
 

Fig

 

Figu

gure (6): Loa

a

ure (5): Expe

ad-deflection

and compare

eriment setup

n curve for c

ed with the n

 

p, Figure fro

 

olumn C1-II

new and old 

om (Dundar 

I-SF tested b

fiber beam e

 

et al., 2015)

by (Dundar e

elements. 

. 

 

et al., 2015)

Structures Congress 2017 373

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


 
 

Conclusion 

A new finite element model based on a fiber beam element formulation that considers 

large displacements was presented. The element uses a displacement-based 

formulation and considers second order effects. The element can model reinforced 

concrete members strengthened with steel fibers and carbon fiber sheets under 

different loading conditions. It was found that the proposed element results are in good 

agreement with the analytical and experimental results. 
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Abstract 

 

With increased use of welded aluminum light poles along highways and in industrial 

service applications such as parking lots, harbors, stadiums, etc., it is important that 

they are sustainable and resist fluctuating wind induced stresses or fatigue loading. 

Forty-one welded aluminum shoe base light poles were fatigue tested in the structures 

laboratory of the University of Akron. The fatigue life of the test specimens was 

considered and used to develop a design S-N curve for the specific shoe base details 

used on the light poles. The proposed S-N curve derived from the test results, 

including the endurance limit in high cycle regime, was compared to the Aluminum 

Design Manual�s (2015) category F1.Among forty-one aluminum shoe base light 

poles, twenty-six specimens failed (63.4%) and the remaining survived (run-outs). 

Crack development in the specimens was observed on the surface primarily along the 

weld toe between the tube and cast shoe base. The lower bound S-N curve was 

extracted and provides approximately 97.5 percent probability of survival for the shoe 

base detail and is in a good agreement with category F1 of Aluminum Design Manual 

(2015). Additionally, the run-out data for the fatigue test results, which is taken to be 

10 million cycles for the older tests and 20 million cycles for new test group, is in 

good agreement with the British Standard Institute 8118 and the Aluminum Design 

Manual (2015). The S-N curve is useful for investigating the fatigue behavior of the 

light poles during analysis for wind induced loadings. 

 

Keywords: Design; Welded aluminum shoe based light pole; Fatigue test; Fatigue 

life; High cycle fatigue; Stress range; S-N curve; CAFL.
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Introduction 

 

Over the past 20 years, several well publicized failures of welded aluminum light 

poles due to fatigue crack growth have highlighted the need to better understand the 

nature of wind loading, the dynamic response of cantilevered pole structures, as well 

as the fatigue resistance (Caracoglia et al. 2004; Dexter and Johns 1998). Many of 

these structures are designed for infinite life, and as such, experimental studies of the 

fatigue behavior in the high cycle regime are necessary. Recent recommendations for 

the determination of the long-life fatigue response of welded details provides for run-

outs at 20,000,000 cycles (AASHTO 2013). A recent study conducted at the 

University of Akron examined the high-cycle fatigue response of welded aluminum 

pole to cast shoe base socket connections, the intent of which was to evaluate the 

Constant Amplitude Fatigue Limit (CAFL). Results of the experimental program are 

presented, and a proposed S-N curve is discussed. 

 

Background 

 

Several well documented failures of light poles has resulted in research into the 

understanding of field failures, dynamic behavior under wind and environmental 

loading  as well as the fatigue resistance of welded details common to light poles and 

traffic signal structures. Fatigue lives of metallic materials were evaluated in the 

laboratory and predicted analytically by Newman et al. (1999). The computed fatigue 

lives for the aluminum alloys are in a good agreement with the test data developed 

under constant amplitude and spectrum loading. Tubular steel lighting columns were 

fatigue tested by Robertson et al. (2004) and the results compared to closed-form 

solutions to verify the fatigue damage and life of structures. Hollow circular members 

of an overhead welded Aluminum sign truss were field tested and were found to be 

vulnerable to wind induced vibration (Rice, et al. 2008).  Resonant vibrations in the 

members were found to cause fatigue cracking. Roy et al. (2003) studied fatigue life 

improvements methods for welded transverse stiffeners and cover plate details 

through testing.  Improving the weld profile, increased the fatigue strength. Chang, et 

al. (2009) attempted to model wind induced loads on high mast poles.  Field data 

were found to be in good agreement with estimated fatigue lives results, and vortex 

shedding resulting in second mode vibration was observed. A laboratory investigation 

of the fatigue performance of full penetration groove weld end plate connections was 

conducted by Roy, et al. (2010) by testing 23 full-scale specimens under constant 

amplitude loading, and the results compared to the parametric evaluations. It was 

found that the fatigue limit of the tube to end plate groove welded connections may 

exceed that as given by Category D of the AASHTO specifications and the geometric 

parameters have a considerable influence on the fatigue performance of the structural 

connections. The fatigue resistance and design load capacity of welded aluminum 

cantilever truss structures subjected to wind loading was field-tested and investigated 

theoretically by Rice et al. (2012). Structural behavior was evaluated by considering 

the static and dynamic loading of the field-test results and analyses. The measured 

stresses in the tests were lower than allowable design stresses. Repetto and Solari 

(2010) performed a failure analysis of an anemometric pole and antenna tower 

Structures Congress 2017 376

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


sub

me

beh

hig

win

a fa

sup

Jon

sev

mo

gal

con

alum

test

Fat

wer

det

200

 

Fat

 

Tes

 

For

the 

 

Spe

wel

T4 

bjected to w

ans to assess

havior of the

ghway sign s

nd loading in

atigue analy

pport structu

nes (2007) in

vere storm. B

st likely cau

loping of th

nstant and v

minum fillet

ts and simu

tigue life of w

re evaluated

ails was sup

06). 

tigue Tests 

st Setup 

rty-one canti

fatigue beha

Fig. 1. Sh

a

ecimens con

lded to 356 

temper usin

wind induced

s the fatigue

 structures. B

support stru

n design was

ysis using str

ures were ev

nvestigated f

Both analyti

uses were at

he poles and

variable am

t welds. A fr

ulations wer

welded alum

d by laborat

perior as com

ilevered pole

avior of the 

hoe base alum

and structure

nsisted of 2

integrally st

ng 4043 as t

d vibrations 

 life, stress s

Barle, et al. 

uctures and c

s not suffici

ress spectra 

aluated, and

failures of w

ical models 

tributed to t

d/or buffetin

mplitude fati

racture mech

re used to 

minum cast s

tory fatigue 

mpared to th

e-shoe base s

pole to shoe

minum light 

es center, Th

25.4 cm dia

tiffened cast

the filler allo

and fatigue

state, damag

(2011), inve

concluded th

ent. In addit

is required.

d the results 

welded alumi

and laborat

the asymmet

ng. Coughlin

igue tests o

hanics mode

examine the

shoe base an

testing.  Th

he through p

specimens w

e-base conne

pole. (Photo

he University

 

meter, 0.63

 shoe bases.

oy (Fig. 2).

. A procedu

ge and also p

estigated the 

hat the use 

tion to the e

. Different d

were summ

inum light p

tory tests we

tric build-up

n and Walbr

on small-sc

el was develo

e adequacy 

nd through p

he fatigue r

plate joints (

were tested in

ection (Fig. 1

ograph court

y of Akron,

5 cm thick 

. Each speci

Each sampl

ure outlined 

provides insi

fatigue perf

of extreme 

xamination 

design varian

marized. Cara

oles in Illino

ere conduct

p of ice and 

ridge (2012)

cale non-loa

oped, and re

of design 

plate socket c

resistance of

(Azzam and

n order to in

1). 

tesy of testin

Akron, OH)

aluminum 

imen was we

le was Post 

provides a 

ight into the 

formance of 

monotonic 

of strength, 

nts for sign 

acoglia and 

ois during a 

ed, and the 

subsequent 

) conducted 

ad carrying 

esults of the 

provisions.

connections 

f shoe-base

d Menzemer 

nvestigate 

 
ng engines 

) 

extrusions, 

elded in the 

Weld Heat 

Structures Congress 2017 377

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


Tre

Spe

stee

Con

cyc

test

two

loa

test

F

eated (PWH

ecimens wer

el bolts. (Fig

F

ncentrated L

cled until the

ting device 

o specimens

ding frequen

ting time for

Fig. 3. Fatigu

testing eng

HT) for 6 h

re rigidly att

g. 1) 

Fig. 2. Shoe b

Load was ap

e specimen 

is displacem

 simultaneo

ncy. Howeve

r the run-out 

ue testing dev

gines and str

hours at 18

ached to a s

base light po

pplied to the

failed or 20

ment controll

usly (Fig. 3

er, this was 

specimens.

vice for two

ructures cent

82
o
C (360

o
F

teel framew

ole dimensio

 

e free end o

,000,000 cy

led and is a

3). Initial sp

increased to

 

 specimens t

ter, The Uni

 

F) and mec

work using fo

ons for fatigu

of the cantil

ycles had bee

able to accom

ecimens we

o 2 Hz frequ

together. (Ph

iversity of A

hanically st

our 1 in. diam

ue design. 

lever and co

en applied. T

mmodate th

ere tested us

uency in orde

hotograph co

Akron, Akron

traightened. 

meter A325 

 

ontinuously 

The fatigue 

e testing of 

sing a 1 Hz 

er to reduce 

 
ourtesy of 

n, OH) 

Structures Congress 2017 378

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


Stra

fille

pla

stra

A M

rec

stee

was

51.

low

bef

test

 

Mo

 

Spe

ma

lev

spe

 

Tes

 

Fat

pro

non

bas

ain gages we

et weld that 

ced within 2

ain gages are

Fig. 4. Pos

Micro Measu

ord the data

el framewor

s obtained. A

7 MPa (7.5

wer by a min

fore 20,000,0

ting device r

onitoring 

ecimens wer

gnifying gla

els were b

ecimens. Dai

st Results 

tigue life is g

opagation (F

n-existent. E

e details was

ere installed

joins the sho

2-3 times the

e directly con

sition for stra

structures ce

urements Sy

a in short bur

rk (Fig. 1) a

A modified s

5 ksi). Each 

nimum of 3

000 cycles. 

reached 20,0

re visually i

ass with a lig

eing mainta

ily observati

generally co

ig. 5). Howe

Eventually su

 observed. F

d on the top a

oe base cast

e thickness o

nnected to a 

ain gages. (P

enter, The U

ystem 8000 

rsts at four h

and the displ

staircase met

successive 

.45 MPa (0.

This was co

000,000 cycl

inspected se

ght source. S

ained and t

ons were ma

onsidered to 

ever, crack i

udden fractu

Fracture mec

and bottom 

ting to the tu

of the tube aw

data acquisi

 

Photograph c

University of 

 

connected to

hour interval

lacement ad

thod was use

test employ

.5 ksi), prov

ontinued unt

es without fa

veral times 

Strain levels 

the conside

aintained in 

consist of tw

initiation lif

ure for a du

chanics prov

surfaces of t

ube. Center o

way from the

ition system

courtesy of t

f Akron, Akr

o a personal

ls. Poles we

djusted until 

ed, beginnin

yed a target

vided the pr

til both spec

failure. 

a day, usin

were exami

red stress r

a detailed te

wo steps: cra

fe for welded

uctile materi

ides the mea

the tube adja

of the strain 

e weld toe (F

m through wir

testing engin

ron, OH) 

l computer w

ere mounted 

the target s

ng with a stre

t stress rang

revious spec

cimens mou

ng a 10x han

ined daily to

ranges appl

est log. 

ack initiation

d structures 

ial like alum

ans to assess

acent to the 

gages were 

Fig. 4). The 

res.  

 
nes and 

was used to 

to the rigid 

strain range 

ess range of 

ge that was 

imen failed 

unted in the 

nd powered 

 ensure end 

lied to the 

n and crack 

is virtually 

minum shoe 

s the fatigue 

Structures Congress 2017 379

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


life

pro

it is

con

Fi

 

Of 

resu

wel

Dex

e of welded c

oject. Many s

s necessary t

nducted in th

ig. 5. Crack p

an

the 41 alum

ulting failure

lded aluminu

xter et al. (1

components 

structures ar

that tests be 

his series req

propagation 

nd structures

minum pole

e data is sho

um pole to 

998) as well

Fig.

and structur

re designed f

conducted i

quired nearly

in the specim

 center, The 

e samples te

own in Fig. 6

shoe base c

l as the Univ

. 6. Failure d

res. Modellin

for infinite li

in the long l

y eight month

 

mens. (Phot

University o

ested, 26 fa

6.  Fig. 6 dep

asting detail

versity of Ak

 

data for shoe

 

ng is being d

ife through u

ife regime. I

hs of floor ti

ograph cour

of Akron, A

ailed and 15

picts the kno

ls, and inclu

kron. 

e base light p

developed as

use of the CA

In some inst

ime to comp

rtesy of testin

Akron, OH) 

5 were run-

own fatigue 

udes data de

poles. 

s part of the 

AFL. Thus, 

tances, tests 

plete. 

 
ng engines 

-outs.  The 

data for the 

eveloped by 

 

Structures Congress 2017 380

© ASCE

https://www.civilenghub.com/ASCE/165418932/Structures-Congress-2017-Business-Professional-Practice-Education-Research-and-Disaster-Management?src=spdf


A best fit S-N curve based on failure data is shown in Fig. 6. The mean CAFL, which 

is estimated to be 33.7 MPa (4.89 ksi), and meets the best fit curve at a cutoff point 

around 10,000,000 cycles. Equation (1) is defined for the best fit S-N curve. 

 ܵ = 163.5	ܰି.ଽ଼                                                                                                     (1) 

 

Where ܵ	is the stress range (MPa), and ܰ the number of cycles to failure. 

 

 
Fig. 7. Combination of best fit, lower bound estimation, and category F1 S-N curve. 

 

Fig. 7 depicts the lower bound that corresponds to a 97.7% probability of survival 

(Menzemer and Fisher 1993). The lower bound S-N curve (2) for the failed 

specimens is defined by combination of mean resistance less two standard deviation, 

using the normal distribution function. 

 ܵ = 106.1	ܰି.ଽ଼                                                                                                      (2) 

 

Where ܵ is the stress range, and ܰ is the number of cycles to failure. The Lower 

bound S-N curve touches the CAFL at 21.9 MPa (3.18 ksi) for a life of 10,000,000 

cycles. Equation (3) shows the category F1 (ADM 2015) and assigned to the shoe 

base Aluminum poles.  

 ܵ = ିܰ	ܥ భ                                                                                                                 (3) 

 

Where C and m are constant, and ܵ is the stress range, and ܰ is the number of cycles 

to failure (Aluminum Association 2015). In the ADM 2015 equation, it is suggested 

that C = m	and (݅ݏܭ29)	ܽܯ200 = 7.31. Equation (4) below illustrated for the 

category F1. 
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