety/Pages/ITS-Design-Resources.aspx
https://connect.ncdot.gov/resources/safety/Pages/ITS-Design-Resources.aspx

State DOT

Website address

Description

http://www.extranet.vdot.ate.va.us/Loc
Des/Electronic_Pubs/2008Standards/(
ction1300.pdf

Index of sheets section 130@&ffic
control

http://www.virginiadot.org/business/res

Road and Bridge Specifications

Virginia urces/const/VDOT_2016_RB_Specs.p

http://www.virginiadot.org/businesg/so VDot Gwdelln_e_s 0 AASHTO
: i ' Standard Specifications for Structural
fL.J%rSCZeS;é\I,IA'\g/IIEO Standard Specificati Supports for Highway Signs,
pdf_ _>landard_specinication Luminaries, and Traffic Signals, 6th
Edition, 2013 with 2015 interims

http://www.wsdot.wa.gov/publications/f
ulltext/Standards/english/PDF/j26:15 | Standard drawings
01 e.pdf
http://www.wsdot.wa.gov/publications/f
ulltext/Standards/english/PDF/j26-:10 | Standard drawings

Washington | 03_e.pdf

http://www.wsdot.wa.gov/Bridge/Struct
res/StandardDrawings.htm#10

General standard drawings

http://www.wsdot.wa.gov/publicatiofra
anuals/fulltext/M2350/BDM. pdf

Bridge design manual

http://www.wsdot.wa.gov/publications/y

anuals/fulltext/M2201/design.pfi

Design manual
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http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.15-01_e.pdf
http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.15-01_e.pdf
http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.15-01_e.pdf
http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.10-03_e.pdf
http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.10-03_e.pdf
http://www.wsdot.wa.gov/publications/fulltext/Standards/english/PDF/j26.10-03_e.pdf

APPENDIX B i TABLES WITH SUMMARY OF SURVEY QUESTIONNAIRE AND FOLLOW -
UP CONFERENCE CALLS

STATES INCLUDED IN
THIS APPENDIX

NCDOT
FDOT
MassDOT
VDOT
SCDOT
GDOT
ALDOT
MDOT
LaDOT
TxDOT
OoDOT
WSDOT
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SUMMARY FOR NCDOT

Yes/No Date

Contact-Person

Questionnaire i Debesh Sarkar dcsarkar@ncdot.gov
Follow-up conference - -

a) Mast arm length: 100
£ 80 NotesComments:
= T - 10 mast arms with different lengths.
S 60 T
c
4 404
IS
Z 20+

0

(ft)

25 1
20 T
15 +
10 +
5+ —
0

Embedment Depth

b) Most commonly used foundation syste mDrilled Shafts

Diameter (ft)
&~ oo
—

NotesComments:
- L-Pile 2016.9.07 for overturning and
methodsJor B for torsion and axial
loading.
- Spreadsheet Drilled Shaft Foundation
Program_V3.4
- One case of pile cap foundation.

c) Geotechnical exploration: ~ Min. Number of borings

- Standarddesigns based on soll
type, SPT, wind zone, and mast

Requirements: SPT Yes arm length.
Other:
d) Design standard used: AASHTO 2009 - LTS 5
Wind speed in the coastal art 140 mph Notes/Comments:
MRI: 50 - 5 wind zones
Wind map:

100(45) [l 13058
110(49) 120(54)

d2) Foundation Design Standards See appendix

C-a

e) Reported Failures:

No Comments:
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SUMMARY FOR FDOT

Yes/No Date Contact-Person

Questionnaire ves 5/29/2018 Larry Jones larry.jones@dot.state.fl.us
Follow-up conference  Yes  8/22/2018
a) Mast arm length: 100

S g0l NotesComments:

= - INDEX 17743 STANDARD MAST

S 60 + ARM "D" & "E" ASSEMBLIES

c

4 404 , o

= - See survey questionnaire in

z 20+ Appendix Da.

0

b) Most commonly used foundation syste mDrilled Shafts

N
(6}
!

T

20 +

Diameter (ft)

[y IR
o u
! !
T T

Embedment Depth (ft)
(&3]

o

6
54 — NotesComments:
I Design tools of FDOT
41 - Excel Spreadsheet Mastarm
34 Index17743v1.1
) - Mathcad Drilled ShaftLRFD v1.0
l =+
0

c) Geotechnical Exploration:

Min. Number of borings 1* NotesComments: One SPT boring

Requirements: SPT Yes to 25 ft in soil or 10 ft in competen
Other: rock with 15 ft min.
d) Design standard used: AASHTO LRFD, First Edition 2
Wind Speed in the coastal ar 170 mph NotesComments:
MRI: 300 *VoI3LTS-19 modifications to
- LRFDLTS 1
Wind Map:

130(58)

//“0\‘1)

'05(47) 130(58)

/ 140(63)

130(58)
140(83)
150(67)
160(72)

105(47)
11049)
120(84) h30(58)

170(76)

“1rome)

d2) Foundation Design Standards

See appendix C-b

e) Reported Failures:

NO Comments:
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SUMMARY FOR MassDOT

Yes/No Date Contact-Person
Questionnaire Yes 5/22/2018

Peter Connors  peter.connors@state.ma.us
Follow-up conference No

a) Mast arm length: 100
= NotesComments:
£ 80 +
<
D 60 T+
c
4 404
§ 20 +
0
b) Most commonly used foundation syste mDrilled Shafts
= g 6
£25 7 T o5l NotesComments:
S 2
SR R
8
e 15 + I o 34
Q
_g 10 + 24
8
£ ST 1t
L
0 0
c) Geotechnical exploration: ~ Min. Number of borings 1
Requirements: SPT Yes
Other:
d) Design standard used: AASHTO 2013 - LTS 6
Wind speed in the coastalarr 130  mph - Wind speed AASHTO 2013LTS
MRI: 50 6.
Wind map:

w0 T
100(43) /130038
1I0049) 12054)

d2) Foundation design standards: See appendix N-A
e) Reported failures: NO Comments:
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SUMMARY FOR VDOT

Yes/No Date Contact-Person
Questionnaire Yes 6/26/2018 John Hall john.hall@vdot.virginia.gov
Follow-up conferenc  Yes  9/21/2018
a) Mast arm length: 100
= NotesComments:
£ 80 +
% 60 + - See survey questionnaire in Append
2 404 D-c.
§ 20 +
0

b) Most commonly used foundation systembDrilled Shafts

= 6
E25 1 ~ 51 = NotesComments:
200 1 Z - NotesComments: Driled Shafts. W
8 E 4T - used to have a foundation that consis
© .
=215+ = o 34 on drilled shaft
o torsional resistance, but we no longer
€10 + 24 . . -
3 use the wings. Brom's for preliminary
g 5+ 14 calculations, COM624P or-Pile
L
0 0
. . . ) The testing —
c) Geotechnical Exploration:  Min. Number of borings general consists of simple indices
Requirements: SPT Yes tests (gradations, Atterberg limits
Other: and moisture contents).

d) Design standard used:

Wind Speed in the coastal ar 90 mph

AASHTO 2013 - LTS 6 - with 2015 interims

MRI:
Wind Map:

50

100(45) ‘Uﬁ,i‘l)
110(49) 120(54)

with

d2) Foundation Design Standards See appendix C-c

e) Reported Failures:

NO Comments:
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SUMMARY FOR SCDOT

Yes/No Date Contact-Person
Questionnalre ves 5/22/2018 Carol Jones JonesVC@scdot.org
Follow-up conferent  Yes  9/21/2018
a) Mast arm length: 100
= NotesComments:
£ 80+ _
D 60 T+ - See survey questionnaire in
8 40l Appendix Dd.
§ 20 +
0

b) Most commonly used foundation syste mbDrilled Shafts

- 6
£2571 ~ 54 NotesComments:
2501 % - Structure & Foundation AASHTO
8 - = 4T I LRFD Specifications for Structural
151+ — o 34 Supports for Highway Signs,
g 10 4 Luminaires and Traffic Signals, 1st
ki 2T Edition (LRFDLTS1).
s st 11
]

0 0

Geotechnical exploration:

c) Geotechnical exploration: ~ Min. Number of borings Borehole of 15 ft minimum

Requirements: SPT Yes required. Undisturbed samples i
Other: is possible.
d) Design standard used: AASHTO 2013 - LTS 6
Wind speed in the coastalarr 110  mph - Wind speed AASHTO 2013LTS
MRI: 50 &
Wind map:

100045) /130058
190(49) 120(54)

d2) Foundation design standards: See appendix N-A

e) Reported failures: NO Comments:
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SUMMARY FOR GDOT

Yes/No Date Contact-Person

Questionnaire Yes 5/22/2018 Glen Foster glon gfoster@dot.ga.gov
Follow-up conferenc  Yes 9/6/2018
a) Mast arm length: 100
o NotesComments:
£ 80+
& 60 + - See survey questionnaire in
8 40l Appendix De.
§ 20 +
0

b) Most commonly used foundation syste mbDriled Shafts

22 = 6
E 17 1 5 51 = NotesComments:
o Q
4 4
gt I 5
‘g’ o 34
7 4
£ 27 14
L
-3 0
c) Geotechnical Exploration: ~ Min. Number of borings 1 NotesComments:
Requirements: SPT YES
Other:
d) Design standard used: AASHTO 1994 - LTS 3 NotesComments:
Wind Speed: 90 mph Updating from AASHTO 1994 to
LRFD 2015
MRI: 50
Wind Map:

d2) Foundation Design Standards See appendix C-d

e) Reported Failures:

NO Comments:
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SUMMARY FOR ALDOT

Yes/No Date

Contact-Person

Questionnalre ves 6/29/2018 Kate Chancellor zellers@wsdot.wa.gov
Follow-up conferent  Yes  8/31/2018
a) Mast arm length: 100
= NotesComments:
£ 80 + . .
= In the past almost exclusively strain
> 60 T+ - poles but now almost exclusively masg
g arm
4 404 '
S . .
Z 20+ - See survey questionnaire in
0

N
o
!

Embedment Depth (ft)
(=Y
o

o

Diameter (ft)

b) Most commonly used foundation syste mbDrilled Shafts

NotesComments:
- Some units_have been required to have
wing walls attached to the driled shafts
but we ardooking at reevaluating the
factor of safety useid our design to
eliminate the use of the wings for our

pole foundations

c) Geotechnical Exploration:

Requirements:

SPT
Other:

Min. Number of borings 1*

Yes

NotesComments borings for each
pole location, unless there are a Ig
of poles in a close area and the
geology is such thatwe can

—

d) Design standard used:

Wind Speed in the coastal ar 100

MRI:
Wind Map:

50

AASHTO 1994 - LTS 3

mph

extrapolate information. ™

d2) Foundation Design Standards See a

ppendix

N-A

e) Reported Failures:

NO

Comments:
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SUMMARY FOR MDOT

Yes/No Date Contact-Person
Questionnaire Yes 10/2/2018
Follow-up conferent  Yes 11/6/2018

James Sullivan

jssullivan@mdot.ms.gov

a) Mast arm length:

_100f =
c 754
2
9 50 +
g 25 1
0

- Longest mast arm mentioned.

- See survey questionnaire in
Appendix Dg

NotesComments:

b) Most commonly used foundation syste mDrilled Shafts

|
Diameter (ft)

Embedment Depth (ft)
= [ ] N N

o U1 o (6] [@ 2G|
—

6
51 - NotesComments:

- Design based on Broms for lateral
4T loading and skin friction for torsion
3+ T loading.

2 =+
1 =+
* This will depend on several factors

0 including the type, length, complexity, ang
scope of the projegt

¢) Geotechnical Exploration:
Requirements:

Min. Number of borings 1* | known there are expansive clays in the
profile and whether the profile is known t

SPT Depends* be fairly consistent or varied.

Other:

d) Design standard used:

Wind Speed in the coastalar 140 mph

AASHTO 2001 - LTS 4

MRI:
Wind Map:

50 *VoI3LTS-19 modifications to
LRFDLTS 1

NotesComments:

100045) /130088
19049) 120(54)

d2) Foundation Design Standards See appendix C-e

e) Reported Failures:

Yes Comments: Mast arm that have rotatet up td 90

B-9
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SUMMARY FOR LaDOT

Yes/No Date Contact-Person
Questionnalre Yes 9212018 s Nickel Chris.Nickel@la.gov
Follow-up conferent  Yes 10/4/2018
a) Mast arm length: 100
= NotesComments:
£ 80 +
S 60 T - See survey questionnaire in
8 40l Appendix Dh
§ 20 +
0

b) Most commonly used foundation syste mDrilled Shafts

£25 7 T 54 NotesComments:
E=] 2
207 g a4 ]:
a 8
g 157 o 3+
g
= 10 + 24
2
g 57 1T
L
0 0
c) Geotechnical Exploration: ~ Min. Number of borings NotesComments: Soil maps for
Requirements: SPT Louisiana for types of soils in
. different areas of the site
Other:
d) Design standard used: AASHTO 2001 - LTS 4
Wind Speed in the coastalar 130  mph NotesComments:
MRI: 50
Wind Map:

100(45) /130058
110(49) 120(54)

d2) Foundation Design Standards See appendix C-f

e) Reported Failures: NO Comments:
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SUMMARY FOR TxDOT

Questionnaire
Follow-up conferen

Yes/No Date Contact-Person
Yes 6/14/2018

Steven Austin Steven.Austin@txdot.gov
Yes  8/31/2018

a) Mast arm length:

100
80 +

NotesComments:

60 + - See survey questionnaire in
20 4 Appendix D

Arm Length (ft)

20 +
0

b) Most commonly used foundation syste mbDrilled Shafts

- 6
€207 = 54 NotesComments:
= 2
o 15+ @ 41
8 §°
5 10 1 e 37 I
8 57
£ 1T
L
0 0
c) Geotechnical Exploration: ~ Min. Number of borings 1 NotesComments: Texas Cone
Requirements: SPT - Penetrometer is using stead SP7
Other: TCP*
d) Design standard used: AASHTO 1994 - LTS 3 NotesComments:
Wind Speed in the coastalar 100 mph
MRI: 50
Wind Map:

d2) Foundation Design Standards See appendix C-g

e) Reported Failures:

NO Comments: 0
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SUMMARY FOR ODOT

Yes/No Date Contact-Person
Questionnaire ves 5/29/2018 Scott JOLLO Scott.U.JOLLO@odot.state.or.u
Follow-up conferent  Yes  8/22/2018
a) Mast arm length: 100
= NotesComments:
£ 80+ _
<
5 60 + - See questionnaire in AppendixjD
4 404
§ 20 +
0
b) Most commonly used foundation syste mbDrilled Shafts
= g 6
E£25 ¢ = 54 NotesComments:
201 5 = - Design is based in LPile and skin
3 E 4T friction.
= 15 a g4 I - The foundation conditions at the
g 104 signal pole site should be investigated
3 27 and characterized in terms of soil typq,
-g 5+ 1+ soil unit weight, and soil friction angle
|
0 0
c) Geotechnical Exploration: ~ Min. Number of borings 1* NotesComments: Foundation
Requirements: SPT Yes within 75" with uniform soil have
. one boring wit SPT.
Other:
d) Design standard used: AASHTO 2001 - LTS 4 & for wind speed AASHTO 2013 -LTS
Wind Speed in the coastalar 110 mph NotesComments:
MRI: 50
Wind Map:

vo04s) //1300sm)
190(49) 120(54)

d2) Foundation Design Standards See appendix
e) Reported Failures: NO Comments:
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SUMMARY FOR WSDOT

Yes/No Date
Questionnaire Yes 6/24/2018

Contact-Person

Scot Zeller zellers@wsdot.wa.gov
Follow-up conferenc  Yes  8/28/2018
a) Mast arm length: 100
= NotesComments:
£ 80 + -
%, 60 + - See questionnaire in Appendixio
3 401
§ 20 +
0
b) Most commonly used foundation syste mDrilled Shafts
= g6
€201 = 54 NotesComments:
ﬁ_ % - Broms approximate method & torsion
8 157 % 4T ]: in WSDOT bridge design manual
Ez o 34 10.1.5C
“E’ 10 1 - Foundationsthat instead of wing have
5 27 trench.
o 57
= 17
L
0 0

¢) Geotechnical Exploration:
Requirements:

Min. Number of borings 1*
SPT Yes
Other:

NotesComments: Bore hole or teg
pit for each locationSomecases

consistency in subsurface.

d) Design standard used:

Wind Speed in the coastalar 115 mph

AASHTO LRFD,

First Edition 2

MRI:
Wind Map:

1700

NotesComments:

115(52)

120(54)

d2) Foundation Design Standards See appendix C-h

Based in older standard plai

e) Reported Failures:

NO Comments:
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APPENDIX C- SUMMARY OF STANDARD DESIGNS

STATES INCLUDED IN THIS APPENDIX
NCDOT C-a
FDOT C-b
VDOT C-c
GDOT C-d
MDOT C-e
LaDOT C-f
TxDOT Cqg
WSDOT C-d
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a) Summary ofstandard design for North Carolina:
The State of North Carolina is divided into 5 windhes,Figure C-1.

i i ! vinoe
ST T O I T
f ! 5

. -;‘;“-‘ ....... 7. v

WIND ZONE LEGEND IRV .

WIND ZONE 1 (140 mph) Special Wind Zone
WIND ZONE 2 (130 mph) Coastal Region
WIND ZONE 3 (110 mph) Eastern Region
WIND ZONE 4 (90 mph) Central & Mtn. Region |
WIND ZONE 5 (120 mph) Special Wind Zone

Figure C-1: Wind speed zone in North Carolina (NCDOT)
The procedure to select the drilled shaft embedment depth: firstFigame CG1, awind zone is selected;
second, fronFigure G2, choose a mast arm number (red square); the third step is to define a type of soail
(blue square), where options are coheaive cohesionless; and finally, a SPT blunt will determine

the embedment depth (green square). Each load case is assigned a drilled shaft diameter (purple square).



LOAD CASE 5 — ULTRA HEAVY LOADING =

DATION SELECTION TABLE POLE LOADING DETAILS
r Drilled Pier Length - Feet
otes ¥ing W11 Reeirod” EHEEEESEE s vt 3.

1.5

EEEEEEEIEN O

MIN. POLE DATA
o
i
e
i
3as”
e
FOLE BASE PLATE AND ANCHOR BOLT DATA MAST ARM AND POLE IDENTIFICATION LEGEND
WaT
. W | wt ac | MeEee FROM THESE STAMDARCS SHORAD BE TDENTIFTED LSING
Ve | AT O CRGH iC | i ot THE FOLLOMLING ALPHA MUMERIC IOENTIFICATION MMSER:
o | o BN R e
o L L tond Cann -1
o |y L T e gy et e deegts

POLE LOADING DETAILS AND
FOUNDATION SELECTION TABLES

LOAD CASE 5 — ULTR/

TION SELECTION TABLE

peter Drilled Pier Length (L) - Feet
COMCRETE VOLLME [oubic yards)=, 65l

BLE ROTE 3T
FOR DETAILS, SEE CRANTMG MO, MP-11,

Figure C-2: North Carolina embedment depth and diameter selection (NCDOT)
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b) Summary of standard design for Florida:

Bel ow, t he mast arm foundation design procedur e,

i) The first step corresponds to choosing the mast arm elements (arm and pole). The possible
combinations are found in Table 1 ehth the STANDARD MAST ARM ASSEMBLIES, Index No.

17743. The arm length depends on the number of lanes, the route configurdtibe aumber of
intersections. The arm and pole characteristics are found in Tables 1 and 2 in STANDARD MAST ARM
ASSEMBLIES, hdex No0.17743 and No.17745 as showfigure G3.

ARM AND BASE PLATE POLE. BASE PLATE AND ARM CONNECTION
- PR v Plate

SIENERENEAENENENENENENENENE

Figure C-3: Standard Mast Arm Assemblies Documen{FDOT 2016).

i) The lateral moment is calculated using the equation given in the spreadsheet; BepisdB4.

3
q}_“l'snﬂ'bshaﬂ'l‘shaft Ky

S = ].\'lu + Pu'Lshaﬂ

Figure C-4. Lateral Moment Equation (FDOT 2016)
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Florida DOT provides eight drilled shafts with different geometries (depth and diameter); for these

geometriest he | at er al capacity is calculated f ol
by Horida DOT in the spreadsheet Mastamdex17743v1.117 Sheet CFI&Designation Table
DRILLED SHAFT Column 7; se€igure G5.
&
g
_ Drilled Shaft
Index 17743 Drilled Shaft Capacities 1 Arm Assembly Loads And Capacity Check 2 Arm Assembly Loads and Capacity Check
Check Check
DS M+ Check M+ Check
e 1] Length |Diameter] ¢M, $T, Pl T, :::.mm: - Check Pl T, ::r:“o: = Check
1 DS/20/5 20 5 1800 589 842.8 Okay Okay Okay 0.0 0 0 0
2 DS/18/5 18 5 1312 477 804.5 Okay NoGood | NoGood 0.0 0 0 0
3 DS/16/5 16 5 922 377 766.2 Okay NoGood | NoGood 0.0 0 0 0
4 DS/16/4.5 16 4.5 829 305 766.2 875 NoGood | NoGood | NoGood 0.0 0.0 0 0 0
5 Ds/14/5 14 5 617 289 728.0 ) NoGood | NoGood | NoGood 0.0 ’ 0 0 1]
6 Ds/14/4.5 14 4.5 556 234 728.0 NoGood | NoGood | NoGood 0.0 0 0 0
7 Ds/12/4.5| 12 4.5 350 172 689.7 NoGood | NoGood | NoGood 0.0| 0 0 0
8 DS/12/4 12 4 311 136 689.7 NoGood | NoGood | NoGood 0.0| 0 0 0
Figure C-5: Spreadsheet of Florida DOT Dirilled Shaft Dmensions(FDOT 2016)

The information on drilled shaft geometry used by Florida DOT is provided in spreadsheet Mastarm

Index17743v1.17 Sheet CF& Designatiori Table DRILLED SHAH i Columrs 2 and 3; seEigure

C-6.
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Base Plate and Anchors — R

Foundation

IRILLED SHAFT rilled Shaft) —
Oritied Shart 104 OA "h RA | R8 ‘ | R0 ae | X v e
berzas | 1 e g e e iz
DS/14/45 14 45 11 16 10 8
DS/14/50 14 50 11 18 10 8
DS/16/45 16 45 11 16 10 8
serinse Lo |0 for e i s
D5/20/50 20 50 11 18 10 6 10 9
Figure C-6: Florida DOT Drilled Shaft Dimensions (FDOT 2016)
iii) Once tle lateral moment is verified, the torsion parameter should be calculated using the mast

arm geometry and the elements sildc
The torsion moment is compared with the value calculated using the Beta Theory Method. The FDOT
spreadsheet provides a set afues calculated with the Beta Theory Metladdifferent drilled shaft

geometries; sekigure G7.

Index 17743 Drilled Shaft Capacities 1 Arm Assembly Loads And Capacity Check 2 Arm Assembly Loads and Capacity Check
Check Check
DS M+ Check M+ Check
ok |10 200 | Aessth Lo T RSO P L :::';: Yorsion | % [pe | ™ m i | G
1 DS/20/5 20 5 1800 589 842.8 Okay Okay Okay 0.0 0 0 0
2 |os/18/s 18 B 1312 a77 804.5 Okay | NoGood | NoGood 0.0 0 0 0
3 |os/16/s 16 5 922 377 766.2 Okay | NoGood | NoGood 0.0 0 0 0
a4 |os/16/a5 16 a5 829 305 7662 | oo |NoGood | NoGood | NoGood (X 0 0 0
5 DS/14/5 14 S 617 289 728.0 | NoGood | NoGood | NoGood 0.0 0 0 0
6 |os/1a/a5 14 4.5 556 234 728.0 NoGood | NoGood | NoGood 0.0 0 0 0
7 |os/12/as] 12 4.5 350 172 689.7 NoGood | NoGood | NoGood 0.0 0 0 0
8 |bs/12/a 12 a 311 136 689.7 NoGood | NoGood | NoGood 0.0 0 0 0

Figure C-7: Florida DOT Drilled Shaft Dimensions (FDOT 2016)
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C) Summary of standard design for Virginia:

Bearing pressure:

First, the tip resistance/ bearing pressure par ame

considering the loads shownhigure G8. However, other methods (or software) are used to estimate
shaft deflections. In terms of these parameters the following is defined:

For mast arm signals and span wire signals, the maximum total hatidefiection shall not be greater
than 0.75 incheat ground level and 0.25 inches at the pole tip.

For other structures, the maximum total horizontal deflection shall not be greater than 0.5 inches at
ground level and 0.15 inches at the pole tip.

- | ]

[T = = DEVICE SURFACE AREA | DEAD LOAD
o vores 8 4 1 S e &

[T 1
[ EE TE}% Eg @ - U/”
;"'*.'\ ’ L . “ L

B |E

b

L,g_;q:,*r N ——

@ I

; i

ﬁ:' T |Ef

b i
1

- i
i

d

Torsion moment:

The second parameter corresponds to torsiomiglgkin friction and is to be evaluated following the
ASSHTO LRFD Bridge Design SpecificatigAaSHTO, 2015) Section 10.8.3:8Nominal Axial
Compression Resistance of Single Drilled Shafts,

Drilled shaft characteristics are defined in standard drawBigaal Pole Foundation Indtation

Details,plan PF8. VDOT does not define amge of drilled shaft diameters and depths, but defines
minimum values instead. Nevertheless, the use of wing walls are specified when required. Drawings of a
typical wing wall is shown irigure G9 (VDOT, 2016a)
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POLE (SEPARATE PAY ITEW)

SEE DETAL D

GROUNCING ELECTRODE
CONDUCTOR

_r"' MIN.

I3

A TGRO\MNC ELECTRODE
. :

24" MIN. BOLT
= it ERCLE \ SEE NOTE 5
Perygrwery § | 1 . w a T-4" MIN.
G R I [—
wil LS (R E | A A 8 2 \ 2'-6" MIN.
el [1-21" -u':-J| ﬂu- A IR S £
SlH A s -
3 T P PLAN VIEW \
a AS REQUIRED GROUNONG ELECTROCE
o BY FOUNDATION
DESIGNER
§ ANCHOR BOLTS
(SEE NOTES 1 AND 2)

VERTICAL RENFORCEVENT
PR D 14 GROSS AREA OF
DRI COLUMN MIN

4'-0" MIN.

SIDE VIEW

Figure C-9: Virginia Plan PF8 Document(VDOT 2016a)
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d) Summary of standard design fGeorgia:

Each mast arm andifffic signal suppontequirg at a minimum, a drawing indicating the location and the

foundation design. Georgia DOT (and other DOTS) provides a standard drawing, where guidelines for

specified foundations can be found. Therent SOP recommends drilledadt foundations.

The traffic signal detail, DETAILS OF STRAIN POLE AND MAST ARM FOUNDATIONS -DS, of

GDOT shows the conditions, geometries and specifications for their drilled shafts. The drawing is divided

into three chartproviding three geotechnicphrametersupit weight, friction angle and cohesjdior
different types of soils: Piedmont, Valley & Ridge and Coastal Plain; see FiglLo¢@DOT, 2010)

T .

g

 try,

b i | e | N |

APRIL BOID

DEPARTMENT OF TRANSPORTATION
STATE OF CIOMGIA

TRAFFIC SIGNAL DETAL

DETAILS GF STRAIN POLE
AND WAST ARM FOUNDATIONS

e e
T5-06

Red Square — Charts (Depth vs Bending moment)

Green Square — Georgia Zones

Orange Square — Foundation Procedure
Blue Square — Geotechnical Parameters per Zone

Figure C-10: TS-06 Standard Drawing , Modified from (GDOT 2010)
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The chartsn Figure G10 correspond tdlifferentdrilled shaftdimensionsdepth, diametgrandin the y

axis differenth/d ratios The squareshownrepresents the minimum and maximum limits for a specific
drilled shaft condition. In some cases, two vertical lines displays the maximum and minimum geometries
when all the conditions are considerddgure G11 displays the variation of drilled shaft depth with

bending manent at yield for a family of shaft diameters.

Once the standard drawing has been identified, GDOT specifies the procedurécbdétermine the

most accurate drilled shaft in terms of depth and diameter.

- Identify the zone where the traffic signal ortnigay signs will be located; this is shown in the green
box inFigure G10.
- Determine the maximum bending moment at yield using an approved theoretical method.

- Select the desired shaft diameter, curves 1 to 4ifibehin Figure G11.

.. 15 ceonces
£ 3OO PAOF
]
il
. —-.--ir--w-.-nrnnrn// ﬁ_,a-"":f—:-’-:
- "f_.f/ '_'-.#P-,-::'_:r::
L..E /-.--"'#_F'F _/;;—"F‘#J:?‘
- @ --f""_’-'_ .--""-F.FF ..u-"'f _.--"""_'-'_ﬂ
E .-i--"”_...}"" |+ ://' F.__,_,.ﬂ-.--
ke
o .- = " " "
r .
. e
: VAV 8% I |
1] [z [[s]]¢]
[ ] — & - - i
*n 5 - 4 " ™ " W s G 4E i3 e i s aH

BENDING WOMENT AT TIELD fEIFP=FT)

Figure C-11: Georgia Drilled Shafts Diameters(GDOT 2010)

- Use the bending moment found above and draw a vertical line up to intersect the curvedeiréie

diameter of the shaft.
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- Read off the corresponding depth of the shaft by drawing a horizontal linelHeogpoint of
intersection (from the step above) to the vertical axis. The main reinforcement size is taken at the
point where the vertical linmtersects the Main Reinforcement Curves, dashed blue lirkgéglre
C-12.

s /

iT] ""I"

ay /

i - rr-&.r-r:rr:usj/ ‘.‘_H,..--""H:.-

! 17 #’5:”'? —
- /113' e ‘,..f:."::_""
=: PR AE S
= " 1= :-'"" = f___,..-—"" .--"""'"'.-
. - -'!::?.f’ P "ﬂf”f

' //’)}2{%4:: /

1 1 P w i !
| it eed
* F. £ L] EL] a rs [i] - -] g -1 [3t] ray (1] il Ty |

BENDING WORENT AT FIFLD (EIB-FT)

Figure C-12: Georgia reinforcement drilled shafts.(GDOT 2010)

The tiree soil parameters were used to calculateeddll s haft depths for the thre

assumptions for cohesive and rarhesive soils, as shownkigure G13.
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800 1 250 r 140
120 120
700 A 115 L 120
600
I 100
500
I 80 C PSF
400
300 [ oo
300 1 #PCF
32 I a0
200
25
18 R
100 4 20 ¢
0 . . 0
PIEDMONT COASTAL VALLEY &
PLAIN RIDGE

ZONE

Figure C-13: Zones of Georgia Corresponding to geotechnical paramete(&DOT 2010)
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e) Summary of standard desifpr Mississippi:
MDOT has assigned two standard foundations tapedd on location in its TSB.DGN standard
drawing. There are two location options: coastal areas (blue square) and other areas (red square), as

shown inFigure G14.

NUT COVER BOLT
HEX HEAD CAR
SCREW (4 REQ'D.)

=
|| OLE
HaE HEX ST
HANDHOLE
P | [’]_ A28 NOM,
-8 HESE MU
(LEWELING BUT)
\ — I -
Hi = EH5TING GROUNG
EXOTHERMAL | T ALK
CONKECTION Iy — 2
TITh ] 2
GROUND I h .I' 2 15 T 51
CLAMF 1 ll:_ | I -+ P PULLEGK, WA e ArkanT
il KB 2 e
=1 5
B 0 +r—
ol I | P S ) T TYPE IV GEHOUI
el l 4 SIZE & NUMEER AS
o, ] Jf 'Ia ,rT 01 SHOWN O PLANS
—.r"'_._ H T .. 114" SAIRAL HOOPING
Fllag 14 AL ANCUNT
- a1 1 =
g | AR
cosreR coaten | gkl
STEEL GROUND I‘TE.JF-.%__]_:L&
00 1 EpE=2
AL 7 &
T
LI

—
[

STEEL MAST ARM FOLE FOUNDATION DETAIL

GENERAL FOUNDATION NOTES

7. ENACT DIMENHONS AMD LOCATIONS OF ANCHOR BOLTS
TO BE SUFFLIED BY THE MAMUFACTURER, AT
FOUNDATIONS FALING TO MEET MINIWUM DIMENSICHS
WLL BE REJECTED

2. ORY SHAFT EXCAVATION MUST WEET REQUREMENTS OF
SECTION 80303232 IF GROUNDWATER OR HOLE
METABLITY |5 EXCOUNTERED, SLIF CASING AND 10°
TREWIE SHALL SE REOQURED.

3. WISD LOAD DETERMINES SHAFT CIAMETER A3 DEPTH:

o = s mm s s
COASTAL COUNTIES {140mph) — 367 D{ANETER, 15
CEFTH WITH SLF CASING

UINLESS OTHERMSE NOTED IN FLANS.
R S S S—
100mpk o 130mah — 367 DIAMETER, 15 DEFTH,

SUP CASING BOT REQURED
"L TR cdOfes Toman) =
SIGLE MAST ARK: 507 CIAMETER, 107 DEFTH
DOUSLE MAST &%M: 387 DAMETER, 13" DEFTH
SSEE WIND LOAT WAP I8 2001 AASHTO CUIDELINES.

Figure C-14: MDOT Dirilled Shaft Dimensions.

C-13



f) Summary of standard design for Louisiana:

i) Identify the mast arm location, zones 1 to 4igure G15.

Legend
SurfaceGeology

DOTD Signal Foundation Zone

1
32
o

3

| o

Figure C-15: LaDOT signal foundation zone.

1)) In Figure G16, identify the length in feet for a single or double mast arm (red square); select the

foundation design (diameter and depth) for agizene (green square).

FOUNDATION SIZE SELECTION TABLE

Mast Bending Foundation Size Selection (diameter in inches, depth in feet)
Arm Torsion | Shear Axial
Length(s) Moasse (ft-1b) (lb) |Force (Ib) Zone 1 Zone 2+ Zone 3+ Zone4
(ft) el Diameter/Depth) | (Diameter/Depth) | (Diameter/Depth) | (Diameter/Depth)
55 125,120 | 121,100 5,500 5,862 ¥ * 42 18 36 14 - i
60 141,805 | 128,940 5,930 6,561 % - 42 19 36 15 * ¥
65 161,259 | 150,480 6,130 6,965 # . 48 17 36 16 % S
70 182,103 | 169,590 6,620 7,377 . X 48 19 36 17 » %
50&35 | 142,210 | 101,630 5,860 7,572 54 18 36 20 36 13 5 ¥
50&40 | 147,540 | 101,610 5,860 7,798 54 18 36 20 36 13 = i
55& 40 | 159,408 | 119,900 5,910 8,195 * o 42 18 36 14 * ~
55&45 | 165,981 | 119,870 5,910 8,425 ok * 42 18 36 14 5 ¥

*: Special Design Foundation Required

—#

Figure C-16: Foundation size selection table.
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0) Summary of standard design for Texas:

The design table for drilled shaft foundations is shown in Figet&.Give types of drilled shafts are
defined: 24A, 30-A, 36-A, 36-B and 46A. The geometries, design loads and embedded lengths for each

type are define in the drawing FFD-12. The coloed boxes highlight the following information:
Bluei aggregate drilled shaft information

Greeni available shaft @imeters

Redi shaft length for a number of Texas penetrometer blows per ft

Purplei foundation design load

Figure G17 also shows details tife several components comprising a mast arm pole system.

TION DESIGN TABLE

TR TR

e
e [TAE EN ik el A TYRICAL APPLICATION

Al
c®
i
L

ERCE

TRAFFIC SIGHAL
POLE FOUNDAT IOW
15-FD-12

o = |

Figure C-17: Texas PlanTS-FD-12 Document(TxDOT 2012).
In Figure G17, the drilled shaft selection (design) coblel based on one of two methoflsconsider the
number of blows/ft from the Texas Penetrometer Test (red square); the required depth (f})ScariD,
20 blows is provided; an() use the design load with the drilled shaft diameter; for each standard
diameter the moment and shear are shown within the square puple.e : Al f rock i s enco

Drilled Shaft shall extend a minimum oftwodimet er s i nt o solid rocko
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h) Summary of standard design for Washington:

WSDOT defines eight load cases, whigpédnd of the sign area supported by the mast arm. The load
cases are named 700, 900, 1350, 1500, 1900, 2300, 2600 and 3000, which correspamddodhef

XY (sign area) and Z (distance from the centerlines of the pole and (3 8ROT, 2018)

Once the XYZ value ibeen calculated, the drilled shaft foundation design is determined considering the

following variables:

Friction angle- this value should be determined by geotechnical lab tests or correlated tvdheeNf

the Standard Penetration Test.

Allowable laeral bearing pressurghis value should be correlated to thev&lue of the Standard

Penetration Test.

Crosssectional shape of the drilled shaft (round or square) and its length.

FigureC-18 shows the flow diagram that corresponds to Standard P2&rl.003, FigureC-19, which

are used to select the most appropriate drilled shaft &8DOT, 2017h)

Figure Below point line Highlighted

Figure Below Red Highlighted

| Alternative 2. Standard Plan
126.10-03 (Table 2 below)

Figure Below Blue Highlighted

Alternative 1. Standard Plan
126.10-03 (Table 1 above)

No Slope = 3H:1V

'

Use right side from Table
chosen

'

1. Select the row adequate
row:

1.1. Select the allowable
lateral bearing pressure (SPT
correlation).

1.2. Select the diameter size
and its geometrical shape
considering the available
manufactures.

2. Select the adequate
column:

2.1. Select the XYZ value
calculated.

The Drilled Shat Depth (Ft)
will correspond to the
intercept  between  the
selected row and column.

Slope = 3H:1V
No or flatter

Yes

or flatter

Use left side from Table
chosen

Yes

l Figure Below D

ash line Highlighted

1. Select the row adequate
row:

1.1, Select the allowable
lateral bearing pressure (SPT
correlation).

1.2, Select the diameter size
and its geometrical shape
considering  the available
manufactures.

2. Select the adequate
column:

2.1, Select the XYZ value
calculated.

-

The Drilled Shat Depth (Ft)
will correspond  to  the
intercept  between  the
selected row and column.

Figure C-18 Washington Plan J}26 Document(WSDOT 2018)
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L Diameter (ft) T\ Embedment Depth (ft)

Figure C-19: Washington Plan 326 Document(WSDOT 2018)
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http://www.fdot.gov/structures/ProgLib.shtm
















































https://www.dot.state.tx.us/insdtdot/orgchart/cmd/cserve/standard/toc.htm
https://www.dot.state.tx.us/insdtdot/orgchart/cmd/cserve/standard/toc.htm










