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Abstract

In the expectecl lilè span of a transmission towet, the mernbers are subjectecl to

a lalge number of alternating wincl applications. Fatigr.re behaviour clue to repeated

loacling must therefole be considerecl in design. This stucl¡, presertts the fätigue-

test resrúts of 52 colcl-f'orniecl steel rnembers. The expelimerltal program involvecl

the ¿se of five cross sectional sliapes, two test ternperatltres (-50"Ci and 25"C),

artcl trvo cliftêrent steel types, ,Á\STIVI 4715 grade 60 steel, ancl CAN/CS¡\-C40'21-

I\,I 300\,V. A series of c:onstaut arnplitude axial fãtigue load tests rvere concltrctecl

fbr each closs sectional shape nncler a loacling fì'equency that rangecl from 1 Hz

to 2.5 Hz. ,411 specimens were supportecl at the encls throttgh boltecl connections

ancl u,ere testecl uncler loacl-controllecl conclition with a load ratio ecll,tal to -i (fìrlly

reversecl cycle). Cyclic stress-stra,in behaviottr- was rno¡ritored at clifferent stages of

the test until failure. A group of S-N and Load-N curves were developed for the

purpose of determining the safê enclurance limit. For each test series, a 1og-log

linear relationship between the stress range ancl the number of cycles was given.

Nloreover, similar relationships were defined for the aiternating fãtigue loads and

the total fatigue lifè for clifferent cross sectional shapes, temperatutes, and type of

steel invoived in the study. The results obtainecl could be used to establish guidelines

for fatigue design of cold-fbrmecl steel sections.

A finite element model was designed to simulate adequately the behaviour of

lv



9go-a¡gle sections connectecl through one leg. Both geometric ancl material non-

linea¡ities rvere incorporatecl in the analytical problem. The cornputecl strains ancl

translations were fbuncl to be in goocl agreement with those recordecl in the exper'-

imental prograrn. In aclclition, stress concentration factors cleterlninecl from the

finite elernent analysis were usecl to obtain fatigue life estiniates basecl on Palmgren-

Miner's rule f'or cumltlative clantage.
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CHAPTER 1-

fntroduction

1.1- General

l\,letal fatigue is a process which canses fäilure or da,rnage of a com¡;onent sttb-

jectecl to repeatecl loacling. It is ¿ complicated nletallulgical process which is <lifficult

to clescribe acctu'ately ancl to rnoclel plecisely on a microscopic level. Despite these

complexities, fätigue clamage assessment f'or design of components and strttctnres

rnnst be perf'olrnecl. If a structnre is sr-rbjected to cyclic or repeatecl loacling, it

may fracture at a stress level less than that requirecl to cause failure under static

conditions. Fatigr-re failures are chalacterized by the progressive growth of cracks

initiated from micro-flaws, in areas of tensile stress. This crack grorvth may continue

to develop until the member cross section is so recluced in area that a fì'acture

occurs.

Fatigue failures can be classifiecl into two main groups, namely, simple and com-

pound. Simple 1äilures result when fatigue stalts from a single crack ancl propagates

through the member. A componnd fatigue failure occr.lls when the fatigue crack



originates fì'om two or lnore locations ancl propagates through the rnember. The

fätigue life of a structure is significantly influencecl by a nurnber of valiables. These

inclucle the yielcl point of tire material, the cr¡rstal strrtctrtre, ettviLonmental effects,

the presence of flaws, inclusions a,ncl resiclual stresses, cletail type, arrd loacl effects

snch as: stress r-'auge, stress ratio, lanclom or constant load cycling, and nutrrber of

cycles of the applied loacl.

There a,r-e three methocls of anal)rsis f'or fatigLre behaviour of metal structures.

The first rnethocl is linou'n as the stress-lifè approach. It is usecl rnainly for long-lifè

applications u,here stresses anct strairrs are elastic. It cloes not clistinguish betrveen

initiation ancl propagation stages of a crack gr-owth, but cleals rryith the total 1ifè, or

the lifè to fäilure of a component. The seconcl methocl is the strain-life approach

which was clevelopecl in tlie 1960's. It is consiclered an initiation approach, and used

mainly when the strain is no longer totally elastic, but has a plastic component.

Low cycle fatigue lives generally occur under these conditions. An alternate method

of predicting fatigue strength is through the use of linear elastic fracture mechanics

(LEFM) principles which are adapted for cyclic loading. This method is used to pre-

dict propagation life from an initial crack or defect. If combinecl with the strain-life

approach, it can predict the total fatigue life (i.e. initiation and propagation). All

the previously mentioned methods require knowledge of material fatigue properties,

flaw sizes, and stress distribution.



Depencling on the type of application, fatigue clesign criteria can be classifiecl

into f'our types; infinite-lifè design, safè-lifè clesign, fail-safe clesign, ancl clarnage tol-

erant clesign (Fuchs ancl Stephens, 1980). The safê-life clesign is of great interest

f'or civil engineering applications as it inclucles a rnargin of safèty f'or the scatter of

fätigue restrlts ancl fbr other unknorvn factols. The margin of safèty rnay ìte taken

in tenns of lifè or load, or b5' specifying that both rnargirìs must be satisfiecl. In

general. fãtigue testing f'or clesign verification is fal ulor-'e clemancliug than that f'ol

resea,r'ch pu.r'poses becanse it f'olces the engineer to nrake the test coltclitions repre-

sentative of actual conclitions of use. The prime reqnirements for a testing proglaûl

are to sirnulate loacling ancl environmental conclitions encounterecl in service.

1,.2 Statement of the problem

1'radionally, transmission towers have been constructed using hot rolled steel

sections. However, due to recent advances in steel-making technology and the

clevelopment of new design methods, a serious consideration of the use of cold-formed

steel sections in transmission structnres was observed. The first transmission torver

l¡uilt entirely from colcl-forrred members was designed by the SAE Research Cen-

ter, Milan, Italy, in 1980. It was a self'-supporting suspension tower f'or a 500-kV

single circuit line. Since then, some significant advances in fäbrication technolo-



gy harre rnacle the use of colcl-formecl steel not only fèasilile but also economical.

Other transmission towers consisting of colcl-f'ormecl steel trembers have been built

in Sweden, Floricla, ancl 1'exas (Maclugula, i990).

L.2.I Advantages of cold-forrned steel constructron

lìecentiv. there has been a noticeable increase in t]re use <¡f cold-1'orlnecl steel in the

constmc:tion of transrnissiou latticecl tou,eLS. Thus, rnole slencler ancl lighter towers

are now being built utilizing a wicle range of sections. The developrnent of such

torvers became possible through improvecl unclerstaltding of the behaviour of cold-

f'ormecl steel and t]re introcluction of reliable clesign standarcls ancl specifications.

Other factors that have contributecl to the increasecl populality of cold-f'ormecl steel

as a constmction material in transmission tower structures are as f'ollows:

1. High strength-to-weight ratio.

2. Base of fabrication: beside the traditionai angle shape, other optimal shapes

such as the 60o-angles, lipped angles, lipped channels, hat, and T-shaped

sections can be easily fabricated.

3. Ease of transportation and erection.

4. Cold-formed shapes usnally have higher radii of gyration than hot rolled sec-

tions with equivalent cross sectional area, therefore, they can be used with

4



longer unsupportecl length. This results in a recluction of the number of r¡lem-

bers used in a transmission tower.

5. Lnprovement in the cluality of material as a result of the cleveloprnents in the

automation of manufactr.rring machines clue to increasecl procluctivity.

L.2.2 Fabrication of cold-formed steel sections

f.'here ale two clifferent fäbricatiorl rnethocls f'or colcl-fbrmecl sections. Roll f'orrning

ancl press braliing. In the first trethod the steel sheet passes through srtccessive rolls

until the clesirecl shape is obtainecl. The shapes are aftenvarcls cttt to l,he requirecl

lengths. This rnethocl has the aclvantage of fäst procluction rates but requires large

capital investrnent. In the ¡rress braliing rnethocl, the requirecl shape is prodr-rcecl

by fèecling the steel sheet with the specified length into a press brake and making

one bencl at a time. This method offers fast setups ancl low-cost tooling yet the

production rates are not high (Madugula, 1990).

7.2.3 Cold-formed steel and transmission towers

The first systematic research work in the area of cold-formed steel was sponsored

by the American Iron and Steel Institute (AISI) at Corneil University under the

supervision of Professor G.Winter'. This work formed the basis for the first cold-

f'ormed steel specification in 1946. Since then, this specification has been revised

five times, the 1993 edition being the latest. The Canadian Standard Associ-



ation CAN/CSA-S136-NI94 (1995), "Colcl forrned Steel Structural Mernbers", is

the corresponcling stanclarcl in Canacla. In 1971 the American Society of Civ-

il Engineers (ASCE) pr-rblished Lhe Gttide. for Design of S\eel T'ronsntissiot¿ Tow-

erx, "l\4annals ancl lìeports on Engineering Practice-No.52". This NIanua,l was

developed to selve as a unif'orm basis f'or the stmctural design of self'-supporting

steel transrnission towers. Nlanual 52 has been nsecl extensivel¡, in the LTnitecl States

ancl abroacl as tlie basis fbr design specifications. An r.rpdatecl eclitiot of N4anual 52

(t\NSI/ASCjE 10-90, I992) was introclucecl to reflect neq' clesign procedures, avail-

ability of nerv shapes ancl materials, changes in loacling criteria, ancl results of new

test clata. In clealing lvith loacls on a transrnission toler, the Canaclian Stanclarcl

Association Cr\N/CSA-S37-1VI94 (1995), "Antennas, Torvers, ancl Antenna,-

Supporting Structures", is the first eclition to use fLrll limit states clesign procedttles.

The economic advantages resulting from the use of cold-f'ormed steel for the

construction of transrnission towers prompted Vattenfall, the Swedish State Pow-

er Board, to adopt a new design f'or the construction of a 420-kV network.

This involved T-towers built entirely of cold-formed steel. Vatenfäll conducted a

comprehensive review of traditional types of transmission towers and compared the

cost of these towers with the new proposed T-type tower (Gidlund et al. 1988). The

results indicated that, for spans longer than 200 m limit of wooden pole structures,

the rnost econornical design is the guyed T-type tower with the legs formed to a V.



Moreover, the investigation inclucled a cost comparison betrveen an l\4-type tower

clesignecl accorcling to traditional rnethocls and a '1'-type tower utilizing cold-formed

steei. The latter employecl 60" cold-f'ormed angles f'or which there is no hot rolled

eqrrivalent. It reqr-rired770 bolts, compalecl to 2,500 bolts used in the Nl-t¡'pe tower.

As a result, The Srvedish State Porver Boarcl clecicled to aclopt the'I-tower design as

a st¿nclar'd f'or ftrture extensions, ancl f'or the reconstmction of the 420-kV netrvork.

The first lirie, 220 kur long, rvas corn¡rletecl in 1989. Hou'ever, the seconcl stage is to

be conrpletecl in 1996.

A sirnilar stucl-v u'as conclttctecl b¡, the Al¡leric:an Electric Power Research

Institute (Catenacci et al. 1989), where f'our torver types were a,nalyzecl ancl cle-

signed using colcl-f'olmed steel. It was concludecl that the use of cold-formecl sections

restrlted in weight savings of 3-II%, a reduction in the number of members of 31-

55%, and savings in bolts of 77-18%.

L.3 Overview of the Research Investigation

1.3.1 Background

The economic considerations of r.rsing cold-forrned steel in transmission towers, have

not always been unchallengecl. In 1963, Manitoba Hydro built 282 towers for the



138-kV line between Kelsey ancl 'I'hompson in Northern Nlanitoba. Recent inspec-

tion of the tovi'ers revealeci that rnany members were baclly bucklecl, crackecl or

b<¡wecl. These observations ¡rromptecl N4anitoba Hyclro to sponsor two experimental

research projects. at lhe University of Nlanitoba. to gain an implovecl undersl,ancl-

ing of the behaviour of colcl-formecl angles trsecl in transnission towers.

'I'he first project iuvoh,ecl the testing of I0 galvanized ancl 10 ttugalvanizecl colcl-

f'ormecl angles at, temperatures ranging fï'onr -40oC t<l 24"C (Serrette et al. I987).

Trvo lengths were chosen, 800 mm ancl 2000 mrn, in orcler to evaluate the perfor-

nìance of the angles in the elastic ancl inelastic ranges. The angles rvere 55 x 55 x

4 mrn.

The seconcl project involved the testing of 20 cold-formed angles simiiar ln slze

to those tested in Phase I except that all angles were 800 mm long (Polyzois et

al. 1990). The specific objectives '!4/ere to study the influence of temperature, cold

work, and galvanization on the mechanical properties of the material. All tested

specimens had a slenderness ratio of approximately 70. Moreover, equal numbers

of galvanized and ungalvanizecl angles were tested at various temperatures ranging

from -45oC to 25"C. The mechanical properties were olitained through 4S standard

tension coupon tests conducted over the same temperatnre range.



'Ihe load was appliecl through gusset plates attachecl clirectly to one of the legs

of the angles with a single bolt. 'Ihis suppolt configr.rration simulates closely the

type of connection usecl b5, N4anitoba Hydro in prototype structnres.

Basecl on the restrlts obtainecl fì'om the work conductecl at The University of

N,Ianitoba, a nnrnber of cluestions wer.'e raisecl legarcling the structural ¡rerf'ormance

of colcl-f'onnecl rlrernbers ri'ith shapes ot]rer than those usecl ilr the investigation.

In aclcliti<¡n. ¡roints that recluirecl fiLlther studies inchiclecl, the eflþct of gah,aniza-

tion ancl subfleezing ternperatures on the mechanical properties of the material,

the fãtigue behaviour of the cold-f'ounecl steel sections. the level ancl clistribution of

resiclual stresses in galvanizecl sections,, ancl the effect of various types of collosion

coatings on the strength of the colcl-fbrmed steel rnembers.

t.3.2 Overall experimental investigation

Studying the fatigue behaviour of cold-formed steel sections was one part of a com-

prehensive research investigation conducted at The University of Manitoba over the

last two years. The prime objective of the overall research program was to develop

a guide covering the design and fabrication of cold-formed steel sections used f'or

the construction of transrnission tower structures. The objective was accomplished

through a comprehensive experimental program which involved:



¡ Material properties tests.

o Static compression tests.

o Tests to cleterrnine resiclual stresses.

o F-atigue tests.

1'est variables included in the overall resear..ch investigation are summarizecl in

Table 1.1. 'l'hese incluclecl five cross-sectional shapes. trvo steel rnaterials ,¿\STNI

4715 Gracle 60 steel of Il,aly, ancl CAN/CSA-G40.21-1VI 300W steel fabric¿rtecl in

Canacla. The specirrens wele testecl at tem¡reratures ranging fì'om -50"C to room

temperature (- 25"C).

In addition to the experimental program, tlo exploratory stuclies wer*e con-

ducted. 'Ihe first study investigated the protective coating effects on the me-

chanical properties of cold-formecl steel. The second study was concerned with

a cost-eftèctiveness comparison of different corrosion resistance coating methocls.

A brief description of the work conducted in each of the previor"rsly rnentioned tasks

will be given in the following sections.

1.3.2.1 Material Properties Tests

A proper evaluation of the mechanical properties of the matelial is essential in un-

clerstanding its behaviour. As such, the effect of galvanization, temperature, ancl
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colcl-fbrnrirìg on the mechanical properties of the steel material types invoived were

exarninecl. As a part of the overall project, three types of uraterial properties tests

n'ere concluctecl by Abclel-Rahim ancl Polyzois (1994). These incluclecl, standalcl

tension coupon tests, serni-guiclecl bend test f'or f'ormability, ancl impact tests to cle-

terrnine the fï'acture tonghness of the trvo steel types. A short clescription of each

type is given belorv.

o Standard tension coupou tests

A series of 144 stanclarcl tension coupons crtt fì'om steel members type ASTNI

A7t5 Cìracle 60. and another series of 48 stanclarcl tension cìonpons cut fi'om steel

rnembers t¡'pe CAN/CS,t\-Cì40.21-1VI 300\,V, wer-e testecl. C)oupons cut fì'oin flat ancl

curvecl portions of both galvanized and ungalvanizecl membels rvere tested at vari-

or.rs temperatures ranging from -50oC to room temperature (- 25'C).

Typical stress-strain curves f'or coupons cut from the 90o-angle section of steel

type ASTM 4715 Grade 60, are shown in Figures 1.1 and 1.2 for tests performed

at room temperature, ancl -50"C respectively. A summary of the mechanical prop-

erties is presented in Table 7.2 f.or steel type ASTM 4715 Grade 60, and in Table

1.3 for steel type CAN/CSA-G40.21-M 300\,V. In general, the results indicated that

the hot-dip galvanization process, as well as the colcl-f'orming process, and subfreez-

ing temperatures significantly increased the yield and tensile strengths, as well as

11



the modulus of elasticity. but causecl a recluction in the clr-rctilitl' of the materials.

'Iables 1.4, ancl 1.5 summarize these effects for the two steel types involved in the

stucly.

o Serni-guided bend tests

Semi-guiclecl bencl tests u'ere usecl to evaluate the t'orurability of the materials as

eviclenc:ecl by their abilit¡, to resist cracking cluring bencling. Fonnal>ility can be

expressecl b-v the nrinirmrrn liend radius, ancl is affèctecl by the thicluess of the spec-

imen ancl the wiclth-to-thickness ratio.

Bend tests rvere concluctecl on 13 specimens cut from flat portions of ungalva-

nizecl rnernbers of the two types of steel. Tests rvere perf'ormecl according to ASTNI

Standard (ASTM E 290-87 1987). Test specimens were sirnply supported at the

ends nsing roller bearings as shown in Figure 1.3. The loacl was applied at the

mid-span till 5 mm deflection was reached. A vice was then usecl to bend the

specimen to 180" as s]rown in Figure 1.4. The convex side of each specimen was

examined during and after testing. Test results showed that both steel types were

ductile enough to bend to 180" without any noticeable cracking.

Cold ternperature fracture toughness tests

Charpy V-notch impact tests were performed on 28 subsized specimens cut from

12



the trvo types of steel mernbers. The tests were conclucted accorcling to AST1\4

Stanclarcl (ASTM E 23-91 1991). Specimens \l¡ere tested in various ternperatrue

levels ranging fì'orn -70'C to loom tempelature. Test results indicatecl that the low

temperatule hacl alrnost no effect on the absorbecl ener'By of both galvanizecl ancl

ungalvanizecl specimens. In acldition, both steei types rvere observecl to be cluctile

in the specifiecl tentperatr.u-'e r-arìge as illustrated in Figure 1.5.

L.3.2.2 Static Cornpression Tests

r\ series of tests to cletennine the resistance of galvanized colcl-f'ormecl steel sections

subjected to static compressive loacling to fãilure was carriecl out b¡, Oclaisky (1994).

In total, 189 tests were conclucted using the parametric variations shown in Table

1.1. Test results are summarized in Table 1.6.

The specimens were tested in temperatnre-controlled chambers designecl and

built in the Structr.rral Engineering and Construction Research and Development

Facility of The University of Manitoba. The results were compared to ultimate

loads obtained from Canadian Standards and American Specifications as well as the

European Convention Constructional Steelwork (ECCS, 1985) Recommendations

f'or Angles in Lattice Transmission Towers.
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In general, the design rnethocls used in evaluating the uitimate compressive

capacity of the sections provicled acceptable results ancl appea.recl to be generally

adec¡-rate for clesign of cold-f'orrnecl sections in transmission torvels.

1.3.2.3 Tests to determine residual stresses

In colcl-f'ornrecl steel sections, residual stresses are clevelo¡recl cluring the f'orming pro-

cess. 'I'he pr-esence of these stresses in structura,l nrernbers couicl be cletlirnertal or

beneficial, cle¡rencling on the rnagnitucle, sign, ancl clistribution of the stresses rvith

respect to the loacl-inclucecl stresses. Theref'ore, the clesign of such rnernbers requires

knowledge of the resiclual stlesses. Previons stuclies on hot rollecl shapes (Yãng et al.

1952, Huber ancl Beedle, 1954, and Tebedge et al. 1973), showed that the magnitucle

of tlre maximum resiclual stress \Àias approxirnately 30% of the yield stress of the

material, and was assumed to be unif'ormly clistributed through the plate thickness.

A study f'or cletermining the magnitude and distribution of surface and subsur-

face residuaL stresses in cold-f'ormed steel sections for the present investigation, was

conducted at the Metals Technology Laboratories (MTL), of the Canacla Center for

Mineral and Energy Technology (CANMET) in Ottawa by Roy et al. (1994). This

stucly formecl an important part of the comprehensive experimental progÌam con-

ducted at The University of Manitoba, on The Use of Cold-Formed Steel Sections
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in Transmission Towers in Canada. (CBA Report 340 T 844, 1994)

The stucly involvecl 83 tests on colcl-f'orrnecl specimens f'or both steel types r.rsecl.

A total of f'our testing rnethocls were employecl to determine the rnagnitucle ancl dis-

tlibution of longituclinal ancl transverse resiclual stresses. These incluclecl, Section-

ing methocl, Hole-Drilling method, X-Iìay Diffì'action technique. ancl the N4agnetic

BarkharLsel Noise rnethocl (l\4BN).

The rninirmun ancl maxirmrrn residual stresses f'or steel type .t\STNI 4715 Grade

60 ale givenin Table 1.7. These stresses were presentecl as percentages of the yielcl

strength of corners obtainecl fì'om tensiorì colrpon tests. It coulcl be c<¡nclttclecl that

residuai stresses recorcled in the longituclinal direction were more critical than those

clevelopecl in the transverse direction. The highest recorded tensile residual stresses

were for the 9Oo-angle section (BA-section). Residual stresses up to 50% of the yield

strength wer-e recolded f'or that section.

For steel type CAN/CSA-G40.21-M 300W, Figure 1.6 shows the variation of the

residual stresses in both longituclinal and transverse directions determinecl by the

hole drilling method. The hole was clrilled in the center of the specimen ancl was

located at 12 mm below the apex.
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1.3.3 Protective coating effects on cold-formed steel

As a part of tlie overall research investigation on the use of colcl-f'ormed steel f'or

the constmction of tralrsrnission towers, a stncl-v was conductecl at The Universit¡r of

Nlanitoba (l\4oharnedien ancl Polyzois 1994) to examine the eflèct of coating types on

the strength of colcl-f'orl¡lecl steel sections. Two types of coatings against corrosion

were incluclecl in the research, hot-clip galvanizing, ancl thermal splav metallizing.

The coating layer f'or 24 stanclarcl tension test coupons cut fì'orn steel type

CAN/CSA-G40.2I-l\,I 300W was examirrecl. The thickness of the galvanizecl coating

was measrlrecl befbre ancl afler the stanclarcl tension test to exarnine the presence of

cracks ancl flaking. Table 1.8 gives the percentage of overthicliness of the galvaniz-

ing layer ancl the corresponcling coating fäilure mocle. The coating thicknesses were

comparecl to 0.086 mm (3.4 mils) based on 50 years service life for a transmission

tower in a mral environment as shown in Figure L.7.

Test results indicated that increasing the thickness of the coating for more than

55% of the required thickness caused early flaking and cracking of tire coating layer

uncler tension loads.
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t.4 Objectives and Scope of the Present Research

Fatigue failures in transmission tower rnembers are mainly causecl by n'incl-

inclucecl vibrations. As reportecl by Goel (1994), some reclundant angle nrernbers

which rvere used to sr-rpport a long cornpression strut in a lattice tower fãiled soon

afTer erection. In 1984, Thrasher stucliecl recltLnclant member failures on 765-kV

transrnission l,orvers. The str.rcly concluclecl that the main strttt u,as oscillating in a

torsiorr mocle. ancl that stLch <¡scill¿¿iç¡ ¡:olcl u'orked the encl c¡f the reclundant nern-

ber until fätigue fäilure occurred. Inciclents of similar failures rvere al.so reported fbr

slendei' tension hanger members of the tower closs arnls.

In the design process, empirical rules are based on specifying liiniting va,lr.res

for the slenclerness ratios of tower mernbers. Howevet, wind-inducecl fatigue fäilures

suggest that these empirical rules are not fully satisfäctory (Goel, 1994). Obviously,

there is an essential need to gain better understanding of the failure phenomenon

by conducting a series of fatigue tests on tower members.

'Ihe present study is concerned with investigating the fatigue behaviour of cold-

formed steel members used fbr transmission tower construction. The objectives of

this study were :

1. To quantify the strength and stiffness reduction of cold-f'ormed steel members
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uncler- constant a.mpiitude cyclic loading;

2. to develop a series of S-N culves (stress velsns number of cycles) f'or the clif'-

fêr'ent cross sections involvecl in the str-rcly;

3. to cletermine the safe enclurance limit f'or the sections (fätigue linrit below

rn,hich fätigue fäilule woulcl not oc:cur);

4. to investigate the effèct of two test ternpe-ratures (-50'C ancl 25'C) on the

fãtigue behaviour of colcl-fbnnecl steel rnenrbers;

5. to establish guiclelines for fätigue clesign of colcl-fbrmecl steel sections; ancl

6. to rnake lecornmenclations f'or fìrrther rvork.

The objectives lvere acc:omplishecl through an extensive experimental progr-am

that involvecl fatigue testing of 52 colcl-f'ormecl steel members for five cross sectional

shapes.

L.5 Format of Thesis

Chapter 1 gives an introcluction to the overall research investigation. This

inclucles materiai property tests, static compression tests, and tests to detelmine

residual stresses.

Chapter 2 outlines the state of the knowledge on fätigue design criteria,

methods of fatigue analysis, and factors affecting the fatigue strengtli. An overview
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on Stanclarcls and Specifications regalcling fätigue of steel structures is also high-

liglitecl. F inally. fatigue test clata on welclecl cletails and on colcl-f'ormecl steel are

presented.

Chapter 3 clescril¡es the experirnental prog-L-am. This inclucles a clescription

of the test s1>ecirnens, connection configurations, test setups, instnt¡nentatiou, ancl

test proceclures.

Chapter 4 gives a cletailecl discussion of the test results. The cliscussion

aclclresses cracli initiation ancl glowth ¡lattelns, the stress-strain r-'esponse. alrcl the

hysteresis behaviour of the rraLious cross sections. Fatigue strength relationships

are also plesentecl.

Chapter 5 presents the results obtainecl from a finite elernent analysis per-

f'orrned to investigate the behaviour of the 90o-angle section conrrectecl thror-rgh one

l"g.

Chapter 6 gives a summary of conclusions, and fbrmulates the findings of the

stucly into a set of genelal design recommendations.

Finally, Appendices A and B give the results of the regression analysis

performed on the test data.
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Table 1.1

Test Variables Included in The Overall Research Investigation

ì\)

Sections

Nominal Slenderness Ratio (Ur)

Test Temperatureo C

BA

(

Th.- 4 mm

Type of Steel

BC

Th.= 4mm

Sr:rface Condition

BB

(

Th.= 4mm

-5ooc , ooc, and zsoc

100, and 200

BG

Jt
Th.= { P¡n

ASTM 4715 Grade 60

CAN/CSA-G4O.21-M 300W

Galvanized and Ungalvanizd

BN

It

(Iy = 415 MPa)

(I! = 300 MPa)

Th.= $ ¡¡¡¡¡1



Table 1.2

Material Properties For Steel Type ASTM 4715 Grade 60 (Abdel-Rahim and Polyzois, 1gg4)

Material
Properties

t.)
FJ

Fy

Fu

E

ô

tr

Speciflred
Minimum

Values a

(MPa)

(MPa)

1to3 vea¡

e/")

415

485

(-)b

20

(-)b

a
According to ASTM 4715-90 (ASTM 1990).

b
ASTM standard does not specify minimum

c The Poisson's ratio was not computed for

Fiat

Ungalvanized

434

526

212

27

0.26

Fy=
trrll

L
L=

õ=
l-t =

485

584

232

19

0.27

Yield strength

Tensile strength

Elastic modulus

Percent elongation

Poisson's ratio

Corner

537

580

226

15

(-)'

577

621

243

11

(-) "

values for the elastic modulus and the Poisson's ratio.

corner coupons.

Fiat

Galvanized

462

540

211

24

0.26

507

599

232

1B

0.25

Corner

575

614

243

13

(-)'

617

675

2512

10

(-) "



Table 1.3

Material Properties For Steel Type CAN/CSA-G40.21-M 300\ / (Abdel-Rahim and Polyzois, 1g94)

Material
Properties

t\)
f.c

Fy

Fu

E

ô

p

Specified
Minimum

Values'

(MPa)

(MPa)

(1os MPa)

(/")

300

450

(-)b

23
(-)b

According to CAN/CSA-G40.21-M92 (CAN/CSA-ã40.21-\A\2 1992).
b

CAN/CSA standard does not specify minimum values for the elastic modulus and

" The Poisson's ratio was not computed for corner coupons.

25"C

Flat

Ungalvanized

301

454

182

37

0.26

-50"c

Fy=
trtU

E
L=

ô-
P=

341

501

1Bô

24

0.25

Yield strength

Tensile strength

Elastic modulus

Percent elongation

Poisson's ratio

z\"c -50"c

Corner

544

589

171

12

(-)'

571

634

209

11

(-)"

25"C

Flat

411

532

239

32

0.27

Galvanized

-50"c

454

601

258

20

0.25

25"C

Corner

574

643

173

13

(-)'

-50"c

the poisson's ratio.

586

660

186

o

(-)'
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Table 1.4

Effect of Galvanizing, Cold-Forming, and Subfreezing Temperature
on The Mechanical Properties of Steel Type ASTM 4715 Grade 60

(Abdel-Rahim and Polyzois, 1994)

Material
Properties

Fv (/ù

Fu P/")

E (/ù

ô (%)

P e/r)

Effect o¡ ç¿yanizing

Vo Dtfference Between
Galvanized and Ungalvqnized

z'"c -50"c z'"c -50"c

Flat Corrrer

6.5 4.5

2.7 2.4

-0.3 0.0

-11.1 -5.3

0.0 -7.4

7.1 6.9

5.9 8.7

7.8 3.5

-13.3 -9.1

Effect of Cold-Forming

Vo Dlfference Between
Corner and Flat

Ungalvanized Galvanized

z'"c -50"c z'"c -50"c

23.7 24.5

10.3 6.3

6.6 5.0

-44.4 -42.1

Effect of Subfreezing Temperature

24.5 21.7

13.7 12.7

15.2 8.7

-45.8 -44.4

Vo Difference Between
Results at -50"C and at 25"C

Ungalvanized Galvanized

Flat Corner Flat Comer

1 1.8

1 1.0

9.4

-29.6

3.8

7.4

7.1

7.8

-26.7

9.7

10.9

9.7

-25.0

-3.8

7.3

9.9

3.5

-23.1
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Table 1.5

Effect of Galvanizing, Cold-Forming, and Subfreezing Temperature
on The Mechanical Properties of Steel Type CAN/CSA-G40.21-M B00w

(Abdet-Rahim and Polyzois, 1994)

Material
Properties

Fy (/")

Fu %)

E (Vo)

I (%)

p (/t)

Effect of Galvanizing

Vo Difrerence Between
Galvani2sfl and Ungalvanized

zl"c -50"c z'"c -50"c

Flat Corner

36.5 33.2

17.1 20.5

31.6 39.1

-14.0 -14.7

3.0 1.4

Effect of Cold-Forrning

4.6

9.1

1.8

9.6

Vo Dtfference Betrveen
Corner a¡d Flat

2.8

4.1

-9.7

-6.5

Ungalvanized Galvanized

z'"c -50"c 25"c -50"c

82.0 67.9

29.7 26.6

-5.3 11.8

-67.6 -56.4

Effect of Subfreezi:rg Temperature

39.7 29.7

20.9 9.8

-27.5 -27.7

-58.9 -53.5

Va Difrerence Bet¡,veen
Results at -5Õ C and at ZB C

Ungalvanized Galvanized

13.3

10.4

2.4

-33.5

3.4

4.2

7.6

24.1

-10.7

10.6

14.0

8.0

-35.1

-5.6

2.2

2.6

8.4

-26.9



Table 1.6

Static Compression Tests (Odaisky, L994)

Section TVpe
of

Steel

Nominal
Slenderness

Ratio
(L/r)

Length
(mm)

Exp. Failure Load
(kN)

Number
of Tests
for Each

Shape

Number
of Tests
for Each

Steel Tyne-50"c o"c 2*C

BA

ASTM
ATIS

Grade 60

40
100
200

552
1380
2760

121
103
28

119
100
30

119
99
30

27

123

BC 40
100
200

736
1 840
3680

119
96
32

121
96
.).)

118
93
34

27

BB

(
40

100
200

855
1950
4240

226
138
47

213
133
46

205
132
46

27

BG 40
100
200

1 640
4120
8245

846
485

782
ou?

731
467
94

21

BNIt 40
100
200

1 640
41 05
821 0

1113
401_

1092
oo:

1017
428

BO

21

HBA

CAN/CSA
G40.21-M

300w

40
100
200

552
1 380
2760

128
118
31

118
114
29

1B

66

HBC 40
100
200

736
1 840
3680

122
108

41

115
102
37

1B

HBB

(
40

100
200

780
1 950
3900

204
129
47

190
125
45

1B

HBNIt 40
100

1580
3950

825
317

761
358

12

Total 189
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Table 1.7

Minimum and Maximum Residual Stresses at The Apex (MPa)
(Roy et aI. 1994)

Section ASTM 4715 Tlansverse Direction Longitudinal Direction

Grade 60 Steela (Vo of Yield Strength) (7o of Yield Strength)

-50 to 50 100 to 300

b
(Fy= 596 MPa) (B% Comp. to B% Tens.) (17% Tens. to 50% Tens.)

BA

BC -150 to 0 -50 to 120

b
(Fy = 540 MPa) (28% Comp. to 0o/o) (9% Comp. lo 23o/o Tens.)

BB -400 to 50 -190 to 10

b
(Fy = 569 MPa) (67% Comp. to g% Comp.) (30% Comp. to 1.7% Tens.)

BG -50 to 50 0 to 130

b
(Fy= 646 MPa) (10% Comp. to 10% Tens.) (Oo/o to 27o/o Tens.)

-1 10 Io 20 -100 to 40It b
(Fy= 540 MPa) (15% Comp. to 3% Tens.) (13% Comp. to 6% Tens.)

BN

For Steel Type CAN/CSA-G40.21-M300W, Fy= 290 -320 MPa.

The compressive and tensile residual stresses did not exceed

4Ùo/o and 50% of the yield strength, respectively.

Yield strength of corners obtained from tension coupon tests.
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Table 1.8

Thickness of Galvanized Coating For Coupons Tested at -50 b
(Steel Type CANiCSA-G40.21-M 300W) (Mohamedien and Polyzois, 1994)

Section Coupon Th. Before Th. After Vo Over Coating Failure
Location Testing a Testing a Thickness b

(mils) t (mils)'

HBA

"þ 
Flat 4-B 4-B 55 o/o Cracks

\ Corner 3.7 3.7 15 o/o No Cracks

HBC
tr- Flat 4.6 4.6 35 o/o No Cracks

K Corner 7.g 7.g 130 % Cracks

HBN b

F6-r Flat 7.6 0.0 123o/o Cracks

cþ Corner 4.8 0.0 115o/o Flacking and Cracks

HBB

"b 
Flat 5.1 5.1 50% No Cracks

\ Corner 4.6 4.6 35 o/o No Cracks

The Thickness was measured using a digital magnetic gauge. (Posi Tector 2000)

Thicknesses were compared to a value of 3.4 mils (0.086 mm) given by the AGA
standard (1986) for 50 years service life of a transmission tower in a rural environment.

1 mils = 0.001 inch = 0.025 mm
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Figure 1.3: Semi-Guided Bend Test for Ungalvanized Specimen Cut from

the 90' angle section. (Steel Typ. ASTX,I A7i5 Grade 60).
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LIFE OF PHOTECTION VS. TH¡CKNESS OF ZINC
AND TYPE OF ATMOSPHERE

'Service Ufe ís defined as lfie time to 5% rusting of the steel surface.
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AtrnospheÌe. (AGA, 1986)

.)ô



CHAPTtrR, 2

Literature Survey

2.1 General

Hychoelectric tra,nsmissiolr torvers ale olle example of structures which must

not only ìre clesignecl to rvithstancl a rvide range of loacling conditions, but also be

lightrveight ancl rnaintena,nce fì'ee. The high strength-to-n'eight ratio, the sirnplicit¡i

of fäbrication, ancl the ease of erectiol have macle colcl-fbnnecl steel an attractive

rnaterial f'or the c<¡nstmction of such structures. During the expected service life of a

transmission tower (50 years), it is subjectecl to hundreds of tirousancls of fluctuating

rvind applications. In addition, these towers are severely exposecl to a large r-ange

of temperature change and other environmental and climatic conditions. As such,

the need for studying the fatigue behaviour of colcl-formed steel members under the

previously mentionecl conditions is now becoming a growing concern.

A thorough review of the available literature showecl that there has been a lack

of systematic investigation of the axial fatigue behaviour of colcl-f'ormed steel mem-

bers. Fatigue problerns wele first encountered in the design of machine components
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subject to cyclic or lepeatecl str-esses. Following that stage, a large bocly of research

concerned with fätigue has Brown up in the areas of mechanical ancl aeronautical

engineering. However', it u'as only recently that fãtigue becarne irnportant to the

context of civil engineering practices.

2.2 Historical Overview

'I'he rvorcl "fätigue" u'as intr-oclltcecl in 1829 to describe failures occurring fì'om

repeated stresses. ln Germany. Albert suì:jectecl mine-hoist chains to repeatecl proof

loaclings in tension bef'ore the¡, q's¡. put into sett'ice (Hoppe, 1896). I)uring the pe-

riod from 1850 to 1875, August lVöhler (1867), conducted laboratory fãtigLre tests

concerned rvith railway axle fãilures to establish a saf'e alternating stress below which

fäilure would not occur. Thus Wöirler introducecl the concept of the S-N diagram

(stress verstts number of cycles) and the fatigue limit. For the next twenty years,

mole researchers expanded lVöhler's ciassical work. Gerber along with others in-

vestigated the influence of mean stress, and Goodman proposed a simplified theory

regarding mean stress. Their names are still associated with diagrams involving

alternating and mean stresses. In 1885, Bauschinger developed a mirror extensome-

ter ivith the sensitivity to measure one microstrain ancl for many years stucliecl the

relationship between small inelastic strains and the satè stress in fatigue.
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In the 1900's the optical microscope was usecl to pursue the stucly of fätigue

mechanisrn. Localizecl slip lines and slip bancls leading to the I'ormation of microc-

racks were observecl by Ewing ancl Hurnphery in testing flat fätigue specimens macle

fì'orn high cluality Srveclish steel. Gouglì (192a), ancl other researchers heavily con-

tributed to the unclersta,nding of rnultiaxial fätigr-re (bencling ancl torsion effècts).

In 1923. Jenliin usecl a moclel I'ol sirrrulating stress-strain behaviour of rnetals. 'Ilie

int¡rortance <¡f c,vclic clef'orrnations was clearl-v establishecl in 1923. but lalgely ig-

nored until fbrty years later. During the same periocl, Griffith (1920), publishecl

his classical paper on fì'acture rnechanics. He showecl that the last cycle of fätigue

was nothing more than a brittle fì'acture causecl b¡, cyclic grorvtìr of a fatigtre crack

to an unstal¡le length. The crack propagation problern was then acldressed in the

1960's by Paris. Moore and Kommers, published the first comprehensive American

book on fätigue of metals in 7927. Moore was responsible for organizing an ASTM

Committee on Fatigue Research which later grew into Committee E-9 on Fatigue.

During the 1930's and 1940's, research in fatigue was mainly directed to experi-

mentally establishing the effects of many factors that influence the fatigue strength

of metals. Haigh (1930), presented his rational explanation of the difference in the

response of high tensile strength steel ancl of mild steel to fatigue when notches

are present. He employed concepts of notch strain analysis and self-stresses that



were later mole fìrlly clevelopecl by others. In 1937, Neuber introcluced the stless

gradient effect at notches ancl the elementary block concept. He tìren concluded

that the average stress ovel a small volurne at the root of the notch is more critical

than the peak stress at the notch. In 1945, l\,Iiner f'ormulated a linear ctrmulative

fãtigue clarnage criterion previor-rsly introclucecl by PaÌmgren in 1924. Des¡rite its

shortcomings. the Palmgrert-NIiner rule still remains an irnpoltant to<-¡l in fãtigue

IifÞ ¡rreclictions.

N'Iajor contributions to the sr.rbject of fätigue in the 1950's were revealecl through

the introclnction of the electrolr rnicroscope rvhich openecl new horizons to better

unclerstancling of basic fatigne rnechanisrns. Irwin (1957), intloclucecl the stress in-

tensity fäctor 1í7, which is considerecl the basis of linear elastic fì'acture rnechanics

(LEFM) and of fatigue crack growth lifè predictions.

Coffin and Manson (1962), began their wo¡k in the early 1960's studying the

low cycle strain-controlled fatigue behaviour. They introduced the Manson-Coffin

relationship between plastic strain amplitude and fatigue life. In 1963, Paris showed

that the fatigue crack growth rate daldN could best be described using the stress

intensity fäctor range A/(¡. Nluch of this work was made possible by the introcluc-

tion of the closed-loop materials testing systems and digital computers for solving

engineering problems. In the last thirty years, the highly progressive amonnt of
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testing and research has made the fätigue analysis an estalrlishecl engineering tool

iu rnany industrial applications.

2.3 Fatigue Design Criteria

In orcler to guarcl against fätigue fãilures, two rnajor clesign approaches have

l>een clevisecl. One is a fätigue analysis that atterrr¡rts to establish a "saf'e-lifè" f'or

the strttctttre uncler the assurned loacling conditions. This approach implies that the

fatigue lif'e of a cornponent can be pleclictecl ancl that bef'ore the end of this specifiecl

time, the stmcttue can lie repairecl, replacecl, ol retirecl. It is highly reconrmenclecl

that this analysis be accomplished sufficierrtly early in tìre clesign scheclule in or-

der to eliminate the deficiencies and to achieve the desirecl life. The second clesign

procedure adopts a "clamage-tolerant" or "fail-safe" design in which the damage

of failed components could be temporarily tolerated by providing alternate load-

carrying members and sizing them to reasonably sustain the load levels. The real

goals for a damage-toierant clesign are somewhere between two extr-emes, one indi-

cates that the structure will be tolerant of any damage that may be inflicted. The

opposite opinion implies that such a stmcture cannot be successfully configured to

carly the service load once major failures or damage has occurred.
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2.3.1 Safe-life design

Recently, safe-lifè has beel falsely thought to describe results of fätigue tests ancl

analyses particularly perfbrmecl to prove that ¿ structule is fi'ee of fätigue cracks.

Ho$,ever, the initiatiorr of a fãtigue crack cloes not inclicate the encl of the usefìrl or

safè-lifè of a strttcture. The safè-lifê is clefinecl as the time periocl f'or operation in a

linown envilonntent u'ith a knou'n probability r:f exposure to ultimate loacls. Proper

inspection ancl rnaintenance couplecl with a clarnage-toleralrt clesign coulcl leacl to an

infinite safê-life.

'I'his clesign approach is clirectl¡, relatecl to those t¡i¡res of stmctures which clo

not receive inspec:tion artd r¡raintenance cluring their operating periocl or service

lifè. Recent developments in fì'acture mechanics especially in its treatment of crack

propagation has rnacle the damage-tolerant design approach more superior than the

safe-life approach.

2.3.2 Fail-safe or damage-tolerant design

Possibilities of failure or overloads exist fiom errors in design, manufacturing, main-

tenance, and corrosion during the service life of a stmcture. The recognition of

such possibilities requires the provision of sufficient residual strength ancl stiffness

in the remaining members of a strr.cture for continued operation uncler reasonably
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normal loacling until faihue can be repairecl (Osgood, 1982). The prirnary goal

of the fail-safe clesign approach can only be achieved rvhen supplemented bv suit-

able inspection ancl rnaintenance. For cases when snch ins.pection is impossibie, tìre

fäil-safè clesign sti.ll provicles the best probability of sufficient survival to continue

perforrna,nce of tlie rnission, but at a clegracled level. ;\spects to be consiclerecl in

the clarnage-tolerant clesign approach ale as fbllori's:

1. The clesign must inclucle aclecluate resicltral strength afler cracking.

2. The sl,ructure rnust have ¿ crack-fi'ee period, or one cluring which the crack

growth rate is sufficiently lorv to allow f'or cr¿ck cletectior using aclerluate

inspection ¡rroceclures.

3. Critical aLeas must be visually inspectecl during the service lifê of a structure.

4. Redunclant loacl paths are to be designecl with sorne extra capacity above its

theo¡etical share of the ultimate load in order to allow f'or the possibility of

overloacling upon failure of one path.

5. Damaged elements are to be repairecl or replaced.

The establishment of a proper level of residual strength is important not only

f'or safety but also from the stand point of structural efficiency. In applying the

fail-safe design for aircraft wings, the British Air Registry Board (Troughton et al.

i963), required that the number of individual elements be chosen such that at least



67% of the clesign ultimate loacl can be met with any one element failecl.

One rnajor conclusion rnay be that the safè-lifè design approach is irnplied f'or

inclividLral elements going into a structural assembly, rvhereas fäil-safè ol clarnage-

tolerant clesign approach is usually applied when consiclering the complete structural

assembly.

2.3.3 Factors of safety in fatigue design

Iu an5, fãtigr.re clesign approach a safèty fãctor is incluclecl. A sirnple procedule is

implied f'or static clesign, where the lirnit loacl rvhich is normally expectecl to occur

only once or at most a fêw times cluring service lifè, is rnultiplied by one fãctor to

account for a number of nncertainties and various kinds of scatter. This procedure

cannot be applied for fatigue design because of the differences in material beiraviour

when subjected to st¿tic or fätigue loads. The fäctor of safety used fbr fatigue design

must be sufficiently large to reduce the probability of fäilure to an acceptable level

(Osgood, 1982). It is often obtained by traditional methods (1.15 on yield or 1.50

on ultimate), or by considering the statistical properties of the fatigue test data.

The fatigue safety factor intended to cover the scatter in fätigue properties could

be applied on the load (stress), or on the life. Albrecht (1962), has considered the
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fäctor of safety approach basecl on the a,verage fätigue stress fì'om a limited nurn-

ber of full-scale test specimens. The factor of safety is defined as -FS : oÍ I o¿,

rvhere o¡ is the average fatigue stress at failure. ancl ø¿ is the clesign lerrel stress.

In his study, a valtte of o¿ was cletenninecl for a 90% conficlence level on the mean

test results. ancl 99.9% probability of survival. The relationship betrveen the design

stless ancl the fãtigue linrit is a function of the ntrmbel of specinrens testecl. 'I'he

Civil Aeronautics Nlanual No. 6, of the Fecleral Aviation Agency (1959). gives

the fãctor of safèt¡, valttes corresponcling to the mi¡imu¡r ¡u¡rber of fatigle test

specimens. 'I'his Manual uses the lowest fãilure stress level as a design fatigue limit

insteacl of a, rnean fätigue lirnit recluced fbl a given confidence ancl survival linrits as

was proposecl b¡, Albrecht (1962). Taltle 2.1 lists the fäctor of saf'et¡'values given

in The Civil Aeronautics ManuaÌ.

2.3.4 Structural reliability

Structural reliability must be considered in structural design. In this manner, the

factor of safety is defined as the ratio of the probable strength to tire probable crit-

ical force, and is a function of the desired reiiability and the variations in the loads

and strengths. If tire applied and ultimate loads are sharply defined (insignificant

variability), then a factor of safety as low as 1.01 could result in an extremely higtr

reliability. On the other hand, if the variability is high, a iarge factor of safety would
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be requirecl to provicle a small probability of fäilure. Recently, there has been very

high pressure to generate ¡rurnerical reliability numbers, instead of a factor of safèty

in representing structr.rlal integrity (reliability). However, this woulcl recluire more

fãtigue test clata, nerv rneth.oclology incorporating the effects of difiêrent fätigue cle-

sigl ap¡rroaches, an(l lr.e\¡n, rnaintena,nce ancl inspection provisions. All these factors

have to be clevelopecl bef'ore structural reliability numbers cou.lcl be considerecl as

valuable encl results.

2.4 Methods of Fatigue Analysis

The prirne objective of all fätigue analysis, calcuiations, a,ncl testing is to develop

an acceptable combination of load and fätigue lifè. In comparing the clifferent

techniques of fatigue analysis, their relative strengths and lirnitations can be pointed

ont as follows:

r Any particular methocl of fätigue analysis is chosen on the basis of its level of

acceptance. Such level is related to the amount of confidence the designer has

in the method. The stress-life (S-N) approach was introduced from over 100

years comparecl to 40 years I'or the strain-life (e-N) approach and 30 years for

the linear elastic fracture mechairics approach. Thus, designers have had many

more years of experience with the S-N approach, and with this experience a



gr-eater level of conficlence was gainecl.

The S-N approach may be nsed more intelligently when associated with the

insights offèied by other techniques f'or the pulpose of provicling a universal

picture of the fätigLre behaviour.

For design plu'poses, the stanclarcl provisions regarcling fätigue testing of

stntctrtral details, are expressecl in the f'orm of S-N culves lelating the

allou'able stress lange to the fatigue lifè of a structnral detail.

'I'he choice betrveen using the stress-lifê apploach or the strain-lifè approach

is clepenclent ttpon the lifè ra,nge. In the lorv cycle region. the total strain-

lifê methocl is rnore sensitive than the stress-lifê methocl. In aclclitiou, mean

sttesses clo not exist. However, f'or the interrnecliate to high cycle region, rnean

stresses can exist, and therefore, the stress-life approach is probably more

convenient to use.

o The strain-life approach can only be used in high strain, low cycle fatigue

situations where plastic stlains are significant. This may involve materials

with low yielcl points (< 200 MPa). The method accounts only for initiation

life and cannot be used to predict the propagation life. Moreover, the strain-

life constants relate to the condition of the specimen tested and there is no

defined way other than additional testing to account for differences in surfäce

finish ancl surface treatment. For the stress-lifè approach, there are reams of
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clata availaltle to accottnt f'or almost any variation in surfäce finish, surface

treatrnent, ancl loacl configuration.

The stlailt-lifè approach is very rtsefìrl for applications involving variable am-

plitucle loacl histories rvhere the load sequence effect on the resiclual rnean

stresses is irn¡:ortant.

o The linear elastic fì'acture mechanics approach (LEF'I\4) is essentially a pr.opa-

gation approach which generates problerns when usecl to cleal with crack initi-

ation rvhere the assum¡rtions of linear elastic fi'acture mechanics are not valid.

T'lte rnethocl requires a,n estimate of the stress intensity factor rvhich may be

clifficult to cletennine f'or complicated geometries. In general, the LEFIVI ap-

proach coulcl be usecl in conjr.rnction rvith the strain-lif'e approach (initiation

approach) to predict the total fatigue life.

2.5 Factors Affecting the Fatigue Strength

There are several fäctors that can highly influence the fatigue strength of a

material. A cliscussion of some of these fäctors and their effects is given in the

f'ollowing sub-sections.
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2.5.1 Effect of stress concentration

An optirnuûr way of minimizing fätigue failures is through the recluction of avoicl-

¿ble stress ra,isers by carefìrl design, rnachining, ancl fäbrication. l-atigue strength is

significantlv reclucecl by the i¡rtrocluction of a stress raiser such as a notch or a hole.

l-atigue cracks in strttctrual parts usually initiate at such geonretric irregularities.

Ihe effèct of stress concentration on fãtigue is generallJ' stucliecl by perf'onning

ruriaxial fätigue tests on typical fatigue test spec:imens c:ontaining a V-notch or a

U-¡rotch at the miclclle of the reclncecl cross sectioil zone. The 1:resence of a notch

intlocluces three effects: (1) an increase or concentration of stress at the root of the

notch, (2) a stress graclient is set up ti'om the root of the notch towarcl the center

of the s¡tecirnen, and (3) a triaxial state of stress is proclucecl at the notch root.

The ratio of the maximum stress in the region of the notch to the corresponding

nominal stress is the stress concentration factor (1Ç) wtrich can be calculated using

the theory of eiasticity, or from a refined stress analysis using the finite element

method.

TÌre effectiveness of the notch in decreasing the fatigue limit is expressed by the

fatigue-notch fäctor (Ii¡).This factor is the ratio of the fatigue limit of unnotched

specimens to that of notched specimens. For materials that do not exhibit a fatigue
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limit, the fätigue-notch fãctor is basecl on the fatigue strength at a specifiecl number

of cycles. In general. the eftèct of notches on the fätigLre strength is cleterminecl by

cornpaling the S-N cun'es of notched ancl unnotched speciÍlens.

2.5.2 Effect of test specirnen size

l-atigue perf'ormance of laboratory tests on srnall specimens cannot be ¡secl to

cìirectl¡' Preclict the fätigue behaviour of actual conlponerìts. The fätigue strength

of large rnembels is significantly lower than that of small specirnens. Moreover,

changing the size of a fätigue specirnen usually resnlts in variations of tu,o fãctors.

l-irst, increasing the sulfãce area of the specimen reduces the fätigue perf'orrnarrce

as fätigue cracks usually initiate at the surfäce. Seconclly, fbr specirnens loa<lecl in

bending or in torsion, an increase in diameter r.rsually decreases the stress graclient

acloss the specimen, and increases the volume of material that is trighly stressecl.

2.5.3 Effect of surface finish and surface treatrnent

All fãtigue cracks initiate at the surfäce except in special cases where internal clefects

are involved in a material. As such, fatigue properties are very sensitive to surfäce

conditions. In general, fätigue lif'e increases as the magnitucle of surfäce roughness

decreases. l-igure 2.1 shows the effect of several degrees of surfäce finish on tÌre
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fätigue stlength. As evident fì'om the figure, clecreasing the surfäce roughness min-

imizes local stress raisers ancl improves the fätigue strength.

Surfãce trea,tr¡rents that inprove the fãtigue strength are colcl-rolling and shot

peening. 'l'he colcl-rolling procesri ploduces surfäce compressirre residual stresses

which are l:eneficial in retarcling crack initiation. In aclclition, the process of blast-

ing the surfãce of a c:onrponert with high velocitl, s¡""1 or glass beacls (shot peening)

sirnpl¡, puts the core of the materi¿l in resicltral tension and the skin in resiclual

compression thus irnproving the fätigue strength.

On the other hancl, chrorne ancl nickel plating recluc:e the fätigue strength clue

to the formation of high residual tensile stresses associatecl rvith the plating pïocess.

Such a pr-'ocess is beneficial only f'or fatigue testing in a corrosive environment. Hot

rolling and forging can callse surfäce decarburization. This process involves loss of

carbon atoms fì'om the surface of the material causing it to have lower strength.

A considerable amount of data concerned with the effect of surface coatings on the

fatigue performance of various materials can be f'ound in the Atlas of Fatigue Curves

(Boyer, 1986).
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2.5.4 Effect of rnean stress

For design pltr'poses, it is essentially usefil to cleterrnine the nìean stless effect on

the allon'able alternating stless amplitude for a given number of cycles. This is usu-

ally accornplishecl liy plotting the ¿llowable stress amplitucle for a specific number

of cycles as a fitnction of the associatecl nÌean" stress on a Haigh cliagram. Figure 2.2

plesents the f'our most wiclely usecl ernpirical relatic¡nships f'or clescribing the effect

of mean stress on the fätigue strength. The governilg eqnations (Banlalrtine et al.

1990) aÌ'e as f'ollorl's:
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A urean stress can be superirnposed over the fluctuating stress either by the

service loacls themselves or by a resiclual stress proch-rcecl cluring manufäcturing.

2.5.5 Effect of loading frequency

Inct-easing the loacling fì'ec¡rency in a fãtigue test procluces t,,r,o simultane<¡trs changes.

l-irst, the speecl of stless applicatior will increase. Seconclly, the clrvelling time of

the specirnen at lorv stresses rvill cleclease. N,Iany researchers have experimentallv

cletermined the eff'ect of rrarving the fì'eqLrency at roorïr temperatul'e on the en-

clttrance limit of iron steel, and copper. No effèct rvas realizecl on the endurance

lirnit when the fle<luencli varied up to 83.3 Hz. Higher fì'equencies tencl to raise

the endurance limit. In conclusion, oveL a wide range) the loading fì'equency does

not inflttence the fatigue lifè at roorn temperature. Horvever bef'ore any frequency is

established for fätigue testing checks should be made to assure that the frequency

is witirin the insensitive range.

2.5.6 Effect of corrosive environments

The simultaneous action of corrosion ancl fätigue has a detrimental effect on the

fätigue strength. Environmental effects produce cracks in fewer cycles than woulcl

be required in more inert environment. Once fätigue cracks have formed, the coÌr'o-
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sive aspect rnay also accelerate the rate of crack grorvth. In aclclition, cyclic loacling

catlses localized cracking <¡f the oxicle film fbrrned on the surfäce of the metal as a re-

sult of the corrosive entironment. Corrosion fatigue is consiclerecl a time-clepenclent

pr-ocess rvhich is highlf inflttencecl by the loacling fì'equency ancl the fbrmation of

localizecl pits at the surfãce of the metal. These pits later act as stress concentration

spots causing a sevele recluction in the fatigue strength of the rnetal.

2.5.7 Effect of residual stresses

Resiclual stresses ¡rlay an important lole in fätigue fäilures by raclicall¡' changing

the rnean stress. Fatigue cracks originate at regions of rnaxirmrm tensile stress ancl

usually at the surfäce of the nretal. An intentionally proclucecl thin surfäce layer

of resiclual compressive stress can greatly enhance the fatigue strength. Moreover,

of great importance for the fätigue behaviour is the residual stress pattern set up

aroltnd local surface irregularities such as fillets, holes, and notches. As a result of

the formation of stress concentration regions around surface irregularities, yielcìing

occttls mnch soonet than in the bulk of the metal. At these locations, high values

of resiclual stresses are confined to a very narïorv region causing the rapicl initiation

of cracks.

The negative evidence of the effect of residual stress on fatigue arises from fatigue
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tests performecl on u'elded structrtres. Obviously, the rvelcling plocess procluces high

residual tensile stresses which result in an aclverse influence on the fatigue strength.

The most spectacula,r irn¡rrovements in fätigue have been achierrecl by slrfãce treat-

rnents such as shot peening, carburizing, ancl nitricling, all of which procluce rnajor

changes in the properties of the materiai clue to the f'orm¿tion of a cornpressive

resiclual stress layer at the surfäce.

2.6 Wind-Induced Fatigue Damage

Wincl gusts are causecl bv mechanical clisturbance to the flow resulting fì'om the

roughness of the gror-rnd surfäce. As such, wincl is consiclerecl a time-varia¡t loacling

which may cause a large nttmber of significant stress fluctuations cluring the typical

life time of towertype stmctures. Stress fluctuations result mainly from the gust

action present in strong winds. The cumulative effect of these fluctuations is of great

importance in the design process.

The common practice of basing clesign wincl velocities on the highest instanta-

neous velocity recorded by some nearby anemometer, usually leacls to conservative

estimates. An alternative method is to use the statistical theory of extreme values

which can predict the average number of years between ïecru'rences of any specifiecl
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wind velocity. As such, clesign wincl velocities coulcl be basecl on the annual maxi-

Intlln value for a nrtmber of years insteacl of relying on one critical measlrrement. In

acldition, the recrtr-rence periocl coulcl be chosen to match the expectecl lifètime of

the structure, and an appropriateiy sma.ller clesign rvincl velocitv coulcl be usecl Lor

rnore ternpolal)' stntctrtres. The chief merits of the statistical ap¡:roach are that it

is realisl,ic and ensrtres that siniiar stmctures are clesignecl to a consistent stanclarcl

of safèt-v.

In 1962, structural r*esponse analysis of ioacls resulting fì'orn rvincl gusts was pio-

neered by DaYeil¡rort using power spectmm techniclLres. The stucly provecl that the

greater ¡rart of the fatigue damage resultecl fì'orn gust components acti¡g at fì.eq*e'-

cies close to the natural freqr-rency of tire strncture. In a previous st¡cly (Davenport

1961), statistical concepts of the stationary time series were usecl to cletermine the

Ìesponse of a simple structure to a turbuient, gusty wincl. Davenport then expanclecl

his investigation to inclucle line-like structures such as suspension briclges, tall masts,

and overhead power transmission lines. General expressions for the I'esponse of such

strnctnres to gusty winds were developecl (Davenport 1962). The stucly pointecl o't

two principal differences in the response of "point" and "line', st.rctures to wincl

gusts' First, a point structure is likely to have only one mocle of vibration, whereas

a line structure is likely to have many mocles. Secondly, a point structnre is only

affected by the velocity fluctuations of the wincl at a point, while for a iine structure,
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the variations of the rvincl velocity acros,s the span are also important. lVloreover,

fäctors which take propel recognition of the dynamic eftêct of wincl on stnrctures

sttch as tall builclings, torvers, and briclges were f'ormulatecl b)' Davenport in Ig67.

An assessrlent of the sensitivit¡z of lattice towers to fätigue incluced by rvincl

gusts u'as stucliecl b¡' Wyatt (19S4). N,Ioreover, the work presentecl by Patel a,ncl

Freath¡'(1984). consiclerecl a methocl of silplifying the analysis procedule of wincl-

indltcecl fatigLre clamage. The pro¡rosecl met]rocl is suitable fbr a first assess¡nent of

fätigue perforrnance, ancl has the advantage of its ability to be presentecl in calcu-

lation sheets ol a com.pr-tter proglarn. It is particrLlarl-v instmctive to express the

main lirnitations of the methocl as pointecl or-rt by its author-s. 'I'hese ale: (1) the

assr-rmptiott of a linear relationship between the stress ancl the wincl fluctuation, (2)

the use of linear S-N cttrves, ancl (3) the manner in which the effects of resonance

are acconnted fbr.

In an attempt to study the dynamic l¡eÌraviour of transmission towers, Jensen

and Folkestad (198a), compared the results of fietd measurements for a Vega trans-

mission tower on an island on the lVest Coast of Norway with results obtainecl

from analytical rvork. The dynamic response of the tower structure was record-

ed by accelerometers placed at the top of the steel mast, and electrical resistance

strain gauges mounted on the concrete reinforcement in the foot of the tower. Strain



gauges wet'e also mounted on the main rnembers at t.he base of the steel mast. The

results rvele hancllecl ancl presented in an easly cornplehensible manner by shorvirrg

the nttntber of vibrations on the diftèrent vibration range levels ancl their time of

occLtrteu.ce. By comparing these recorclings with the corresponding wincl tneasul'e-

ments, the relationship between rvind ancl vibrations coulcl be plotted.

.An e-xanrple of fielcl meastu'ernents f'or translnission tower structtrres wars ex-

pressecl irl the wolli of i\4acke¡' et al. 1974. IìesLrlts g'ere obtainecl f'or a series

of full-scale tests on a fi'ee-stancling latticecl steel tower uncler strong rvincls. The

torn'et rvas ec¡-rippecl with anemorneters at f'oul levels f'or rneasuring horizontal rvincl

velocities. In aclclition, electro-optical tracking systenrs were usecl to rneasure the

clisplacernents at variorts heights. Basecl on actual response records, the structural

characteristics which directly affect the dynamic behaviour of the tower were ob-

tained and compared with theoretical computations. Another example of full-scale

observation of latticecl steei transrnission towers under the action of wind gusts was

studied by Hiramatsu et ai. in 1988. The study investigated the torsional ïesponse

characteristics of steel towers through full-scale observation and analytical estima-

tion.

A study carried out by Lambert et al. (1988), clescribecl full-scale instrumenta-

tion and analysis of tall guyed latticed steel masts. The objective was to correlate
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wincl speecl ancl direction rvith structruai stresses in welcls. The stucl_v outlinecl a

method of preclicting resiclual fatigue life fì'om past meteorological records when

regular inspection is clifficult. It also suggestecl a global way of treating u,incl di-

rection eflêcts by assurning that a clirection fãctor coulcl be nsecl to account f'or the

recluced probaÌtility of rvind blowing in the rnost aclverse direction. N,Ioreover, the

investigation clemonstratecl the fêasibilit_v and value of collecting specific field clata

fì'ont actltal structures. 'Ihese fielcl nleasrLrements provicle trore conficlence ill the

analytical preclictions especially when fätigue is a major c:onsider-ation.

A sirnple relatiouship between the gust lesponse fäctol ancl the fätigr-re cla,nrage

was introclttcecl by l)ionne ancl Davenport (1988). The method provided wincl-

inducecl fãtigue damage estimates fì'om gust fäctors usecl in quasi-static clesign.

Statistical concepts were used to quantify the probability of fatigue failure. Proba.-

bilities of static and fatigue fäilures were related using a relationship between mean

strength and fatigue endurance limit. The final product of the study was presented

by a set of curves relating the frequency to the gust lesponse factor for different

material properties.

In wind loading cocles for buildings, there are no distinct rules or well de-

fined methods fbr estimating fatigue damage of structnrai members due to wind

loading. Although the stochastic nature of wind loads can be best modeled by



variable-amplitucle fätigue loacls, yet there are cliferent methocls available fbr relat-

ing var.iable-amplitLrcle fätigue data to consta,nt-amplitucle clata.

Art extensive labolatory investigation of fätigue effects in rvelclecl steel beams

subjectecl to variable-amplitude loaclings was conducted b¡, Schilling et al. (1978).

The first objective u'as to accluire fatigue clata on rvelclecl bridge rnernbers unclel both

varialtle-arnplitucle loacling ancl rarrclorn secluence stress spectra. Another objective

u,as to clevelop an anal,vtical rnethod of preclicting valiable-arnplitude fätigue be-

haviotLr fì'om constant-arnplitucle fatigue clata. Results obtainecl fì'om the statistical

artall'5is of the test clata clicl not shorv any statisticall), significant cliftêrence ìretween

the constant-amplitucle test clata ancl the transf'ormecl variable-anrplitucle clata.

In general, tra,nsmission line structures are sensitive to clyrramic wind f'orces be-

cause of their flexibility and slenclerness. Wind-inducecl damage results mainly from

hurricanes, tornadoes, and winds associated with thunderstorms. As such, addition-

al knowledge concelning the response and behaviour of large flexible structures to

wind effects could be extremely helpful in producing more economical design of elec-

trical transmission line structures. The paper presented by Mehta (1984), contains

a commentary on wincl-induced damage documentation experiences, and remark-

s on design implications. Photographs of collapsed transmission towers uncler the

influence of wincl forces are shown in Figures 2.3 and 2.4.
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2,7 Fatigue at Low Ternperatures

Fatigue behaviour at lorv temperatnres has receivecl much less attention than

that at r'oom ancl elevatecl temperatures. Comprehensive sumrnaries of S-N fätigue

behaviour of some metals at lorv temperattues were introduced by 'Ieecl (1950), ancl

Forrest (1963). Their prirne objective rn,as to provicle a general trencl f'or long-lifè

fätigue strengths at low tern¡reratures (-40"C1 to -196"C) comparecl to room tern-

.peratttre. Howevet, stress concentration factors were not correlatecl in the stucly.

Spretnak et al. (1951) perf'orrnecl low ternperatnre fätigue tests on notchecl ancl

rtnnotchecl specirnens. The results showed that at short lives, low temperatures are

r.rstrally beneficial to constant arn¡rlitucle unnotched S-N fãtigue behaviour, while at

longer lives, notched fätigue strength are usnally slightly better or simila,r to room

temperature valnes.

In 1935, Boone and Wishart published what appears to be the first papeï on

"Low Temperatr-rre Fatigue". The materials testecl ranged from duralumin to rail

steel ancl cast ilon. Results obtained from the rotating bending fätigue tests conduct-

ed in this study indicated that the endurance limit of all tested materials increased

with a clecrease in temperature. Their work also indicated that the notch sensitivity

as meastlt'ed by the effective stress concentration factor (ratio of fatigue limit of

unnotchecl specimen to fatigue limit of notched specimen) tended to decrease as
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the test temperature was lorvered.

An interesting fèature noticed by Kenneforcl et al. (1960) was that, fbr mild

steel, the notch sensitivitv decreasecl slightly rvith temperature r,vhen testecl rvith

a zel'o rninimnrn stress. bltt increasecl when testecl with a zelo mean stress (fLrl-

ly reversecl stress cycle). Strain-lifè (e-N) low cycle fätigue behaviour stucliect by

Nachtigal (1974). Polák ancl Klesnil (1976), ancl À,Iikukaw¿ et al. (1970), incli-

catecl that long-lifè fatigue resistance increasecl at lorry ternpelatures, n'hile short-lifê

fätigue resistance decreasecl as a result of lorv cluctility ancl low fì'acture tongirness.

The problem of notch sensitivity a,ncl crack grorvth late at low temperature was

studiecl by Read in 1972. Fbur representative sheet rnaterials were testecl (7075 Alu-

minum, Ti-641-4V, Fibre-glass, and Carbon filament reinforced plastics). The study

indicated the existence of a transitional stress intensity fäctor where crack growth

rate was accelerated by lowering the temperature untii that value was reached. Be-

low this value, the reverse seemed to be true.

The Symposium on Fatigue at Low Temperatures (Stephens 1983), sponsored

by the ASTM committees E-9 on Fatigue ancl E-24 on Fracture testing, provides an

important contribution to the overall nnderstanding of the fatigue behaviour at lorv

temperatures. Metal alloys investigated inclucled aluminum, magnesium, titaninm,
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austenitic stainless steel, manganese stainless steel and other steels ancl iron. 'Ihe

tem¡rerature rangecl fì'om 0"C to -269'C.

The preclonlinant subject rnatter of that Volume was fätigue cracl< growth tests

conchtctecl ttncler c<¡nstant-arnplitucle loading colrclitions. The tests rvele carriecl out

tvith diffèrertt specinren configttrations that incluclecl compact type, center crackecl

¡ranel, and bencl s¡recirnens. 'J'he specirneu thickness variecl fronr about 1 to 25 rnnl.

Nloreot,er'. the loacl ratio (/l : P,,¡, I Itu"n,,) rvas prirnarily 0.0 or 0.1 except f'or a

fêw tests at R : 0.35, 0.50, 0.70, ancl 0.80. Loacling frequencies rangecl fì'om 0.00056

Hz to 100 Hz. Crack length rneasttrements were obt¿irrecl either b¡, .rrln* optical

microscopes, or.' by a crack opening clisplacement gauge (COD).

The results of the presented investigations indicated that low temperature fä-

tigue resisiallce was more sensitive to chemical composition and rnicrostructure than

fatigue resistance at room temperature. Factors that directly affect the fatigue per-

formance at low temperatrtres include, ductile / brittle transitions, fracture tough-

ness, and the crystalline structure or microstructure of the tested materiais. As

such, depending on the type of steel materiai, low temperatnres could be beneficial

or cletrimental or had a little influence on the total fatigue tife of a structural com-

ponent.
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2.8 Standards and Specifications Regarding Fatigue of

Steel Structures

Stanclards and Sirecifications for fätigue desigl of steel structures are all ex-

plessecl in the f'orm of S-N cun'es relating the allowable stless range to the total

fätigue lifè of valious ty¡res of stnrcttrral cletails. A brief clescription is given in the

1'ollorving sections.

o CAN/CSA-S16.l-Mea (1ee5)

'Ihe Standa,rcl uses the "stress range" concept fbl cleternrining the fätigue lifê of

a structrtral cietail. 'f'his co¡rcept reflects the results of a conprehensive resealch

project conclucted liy l-isher in the area of fãtigue strength of steel beams (1972

and 1974), states that the difference between the maximum and minimum appliecl

stresses (the stress range) accounts for nearly all the valiations in fätigue lifè f'or

a given steel mernber or detail. The Stanclard provides an extensive list of design

conditions and situations which are gïollped into nine stress ïange categories based

on the shape of the structural detail and the presence of weld.

r LRFD-AISC (1ee3)

In the tlesign of members and connections subjected to repeated variation of

live loacl, the Load and Resistance Factor Design Specification gives consideration
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to the number of stress cycles, the expectecl range of stress, and the type ancl

location of the member or cletail. The Specification classifies ihe loacling conclitions

accorcling to the nttmber of stress cycles which is equivalent to the nunrber of load

ap¡rlications per clay over a specified nurnber of years. It also assigns stress r¿nge

categories basecl on the tvpe ancl location of the rnember ol detail, inclucling two

t1'pes of mechanically fastenecl connections. The design strength of properl¡' tight-

enecl ASTVI 4325 and ,¡\490 bolts subject to tensile fätigr-re loacling is also giveu in

this specification.

o AASHTO Specifications (1989)

The provisions fbr the fãtigue clesign of steel briclge details in the AASHTO

Specifications ale based on a set of S-N culves defining the strength of different

classes of cletaiis. The curves u/ere cleveloped based on an extensive research investi-

gation sponsored by the National Cooperative Highway Research Program (NCHRP

Reports 102 and 147) under the principal supervision of Professor John !V. Fisher

(Fislrer et al. 1970, and Fisher et al. 1974). The testing plogram involved 530

test beams and girders each with two or more details. The experimental program

was statistically clesigned, and was conductecl under controlied conditions so that

the analysis of the test data would reveal the parameters that rvere significant in

clescribing the fatigue behaviour of the test specimens. Three diferent types of steel

were used to study the influence of yield stress on fatigue lifè. The types of steel



used were ASTNI 436, 4441, and 4514. This providecl a la,nge of nominal yielcl

stress that rangecl f}om 248 to 690 N4Pa.

T'he clesign cur*\¡es r,vere clevelopecl fì'om lineal regression analyses of the test clata

using the 95% conficlence lirnits clefining the lorver botncls of the fätigue resistance.

.411 S-N cttn es ltave sirr ilar slo¡res rvith a value of approxirnately -3.0 (Keating

arcl l-isher. 1986).

Different stress lange categories were usecl to classify the fätigue strength of

the cletails usecl in the testing proglarr.. Rollecl bearns rvere usecl to define Clate-

gory A. longituclinal welcls ancl flange splices for Category B, rvelclecl stiffenels ancl

short attachments (50 mm) f'ol CategoÌy C, 100 rnm attacÌrrnents fbr Category D,

covet'plated beams f'or Category E, and thick cover plates and long attachments

for Category E'. The last two Categories (E ancl E') were developed based on an

investigation of the behaviour of full-scale welded bridge attachments by Fisher et

al. i980. The cttrrent AASHTO fatigue design curves are shown in Figure 2.5.

A detailed documentation of other American fatigue test data could be f'ound in

NCHRP Report 286 (I{eating and Fisher, 1986).
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European Convention Constructional Steel W-ork Recommendations

(ECCS, 19s5)

The proposed ECCS fätigr.re strength culves shown in Figure 2.6 are based on

1ätigue test clata obtainecl fì'om cliftêrent sources. The first soru'ce is NCHRP Re-

ports 102 ancl 147 (l'isher et al. 1970, ancl Fisher et al. 1974). The seconcl is a

series of fãtigr-re tests concluctecl in lVest Gernany. Poland, Englancl. ancl Hollancl.

'I'hese tests were sponsorecl ll,r, the Office of lìesearch ancl Experirnents (ORE), of

the International Union of lìaihvays (ORE Report D 86 (1971), ancl OR.B Re-

¡rort D 130 (1974 - 1979).

The ECCS fätigue strength crr..-.ves cliffèr slightly fì'om the AASHTO reqr.rire-

ments. A set of 15 equaily spaced S-N curves on a log-log scale have been usecl to

clefine the fãtigue strength of cletails ranging fì'om base metal to cover plated beam

rnembers. Fatigue test data for a particular structural detail can be compared with

these curves, where a specific curve is chosen to define the fätigue strength of that

detail. As such, uniformity is maintainecl, as there is no need to develop a new cuïve

fbr each new cletail.

At a given number of cycles, the equal vertical spacing between the curves cor-

responds to approximately 10% variation in fatigue strength. For a life range up to
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5 x 106 cycles, the slope of all cur-ves is equal to -3.0. Holvever, at 5 x 106 cycles.

two optiorts ale provicled. The first option cloes not clepend on the type of loading

(constant or variable-anplitude loacling). In that option, the slope of all curves at

5 x 106 cycles changes to -5.0 until 50 x 106 cycles rvhere a cut off is proviclecl to

clefine the fätigue limit. The seconcl option representecl by the solicl lines in F igure

2.6 are stlaight line extensions of the -3.0 slope S-N cun'es. The refêrence 1ätigue

strength is the stress range value coll'esponcling to the fatigLre lifê at 2 x I06 cycles.

In their comprehensive evaluation of fätigr-re test clata ancl clesign criter-ia on

u'elclecl cletails. Keating ancl l'isher (1986), ¡roirtecl ont several sholtconlings f'or the

proposecl ECICIS fatigue culves. These can be surnnrarizecl as follorvs:

The accuracy of using 15 different stress ra,nge categories to define the fätigue

resistance of a structural detail is questionable.

Providing a constant cycle fatigue limit at 5 x 106 cycles for all details is not

compatible with the actual fatigue test data. Test results indicate that the

constant cycle fatigue limit occurs at increasing cycles as the severity of the

detail increases.

The change in slope of all the S-N curves from -3.0 to -5.0 for fatigue resistance

below the constant cycle fatigue limit is not in agreement rvith random vari-

able fätigue results. Test results conducted under variable-amplitucle loacling

1.

2.

ó.
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support the use of the -3.0 slope f'or all stless cycles.

In general, the most significant difference between the ECCS fätigue design

curves as conìpatecl to the .{ASH'I'O curves. is the constant-amplitude fãtigue lim-

its. For stress Categories A through C, the ECCS limits aïe rlore conservative,

while f'or C,'ategories D to E'. the AASHTO lirnits a,re lou,er.

2.9 Fatigue Tests on W-elded Details

Since the acloption of the AASHT'O fãtigue S1>ecifications in 1974, several rrrajor

fätigue stuclies have been carriecl out on sinrilar beam-type specimens. Nloreover,

with the cleveloprnent of fãtigue cocles in cliftèrent countries, the princiiral objec-

tive of the NCHRP Report 286 (Keating and Fisher, 1936) was to compile and

review all available tätigue clata of welded steel details. New sources of data were

compared with the appropriate existing AASHTO fätigue cnrves. This allowed the

re-evaluation of the AASHTO Specifications so that they more accurately reflect

the current state of knowledge.

The database for welded steel bridge details included the originat NCHRP

Reports 102 and 147 data used to develop the current AASHTO fatigue provi-

sions. Other National Cooperative Highway Research Program projects were also



included. The test variables in the stucly were mainly the type of steel, ancl the

stless r..ange. Some stnclies clealt with constant-arnplitucle loacling such as, NCHRP

Reports I9L, 206,, 227. Other sttrdies such as NCHRP Reports 188 ancl 267 clealt

with variable-amplitnde stress cycles.

Þ'atigue test clata on welclecl cletails concluctecl in sevelal countries other than

the Llnitecl St¿tes rvere a,ls<.r r,r'ell clocurnentecl in the NCjHRP lìeport 286 (Keating

ancl I'isher, 19E6). l'hese incluclecl Japa,lese data, OtìE clata, English fätigue clata,

ICO1U fätigue clata (concluctecl b), the Srviss Þ-ecleral Institute of Technology). East

ancl West Gennan clata. ancl Cjanacliall fätigue clata.

Tlie Japanese test data particularly emphasized the size effect ancl its role in the

assessment of fatigue strength. The specimens tested tended to simulate members

of welded box girclers and other welcled joints commonly used in bridge structures.

Three basic types of specimens were empioyed. The fir'st two types were longitudinal

groove welds in flat plates and longitudinal welded box girders. These correspond

to Category B details of the AASHTO code. The third type of specimens included

non-loacl-carrying cruciform and fillet welded joints that were compared to the Cat-

egory C detail. All tests were conducted under constant-amplitude loading. The

results indicated that the AASHTO curves provided a goocl lower bound estimate

of the fätigue resistance.
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The Office of lì.esearch and Experiments (ORB) of the International Union of

Railways carriecl ottt a test program (ORE Report D 130, I974-1979) that involvecl

two types of specimens. The first type includecl stmctulal rnembers and cletails

cornmonly ttsecl in briclges. These specimens were testecl uncler constant-amplitucle

loacling. 'I'he seconcl t¡'pe consistecl mainÌy of simple specirnens that were testecl t<r

iuvestigate the effects of eccentricity ancl variable-arn¡rlitucle loacling ou the fãtigue

strength. Ilr aclclition, box beams with internal cliaphragms ancl transverse groove

welcls were testecl uncler axial loading. Moreover, identical specimens were test-

ecl rtncle.,- both constant-amplitucle ancl spectr-urn loacling to checl< the accuracy of

Palmgren-lVliner cumulative darnage liypothesis f'or fätigue lifè prediction. Because

of the limited nttmber of test data, the regression analysis yielded little useful infbr-

mation. However, the data obtained were suitable f'or checking the current AASHTO

design cltrves, and for providing data not presented by the original cul'ves.

The English fatigue data compiled in the database of fatigue strength of weld-

ed details included two test programs. The first program (Maddox 1982), studied

the effect of improving the fãtigue lives of welded details by shot peening the fillet

weids. Such improvement was more effective on transverse welds than on welds of

longitudinal attachments. In that program, two types of small-scale test specimens

were usecl, a iongitudinal fillet-welcled attachment, and a transverse fillet-welded



attachment. All tests were conductecl uncler constant-amplitucle loading. Results

obtainecl fì'orn transveÌ'se attachments coulcl be compared to Category C of the

AASHTO Specifications. Results fì'om longitudinal attachment specimens were be-

trveen Category E ancl Categoly ]l resistance cnrves.

'Ihe secorcl fãtigue test program (TRIìL 1979) was concelnecl rvith studying

interrnittent fillet welcls. Test specimens usecl were rvelclecl to wicle flange beanrs.

Several va.r'ving welcl gap patterns were studied in the constant rnoment region. 1'he

clifferent rvelcl hit-miss ratios rangecl fi'om 1:1 to I:25. All tests rvere concluctecl nn-

cler coltstant c,vcle loacling. Although test results wele consistent rvith the fätigue

resistanc:e definecl li¡, çor"*ury C, t]re current AASHTO fätigue provisions classif.v

this type of detail as Category E. In general, the use of intermittent welcls shoulcl

not be encouraged for details subjected to cyclic loading. Tliis weld pattern intro-

duces defècts which mainly occur at the weld termination locations.

Fatigue tests conductecl by the Swiss Federai Institute of Technology (ICOM)

dealt with the fatigue life of welded beams with attachments (Hirt and Clisinel 1975;

Ya'mada and Hirt 1982; Smith et al. 1984). In these investigations, fatigue crack

propagation and fatigue crack improvement techniques were studied. All tests were

conductecl under constant-amplitude loacling. Plain weldecl beam test results were

consistent with the Category B resistance curve. The fillet welded rectangular web
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attachment results fèÌl above the Categorv E cnrve. Moreover, results obtainecl fì'om

fiange tip attachrnent specimens rvere also consistent rvith the Category E clesign

curve. In aclclition) sorne flange surfãce attachments rvere also testecl. Their results

fèll between Categories C and I) curves of the AASHTO Specifications.

/'\ research prograrn of fatigue testing of welclecl beams (Berger i982) was con-

cluctecl in conjunction rvith the cleveloprnent of the fãtigue specifications f'or steel

strttctrtres in East Cìerrna,ny. 'f'he test specirnens used were welclecl bearns with clif-

fêrent types of attachments. These inclucled, flange tip attacìrments, flange surface

attachnrents, ancl cover plate cletails. 'Ihe specirnens \l¡ere testecl urrcler constant

cycle loading using trvo diftèrent stress ratios, -1.0 and 0.50. The results were f'ound

to be consistent with the equivalent stress categories definecl by the A¡\SHTO Spec-

ifications f'or the particular types of attachments involved. Basecl on the results of

this investigation, it was also concluded that the stress range concept coulcl be used

in the new edition of the East German steel structures specifications.

In West Germany, the objective of a study carried out by Minner and Seeger

in 1982, was to investigate the applicability of correlating fätigue test resnlts on

small-scale specimens to full-size weldecl beams. The testing program involved the

use of both rolled and welded liigh strength steel beams with yielcl stress values of

448 MPa and 690 MPa. All tests were conducted nncler constant-amplitude loading
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with a stress ratio of 0.10. 'Ihree cliftèrent detail types \\¡ere examinecl: rveb stiffeners

welclecl to flanges, staggerecl welclecl splices, ancl flange butt welcls. 1èst results fèll

significantly below the ecluivalent fätigr-re strength cnrves of the AASHTO Specifica=

tiorts. The main reason f'or the reclucecl fätigue strength r,vas attlibntecl to welcling

cleficiencies.

r'\ stucly on the 1ätigue behaviour of rvelclecl steel eler¡rents in Canacla rvas initi-

atecl bv Conreau and Kulak in 1979. Trvo types of web attachnrents u'ere stucliecl:

plates intersecting the web plate, ancl gusset plate details usecl f'or lateral bracing

of ltriclge beanrs. The test data fbl the long web plate attachrnents were il goocl

agreement rvith the Category E resistance cruve. IVloreover, the web gusset plate

results rvere consistent with the Category D curve of the Ar\SHTO Specifications.

A second testing program (Baker and Kulak 1984) was conclucted in order to

examine the effect of backing bars on the fätigue strength of transversely loaded

Sroove welds. Only one simple plate specimen configuration was tested. The results

obtained fell between the Category B and C curves. Category C provicled a Lower

bound to the test data.

Basecl on the previous review, Keating and Fisher (1986), proposed a revisecl set

of fätigue clesign curves that better estimate the fatigue resistance of welded steel
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bridge cletails. The proposecl new curves cliffer slightly from the AASHTO curves

in that the-v all have a constant slope of -3.0. It was concludecl that the ploposecl

cttr-.ves woulcl ltetter reflect the results obtainecl fì'om the expancled fätigr-re database.

In aclclition, the proposed set of cun,es wolrlcl be consistent with fatigue resistance

culves usecl in other countries.

A stucly to evalrtate clistortion-inchLcecl fãtigue cracking in the rvebs of steel

bridge girclers was perf'onnecl b.y F-ishel et al. in 1990. It proviclecl a cletaiiecl revielr,

of past fielcl measnrements unclertaken on a variet)'of briclges that hacl experiencecl

fätigLre cracking as a result of web gap clistortion. The types of structules covelecl

in the review includecl gircler-floor-beam briclges. multigircler briclges, box gircler

blidges, ancl tiecl-arch bridges rvith box girder tension ties. The investigation incli-

catecl that the welded connections were moïe resistant to web gap distortion than

boltecl connections. In adclition, recommendations were providecl for changes to the

AASHTO provisions for the clesign of end connections of stringers ancl floorbea,ms.

z.LO Fatigue Data on Cold-Formed Steel Sections

In 1981, Klippstein stucliecl the fatigue behaviour of sheet-steel fãbrication cle-

tails. He presented the test resuits of 24 beam specimens consisting of colcl-f'ormecl
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back-to-back chartnels ancl welded I-beams. It was concluclecl that the conservative

fätigue-clesign curves used for plate-steel fäbrication details can also be usecl f'ol the

fãtigue clesign of sheet-steel cletails. Research carriecl out by Lillertini et al. (i977)

has revealecl that colcl-working of sheet-steel can improve the large cycle fãtigue

resistance, l¡ut mav result in the clegraclation of small cycle faiigue resistance.
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Table 2.1

Safety Factors Specifred for Fatigue Design.
(Civil Aeronautics Manual, 1959)

Minimum Number (Applied Stress Level)

of Test Specimens (Critical Stress Level)

2.O0

1.10

1.25

1.50

3

2
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Figure 2.3: Collapse of Transmission

(Mehta, 1984)

Tower Dne to lVind Forces.

Figure 2.4: Damage of Lattice Lighting-Torver. (Nfehta. 1gS4)
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CHAPTER 3

Experimental Program

3.L Scope and Design Variables

The priure objective of the experimental prograrn rvas to investigate the fatigue

behavioul of full-size colcl-1'ormecl steel members typical of those usecl f'or construct-

ing transrnission torvers. ,¡\ totai of 52 constant-arnplitucle axial fätigue tests were

perf'ormecl nnder loacl-controllecl conclitions u'ith a loacl ratio of -1.0 (firlly reversecl

loacl cycle). The loading fì'equency rangecl fì'om 1 Hz to 2.5 Hz clepending on the

stroke level of the test specimen. The experimental program involved the use of five

cross sectional shapes as shown in l-igure 3.1. The avelage section dimensions fbr

each shape are listecl in Table 3.i. The recorded values of the thickness (measured

by a micrometer) are f'or the base metal with the galvanizing thickness deducted.

One set of specimens (42 specimens) were produced by SAE in Italy using

ASTM 4715 Grade 60 steel with a minimum specifiecl yielcl stress of 415 MPa. The

other set of specimens (10 specimens) were fabricated'in Canacla using CAN/CSA-

G40.21-M 300\,V steei with specifiecl yield stress of 300 MPa. Table 3.2 lists the
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Ì'esults of tension tests performecl at room temperatule (- 25"C) on galvanizecl and

ungalvanized stanclarcl coupons cut fi'om flat portions of the specimens. The results

obtainecl fì'om tests on ungah,anizecl A7t5 and G40.21 steel specimens confirmecl

the rninirnurn specified yielcl strength values of 415 MPa ancl 300 lVlPa respectively.

'f he specifiecl thic:kness of the ,¿\715 steel t'or the channel specirnens (BN section)

rvas 5.0 rnm, a,n{l f'ol all <¡ther sha¡res the specifiecl thicliness was 4.0 nlln. }br the

G40.21-Ciracle 300W steel the specifiecl thickness f'or the channe-l specimens (HBN

section) was 5.0 rnm. The section properties t'or each shape are listed in Table 3.3.

I'hese properties are basecl on the a\/elage recorclecl clinrensions fbr each closs secì-

tional shape rvith the galvanizing thicliness clecluctecl.

The specimens were tested at two clifferent temperature levels, subfì'eezing tem-

perature of -50"C and room temperature (- 25'C). Table 3.4 gives a detailed

summary of the number of fatigue tests performed for each cross section, test tem-

peratnres, steel material types involvecl in the investigation, and the nominal slen-

derness ratios of the specimens. AII specimens were supported at the encls through

boltecl connections and were testecl until fatigue cracking occurrecl. Some tests were

cliscontinuecl after the specimen exceeded the level of 106 cycles.
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Prior to fätigrte tests. static tension tests rvere perf'ornrecl on singly symmet-

ric sections connected through one leg (9Oo-angle, 60o-angle. and lipped angle

sections). These tests u'ere concluctecl to cletelrnine the ultimate tensile capacities

of the sec:tions at room ternperatule, ancl to correlate the results u,ith those obtainecl

fì'om theoretical finite element analysis. Percentages of the obtainecl ultinrate ca-

pacities (= I7% to 60%) were later usecl in fätigue testing of the specirnens.

3.2 Specimen Description and ldentification

All fãtigue test speciinens wer'e galvanizecl, ancl their total iength rvas 1500 mm.

Holes of 17.5 mrn (11/16") cliameter were clrillecl at the ends of the specirnens to

connect it witir Lhe I2.7 mm (Ifz" ) thick gusset plate through the use of prop-

eriy tightened ASTM 4490 structural bolts of 15.9 mm (5/8') diameter. Actual

dirnensions of each specimen together with out-of-plane and imperfèction measrue-

ments were recorded in a pre-test observation sheet. Other inf'ormation regarding

the thickness and surface finish of the galvanizing coating, and the presence of initial

flaws or defects were also included in the observation sheet.

A three-character designation system was used to identify test specimens ancl

their category. The first character identifies the shape of the specimen as follows:
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BA f'or plain 9Oo-angles, BC f'or'60o-angles, BB f'or lippecl angles, BG f'or T-

shapecl sections, ancl BN f'or back-to-back ch¿nnels section. The seconcl character

is tlre nominal slendemess ratio of the section n*,_,. The thircl character refers to

the number of the test specimen within its category. Specimens fäbricated using

steel ty¡re CfAN/CSA-G.10.21-M 300W u,ere iclentifiecl by a letter H preceding the

identifi'ing numl¡er.

3.3 Experimental Test Setups

Two test setttps rvere enployecl irr this stucly. The first setup rvas nsecl in asso-

ciation with a Universal iVITS testing rnachine of 5000 kN capacity. Horvever, the

second test setup was mounted insicle an MTS-1000 kN capacity Universal testing

machine, ancl was used only fbr testing back-to-back channels sections at room tem-

perature (- 25"C). Pictures of the test setups are shown in Figures 3.2 ancl 3.3

respectively. Detailed explanation of these setnps are given in the fbllolving subsec-

tions.

3.3.1 Test setup # 1

A schematic representation of test setup ff 1 is illustrated in Figure 3.4. It mainly

consisted of a colcl chamber which could easily achieve and maintain a temperature
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of -50'C. The charnbel was trounted on a rnobile table to provide easy access in ancl

out of the NITS-5000 kN testing machine. The cold chamber hacl circular holes at its

top ancl ltottom encls in order to allorv steel exterrsion pipes rvith outside diameter

of 168 rnm (6å") ond lvall thickness of 14 mnr (*9") to pass through. The upper

extension pipe was welcled on one encl to a 19 mm (i") thi.t ¡rlate, ancl the other

encl was weldecl to a steel pipe cap whose cletails are illustlatecl in Figure 3.5. ¡\ hole

of 76 rnrn (3") cliaurete¡ was threaclecl into the pipe cap vvhele a rnatchirrg threaclecl

high alloy steel rocl of the sarne diarneter u,as usecl to connect the pipe cap to a

loacl cell of 1000 kN capacit¡z ¿s sþe1a'n in Figure 3.6. A similar steel rocl was used

to connec:t the loacl cell to the 102 rnrn (4") thick upper plate of the N,ITS-5000 kN

capacit¡' testing urachine. Loacl cell rings were usecl to tighten and untighten the

uppel grip system.

Two lower grip systems were used with test setup f 1. The first system was

employed for testing the plain 90o-angle and the 60o-angle sections. The maximnm

alternating fatigue load applied r.rsing this system was * 110 kN. The second system

was used for alternating fätigue loads ranging from * 120 kN to * 350 kN. Figure

3.7 shows the first lorver grip system wliich resembles the upper grip system except

that the lower plate of the MTS machine was only 38 mm (1 å") thick compared to

102 mm (4") thick upper plate.
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'Ihe second lower grip system usecl with test setup f 1 is shown in Figure 3.8.

The lower plate of the NIT'S rnachine was rerno\€d, and the pipe cap was rvelclecl to

a 89 mm (3 +") thick plate using 25 mm (2") size fillet rvelcl. This plate was then

grippecl ttsing the hydraulic wedge grip system of the MTS rnachine. In aclclition.

a new plate was u'eldecl to the top of the extension pipe. This plate hacl a total

of eiglrt threaclecl holes rryith diameter of 19 mrn (Ì") or shown in sectiot¿ A-A of

Figure 3.8' Eight ASTl\'l 4325 stmctural bolts of 19 rnrn (ll") .liotn"ter rvere usecl

fbr this corurection.

3.3.2 Test setup # 2

This setrqt was usecl fbr testing a total of ten back-to-back channel specirnens at

room temperature. Five of those were fabricated from ASTM 4715 Gracle 60 steel,

whereas, the other five were fabricated from CAN/CSA-G40.21-M 300\,V steel. The

test setup was mounted inside an MTS-1000 kN capacity Universal testing machine

as illustrated in Figure 3.9. The cyclic loading freqr-rencies for this group of tests

ranged from 1.56 Hz to 2.60 Hz, and the alternating fätigue loacls ranged from + 150

kN to + 375 kN.

Eight high strength bolts were usecl to connect the 1000 kN capacity loacl cell to

a circular plate of 308 mm (i2 å') diameter and 146 mm (5 f ") thickness. Another
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eiglrt lrigh strength bolts of 25.4 mm (1") cliarneter ancl 229 mnt (9") length were

rtsed to connect the circular plate to a 76 rnm (3") thick rectangular plate whose

details are shown in Figure 3.10. Such asseinbly of plates were clesigned to ensure

an even distribution of the load fi'om the actuator c¡f the testing rnachine to the

specirnen. ancl to prevent any localized fäilure of l,he connection.

'Ihe bottom part of the test setu¡r is composecl of a 51 r¡rrn (2") thick rectangu-

lar plate attachecl to the rigicl floor through the use of six high strength Allan-Heacl

bolts of 25.4 mm (1") cliarneter. Both the top ancl bottom plates ( 76 mrn or 3"

tlrick) were connectecl to stiffe¡recl angles placecl bacli-to-bacli a,ncl sepalatecl by I2.7

mm (j") gLrsset plate. Figure 3.11 gives cletailecl dimensions of the stiffenecl top

angles used with this test setup.

3.4 End Connections

The end connections were designed to simulate actual conditions experienced

in transmission tower construction. ASTM 4490 structurai bolts of 16 mm (t")

diameter were used to connect the specimen to the L2.7 rnrn (]") tnict gusset plate.

The number of bolts used for each shape rvas determinecl by preliminary capacity

calculations based on the level of the applied fatigue load.
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In order to ensttre fliction type (siip-critical) connections during cyclic loacl-

ing, all bolts were pro¡rerly tightenecl using the turn-of'-nut methocl according to

the AST1VI Sirecifications for Stmctural Joints Using 4325 ol 4490 Bolts (1938).

lVhen properly irnplertrentecl, tr.rrn-of-nut methocl provides rrore lrnifonn tension in

the bolts than cl<¡es the torque-corttrollecl tensioling rnethocl because it is prirnarily

clel;enclent r.rlron bolt elongation into the inelastic rarìge.

For the pur'pose of accommodating the variety of colcl-fbrmecl section shapes

usecl in this investigation, several types of encl su¡rports were ernployecl. The exper'-

irnental proglarn inrrohrecl the use of six clifferent connection types (4, B, C, D, E,

and F) fbr test setup ff 1, and one connection detail (Typ" G) f'or test setup f 2.

Table 3.5 illustrates the type of connection usecl with each test series, the number

of specimens tested,, and the test setup type.

In connecting singly symmetric sections (90o-angle, 60o-angle, and lipped angle

sections), a channel extension was connected to the gusset plate as shown in Figure

3.12. This extension was used in order to allow fbr easy replacement and to min-

imize the event of damage for the gusset plate. Connection types A and B were

used for testing singly symmetric sections connected through one leg as shorvn in

Figures 3.13 ancl 3.14 respectively. However, for angles connected through both legs,



connection types C and D were utilizecl. I)etails of these connections ar-e illustrated

in Figures 3.15 and 3.16. The lug angle usecl for transmitting the load was a plain

rollecl section (76 x76 x 9.5 rnm or 3 x 3 * Ê") f'or the case of the 90o-angle ancl

the lipped angle sections. A built-r-rp angle was usecl to accommodate the 60o-angle

section as shown in Figure 3.16. For this particular section, the bolts u,ere placecl

in a staggarcl orientation because of t]re clifficr-rlt¡' of placing any two l¡olts on one

horizontal lile.

The gusset plate used to connect the T-shaped (BG) section is shown in Figure

3.17. Three bolts were usecl to connect the wel¡s of the section to the gusset plate.

À4oleover, clip angles were usecl to connect the flanges of the section to the gusset

plate r-rsing two bolts f'or each flange. Due to the long fla,nge lips of the section, the

web holes could not be drilled in the center of gravity of the section. This resulted in

eccentrically applied loads which caused several fäilures at the bottom weld section

of the connection.

Connection type F was used in testing five back-to-back channels sections at

a temperature of -50"C. Four vertical angles were welded to both the gusset plate

and the base plate as shown in Figure 3.18. These angles were used to stiffen the

gusset plate ancl strengthen the horizontal bottom welcl section of the connection.
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Tlre top and bottom connections usecl rvith test setup ff 2 are shown in Figures

3.19 ancl 3.20 respectively. For these connections. back-to-back stiflèned angles were

ttsecl to connect the gr-rsset plate to the base plate through the use of AST1VI 4490

structural bolts of 25.4 mrn (1") diameter. A pictureof the top connection is shown

in Figure 3.21. In aclclition, f'our vertically orientecl angles were usecl rvith each

connection (top ancl bottom) to stiffen the gusset plate ancl plevent it fi'om bencling

at the encl section.

3.5 fnstrumentation

The instrumentation rnainly consisted of five Linear Va,riable Differential Trans-

ducers (LVDT's). Four of these were horizontally oriented ai the micl-height section

of the specimen to recorcl the lateral clisplacements. The fifth LVDT was located at

the bottom end of the specimen in a vertical position to measure any relative dis-

placement between the gusset plate and the specimen. In testing some back-to-back

channels sections, the fifth LVDT was mounted horizontally at the bottom end of

the specimen in order to record the lateral movement of the flange tips during cyclic

ioading. Figure 3.22 illustrates the locations of the LVDT's for the various cross

sections.
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Electrical resistance strain gauges with 5mm gauge length, and 350 f,) resistance,

wele rnountecl on the test specirnen at the top ancl bottom connections as shown in

Figure 3.23. These gauges were usecl to nronitor the cyclic stress strain behaviour-at

several intervals <¡f the fätigue lifê. The veltical centerline of the gauges was locatecl

25 mrn apart fi'orn the center of the encl hole. However', the horizontal centerline of

the gauges lvas coincicling with the extrenúty of the encl hole of the specimen u,here

rnost fãtiglre failures occullecl. Consiclering the 60o-angle section, several failures

rvere obsen'ed at a horizontal plane 60 mm apart fì'om the nricl-height section of the

specimen. Consec¡,rently, strain gauges rvere pla,cecl at that hot spot location.

An a,mplifier was usecl in conjurrction rvith the strain gauges to elirninate any

noise in the signal. Moreover, the test tenrperature was continuously rnonitorecl

through the use of a thermocouple attached directly to the specimen. The data was

recorded through the nse of an automatic data acquisition system.

3.6 Test Procedures

Fatigue test procedures could be summarized in the following sequence:

l. The average climensions of each specimen was accru'ately recordecl together

with out-of'-straightness and initial imperf'ections. In addition, locations of
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2.

irregular surfäce conditions, ancl visually apparent clefècts were also incluclecl

in the observation sheet of the specimen.

Blectrical resistance strain gauges wel'e rnorrntecl on the test specimen at the

top ancl bottom connections to monitor the cyclic stress strain behaviour. An

amplifier- was usecl in conjunction with the gauges to elirrrinate any noise in

the signal.

'-L'he s¡recinrel was vertically alignecl in the testing rnachiue as shown in Figure

3.24.

l-our Linear Variable Displacernent 'l'ransclucers (LVD'l"s) rn'ere placecl at the

rnicl-height section to recorcl the translations ancl rotations cluring cyclic: loacl-

ing. A fifth transdttcer was vertically rnonntecl at the specimen's encl to record

any relative displacement between the gnsset plate and the specimen as illus-

trated in Figure 3.25.

A triangr-rlar load-control test ploglam with load ratio of -l was prepared

using a Microprofiler built inside tlie MTS machine. The obtained signal was

checked using an electronic osscillioscope before hydraulic was applied to the

testing machine.

The test data were recorded through the use of an automatic Data Acquisition

system. (Valiclyne UPC 607 A/D)

.).

,lt.

5.

6.
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7' For low temperature tests, the specimen's tenper-ature was continuously

monitorecl by a ihermocouple. Assnrance was rnacle that the test u,oulcl never.

start bef'ore a steacly ternpelature of -50oC hacl been maintainecl.
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Section

Table 8.1

Average Measured Cross Sectional Dimensions

BA

HBA

BC

HBC

BB

HBB

BG

BN

HBN

A

71.23

70.70

83.40

86.40

83.60

78.90

52.60

74.70

66.00

Dimensions (mm)

B'

63.28

61.90

65.50

70.40

64.70

ô2.10

131 .70

112.10

106.10

B1

Cross sectional shapes are shown in Figure 3.1.

c

51.00

46.00

S

52.30

30.80

24.70

14.50

4.00

4.30

6.50

4.75

5.23

3.98

6.80

6.85

5.50

15.50

24.40

3.95

4.50

4.00

4.50

4.22

4.42

4-20

5.00

4.50

13.60

12.70

12.70



Table 3.2

Tensile Strength (MPa)

Section
Specified
Strength

Coupon Yield Strength

Galvanized Ungalvanized

BA

BC

BB

BG

BN

HBA

415

415

415

415

469

477

445

438

481

409

415

424

434

418

419

434

289

315HBC

HBB

HBN

418

401

311

290

300

300

300

300

300

u Cro., sectional shapes are shown in Figure 3.1,
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Section a

BA
HBA
BC
HBC
BB
HBB
BG
BN
HBN

mm

Table 3.3

Average Section Properties

lx
34

10 mm

530

603

595

700

787

822

1925

2564

2300

434

481

346

423

1132

942
3377

51 15

3966

ly
34

10 mm

a
Cross sectional

9B

112

201

260

327

327

331 I
4395

3850

J

4
mm

shapes are shown in Figure 3.1.

2759

4073

3173

4725

5174

5353

1 0266

21 368

1 5531

CW

6
mm

0.00

0.00

0.00

0.00

331

190

3604

4354

5538

rx

mm

28.6

28.2

24.1

24.6

37.9

33.8

41.9

44.7

41.5

ry

mm

13.6

13.6

18.4

19.3

20.4

20.0

41.5

41_5

40.9



Section

(oÈ

Table 3.4

Number of Fatigue Test Specimens

ASTM
A 715
Grade 60

BA

Th.= 4 mm

ROOM TEMP.

TEMP. -50 C

CAN / CSA
G 40.21-M
300w

No. Length
(mm)

BC

Th.= 4 mm

19" lsoo

ROOM TEMP.

TEMP. -50 C

Nominal Slenderness Ratio
(ur)

No. Length
(mm)

Three specimens were tested with both legs connected.

No. of specimens for "BN" and "HBN" sections refers to a section composed of 2 channels.

BB

c
Th.= 4 mm

a13 1500

No. Length
(mm)

TOTAL = 42

109

1 500

Th.= 4 mm

No. Length
(mm)

BNO

It
Th.= 5 mm

TOTAL = 1 0

81

1 500

No. Length
(mm)

70

1 500

HBN 5 1500

HBN 5 1500

36 36-37



90o- angle section
60o- angle section
Lipped angle section

90o- angle section
60o- angle section
Lipped angle section

T - Shaped section

Back-to-Back Channel
Back{o-Back Channel
Back{o-Back Channel

Table 3.5

Type of Connection Used with Each Test Series

Test Series

(BA) (One leg connected)
(BC) (One leg connected)
(BB) (One leg connected)

(BA) (Both
(BC) (Both

(BB) (Both

(BG)

section (BN)
section (HBN)
section (HBN) a

This series of tests
All other tests were

Steel Type

legs connected)
legs connected)
legs connected)

Number of
Specimens

were conducted at - S0oC.
conducted at room temperature (2S 

oC)

ASTM A715
Grade 60

10

10
5

Test
Setup

3

3

3

CAN / CSA
G40.21-M 300 W

#1
#1
#1

#1
#1
#1

#1

#2
#2
#1

Connection
Type

A
A
B

5

5

5

c
c
D

G-Top

G-Top
&

&

F

G-Bottom

G-Bottom
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. Bt

BC an.r IIBC

v
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BN an.l EBN

BA ancl HBA
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Figure 3.1 : Nominal Cross Sectional Dimensions.
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Figule 3.2: Fatigue Test Setup f l
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b-igure 3.3: Fal,igue Test Setr-rp f 2.
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Cooling Chamber
(101.6 mm th. insulating materiat)
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Schematic of Fatigue Test Set-up # 1
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168.30 \ / I ,/ 139.70

I

I

I
L

Weld size = 14 mm

Threaded Depth = 2.291 mm

lnside Diameter = 7t.914 rt

()
ñ7-to)=
:1

Threaded portion 76.20 mm Diam.
12 Track per inch

Figure 3.5 : Pipe Cap Detail for Test Setup # 1.
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P1.101.60 mm th. \

-------------\ 
\

u..uorrf \
38.10 mm''1. L+

Threaded High Alloy Steel
76.20 mm Diam. & 228.60

Rods
mm length

Load Cell Rings

Load Cell (1000 kN Capacity)

Cold Chamber
(lnsulating Material 101.60 mm th.)

PL. 200 x 300 x 19.05 mm th.

Test Specimen
(Total Length = 1500 mm)

Pipe Cap
(Details shown in Figure 3.5 )

Weld Size = 14 mm

Upper Extension Pipe
'168.30 mm O. Dia. & 14.30 mm th.

Figure 3.6: Upper Grip System for Test Setup # 1.
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ïest Specimen

Cooling Chamber
lnsulating Material (10'1.6 mm th.)
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Lower Extension pipe
168.3 mm O. Diam. & i4.30 mm th.
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Figure 3.7 : First Lower Grip system used with rest setup # 1.
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Test Specimen

Cooling Chamber
lnsulating Material ('101.6 mm th.)

Lower Extension pipe

168.3 mm O. Diam. & 14.30 mm th.
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Figure 3.8

Hydraulic Wedge Grip System

weld s¡ze = 14 mm

SEC. A-A
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Second Lower Grip System Used with Test Setup # 1.
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l$lu rsl$l

Load Cell Rings

Circular PL. 146.05 mm th.
(Diam. = 307.80 mm)

Angle 101.6 x 152.4 x 12.7
(Details shown in 3.1 1)

ttl

Gusset PL. 12.7 mm th.

Test specimen
(Total Length = 1500 mm)

PL. 533.4 x 533.4 x 50.8

Load Cell (1000 kN Capacity)

Top PL. 76.2 mm th.
(Details shown in Figure 3.10 )

Angle 63.5 x 63.5 x 9.53

101.6 x 101.6x12.7

Figure 3.9 : Schematic of Fatigue Test Setup # 2
Used with the 1000 kN- MTS Testing Machine.
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Threaded Hole 25.4 mm Diam.

88.90 88.90 82.55

Figure 3.10 : Details of Top Plate Used with Test Setup # 2.
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P1.19.05 mm Th.

Angle 101.6 x 152.4 x 12.7
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Figure 3.11 : Details of Top Angles Used with Test Setup # 2.
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Figure 3.12: Encl Connection Usecl fbr Testing Sin.qly Symrnetric Sections.
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Load Cell (1000 kN capacity)

Circular PL. 146.05 mm lh-

Top PL. 76.2 mm th.

(Details shown in Fig.3.10)
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Figr-Lre 3.21: End Cionnection Usecl f'or 1'esting Bacl<-to-Bacli Channel Sections.
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CHAPTER, 4

Experimental Test Results and Evaluation of

Fatigue Strength

4.L Introduction

The overall objective of the this stucly lvas the clevelopment of mathematical

clesign relationships that could define the fätigue strengtir of colcl-f'ormecl steel mern-

bers. This objective was accompiished through an extensive experirnental program

that permittecl the f'ormulation of mathematical relationships between the fatigue

strength arld the total fatigr-re life for the various cÌoss sectional shapes involvecl in

the investigation.

In this chapter, the results of the experimental work aÌe summarizecl for the

different parameters involvecl in the testing plogram. Each cross sectional shape

was first examined in terms of cracl< initiation and growth patterns. Following that
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stage, the stress strain .response ancl the hysteresis behaviour of the sections were

discussecl. In adclition, a,n evaluation of fätigue strength relationships was perf'ormecl

for tìre variotts cross sections. Pinally, comparisons were macle nith current fätigue

design guiclelines of North American standarcls.

4.2 Static Tension Tests

Prior to fãtigue testing, a total of 5 tests were perf'onnecl on singly syrnmetric

sections (plain 90o-angle [BA], 60"-angle [BC], ancl lippecl angle [BB] sections)

to cleterrnile their ultimate tensile capacities at roon ternperatule (- 25"C). Loacl

rati<¡s of the obtainecl capacities (I7% to 60%) u'ere later used in fätigue testing of

the specimens.

Figures 4.1 to 4.10 give the results of the static tension tests in the form of two

Sroups of cttrves. The first group relates the ultimate tensile capacity of the section

(kN) to the longitudinal strains. A minimum of three strain gauges were usecl for

each specimen. The first gauge (Gi) was monnted 25 mm apart from the vertical

centerline of the end hole. The second gauge (G2) was placecl on the cnrvecl por-

tion of the section on tÌre same holizontal plane of G1. The thircl strain gauge was

mounted on the extension of the veltical bolt line of the connected leg at the micl-
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height location of the rnember. The seconcl grotqr of curves expïess the relationship

bets'een the applied ioad (kN) ancl the corresponcling vertical cleflection (stroke in

mm) as recorclecl by the testing nrachine.

For ail specirnens, fäilure was observed to occnl at the net section clue to the

I)lesence of high stress concentrations. A through crack originatecl at the encl hole

locati<¡n a,ncl sta,rtecl to proceecl torvards the unstiffènecl portion of the cross section.

lVhen the crack r-eachecl strain gauge GI. t]re meurber cross sec:tion hacl been re-

clucecl irt atea, a¡rci the crack growth pattern had become highly progressive causing

the net section fãilure of the ulernber. A sunrmary of the static tensiolr test results

is given in Table 4.I.

4.3 Crack Initiation and Growth

In general, initiation and growth of fatigue cracks a.re most likely to occur in

areas subjected to high tensile stress ranges, and where initial flaws or cliscontinu-

ities exist. These specified locations are characterized by the presence of high stress

concentrations which provide a favourable condition for crack growth.
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The high tensile stress range is brought about by the combination of two

effects. One is the geometrical stress concentration producecl by the presence of

the cliscontinuity which magnifies the no¡nina,l stress clue to loacling. Ihe seconcl ef'-

fèct is attributecl to the plesence of residual tensile stress fielcl at the encl hole zone

of the test specimen. The combinecl effect of having residlral tensile stresses ancl the

stresses cltre to appliecl repeatecl loacls is a tension-tension stress r¿ìnge at the regio¡

of the clisc:ontilluitv, even in cases of nominal stress leversals. Fatigue craclis rvere

observecl clurirtg tension artcl complession cycles, but the continueclplogressive crack

grorvth was observecl only in tension cycles. In acldition, all cracks rvere observecl to

propagate in a clirection perpencliculal to the irrinci¡ral tensile stress .

o 90"-angle section (BA) (Tested at room temperature - 2boC)

For specimens connected through one leg, three different mocles of crack propa-

gation were observecl. The first mode causecl net section failure of the section and

was observed for specimens BA-109-3, BA-109-5, and BA-109-6. The fätigue crack

was observed to originate from a point on the circumference of the end hole. As

shown in Figure 4.11, the plane of the crack was forming an angle that rangecl

from 28o to 32 with respect to the vertical plane of the meml¡er. When this

crack reached the edge of the stress concentration zone surrounding the encl hole, a

noticeable change in its direction was observed. Following that stage, a graclual crack
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Slowth took place in a horizontal clirection towarcls the fì'ee eclge of the section. The

significant change in the direction of the clack is attributecl to the corresponcling

change in the clirection of the principal tensile stresses between the region of high

stress concentlations (encl hole zone), and the surlouncling region.

h the sarlle tnattller, a seconcl crack n,as ol)servecl to originate fì'on another point

on the circr.tntfèrence of tlte end hole. 'I'he plane of the cracÌi was inciinecl by an

algle that rangecl fì'on 58o to 62' with respect to the vertical plane of the lrer¡ber.

In general, it r'vas observed that crack initiati<¡n planes rvere always perpenclicular

to each other as eviclent ir Figure 4.11.

1'he seconcl mode of crack growth resultecl in block shear fäilures for specimens

BA-109-4, BA-109-9, and BA-109-8. These failures were observecl to occur in

association with the three highest cyclic load levels used for testing this series of

specimens (+ 75, + 80, and * 90 kN respectively). Figure a.I2(a) illustrates the

first type of block shear failure. A fatigue crack originatecl from the extremity of

the end hole and continued to grow under cyclic loacling in a direction tirat formecl

- 30o witir the vertical (longitudinal) plane of the member. This stage was followecl

by a sharp change in the plane of the crack to proceecl horizontally towarcls tÌre free

edge of the section as was the case for the first mocle of crack growth. However,

the seconcl crack was observed to propagate in a vertical plane through the net
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section until complete separation of part of the section was witnessecl as shown in

Figure a.12(a).

Another biock shear mocle of fäilure is shown in Þ'igure 4.12(b). The horizontal

ancl vertical cracks were observed to f'ollow the outer eclge of the stress conce'tration

zolle sttr'l'ouncling the holes. Such stress concentratio¡ was clle to the ¡;resence of

high tensile f'orces in the bolts (- i03 kN/liolt) to ensure fì'iction type connectiou

cluring cyclic loacling.

The thircl rnc¡cle of crack growth was <¡l¡sen,ecl f'or specimens BA-10g-2, ancl B¡\-

109-7. Gross section failures rvere r¡bservecl f'or these specirnens as shown in Þ-igLrre

4.13. Millscale surface irregularities ancl the presence of initial flaws rnight have

inclucecl the critical condition of crack initiation for these specimens.

For 90o-angle sections connected through both legs, fatigue cracks were founcl

to initiate from two surface points located at the edge of the encl hoie as shown in

Figure 4'14. The first fatigue crack was observecl to propagate towarcls the free eclge

of the section. During the crack propagation stage of this crack, a second crack

startecl propagating in an opposite direction towarcls the seconcl connected leg of

the specimen. As the first crack approachecl the eclge of the member, the rate of

crack growth in the second connected leg became extremely progressive leacling to
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the net section fãilule of the meml¡er as illustratecl in Þ-igure 4.14.

e 60"-angle section (BC) (1.ested at roorn temperature - 25oC)

Fbr specirnelr.s colìnectecl through one leg, three modes of crack initiation ancl

growth rvere observecl. 'I'he fatigue crack propagation stage f'or all testecl specirnens

of this series hacl one trtajor conlrnon f'eature: craclis initiatecl ancl grew fì.orn the

loacl-carrying leg in a plane pelpenclicular to the vertical (longituclinal) plane of the

rnenrber. trbur out of ten specimens f'ollorvecl a crack propagation path similar to

the first nocle of the 90o-angle section connectecl through one leg. Horvever, the

clirection of principal stresses were clifferent fbr both sections. Fatigue cracks origi-

natecl fì'om trv<¡ points ott the edge of the encl hole ancl grew in sepalate planes, each

one perPelrclicular to the direction of the principal stress at that point. Net section

fäilures fbr this test series are shown in Figure 4.1b.

The second mode of crack growth was sirnilar to the third mode of the g0o-

angle section connected through one leg. For specimens BC-81-3 ancl BC-81-7,

fatigue cracks followed the path of the outer edge of the stress concentration zone

surrounding the region of the discontinuity as illustrated in Figure 4.16. Crack

initiation points are usually characterized by the presence of initial micro-flaws or

any other type of surface irregularities.
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The third type of crack initiation was primarily clue to the presence of a¡ en-

graved letter at the back sicle of the loacl-carrying leg of the member. Consequently,

the existence of srtch notch at 60 mm fì'om the rnicl-height plane of the specimen

proviclecl a fävourable conclition for fätigue crack initiation at that particular loca-

tion. Iclentical mocles of gross section failures rvere observecl f'or t]rree specimens in

tliis test series. F'igure 4.17 shows the engraved letter at the bacli sicle of a tl,pical

60o-angle secti<¡n.

In corrnecting the specimens through both legs. bolts were orientecl in a staggarcl

position as shorvrl in I'igure 4.18. Cìross section fäilures rvere ollservecl to occur at a

holizontal plane 60 nrrn apart fì'om the micl-height section of the mernber. Craclis

originally ilitiatecl frorn an engravecl lettel at the back sicle of one leg irr a patter¡

similar to the case of specimens connected through one leg. Furthermore, net section

failure was observecl f'or one specimen (BC-81-12). A fatigue crack first originatecl

from the stress concentration zone of one leg ancl startecl propagating towarcls the

free edge of the member. In adclition, a second fatigue crack startecl propagating

in the opposite clirection towards the other connectecl leg. This crack foilowecl the

staggarcl bolt pattern as illustrated in Figure 4.18.
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o Lipped angle section (BB) (Testecl at room temperatr:re - 25"C)

Èbr specirnens connectecl through one leg, a total of five specimens wele testecl .

As eviclent in Figure 4.19, two crack initiation and grorvth patterns were observecl.

Þ'or both pattertts, the first fätigue cracli initiatecl at the encl hole region of the loacl-

carrying leg oT the rrtember. Horvever, unlilie the gOo-angle section. after the craclç

had grorvn ottt of the stress concentration zone it suclclenly changecl its clirectio¡r to

proceecl horizontall¡r [011,¿¡6lr the seconcl leg of t]re section. /\fter 80% to 90% of the

total fätigue lif'e of the speciur.en \\¡as consurnecl in ¡rropagating this crack, a seconcl

crack initiated fì'om the stress cc¡ncentlation zone in an op¡rosite clirectioli towa,rcls

tlte lip of the loacl-carrying leg of the rnember. Þ-igure 4.20 shows specirnen BB-20-3

(connected through one leg) during faihue.

For lipped angle specimens connected through both legs, typical net section

failures rvere observed for all specimens. Crack initiation and growth patterns were

similar to the case of corresponding sections connected through one leg. However,

the crack followed tire net section path of the member. The plane of failure was

always through the middle of the end iroles of the specimen either at the top or bot-

tom connections. The failed portions of two lipped angle section connectecl through

both legs are iliustratecl in Figure 4.21.
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o T-shaped section (BG) (Tested at room temperature ry 25oC)

The crack initiation process f'or these sections consnmecl approximately b0% to

60% ol the total fatigue life. Such early crack initiation rvas attributecl to the pres-

ence of high eccentricity in loacling. Consequently, this resultecl in high va,lues of

stress rerrelsals on the cross sectir¡n.

l'he c:racl< propagation patteru f'ollorvecl f'our stages as inclicatecl in Þ'igure 4.22.

The first crac.ti originatecl fì'orn the encl hole oÌr orìe sicle of the rveb tou,arcls the

flange on the same sicle. l-ollou,ing that stage, a seconcl cracl< originatecl frorn the

sarne encl hole ancl grew horizontall¡, ill the opposite clirection -lvith lespect to the

first clack- tou'arcls the apex of the web. 'llhis crack propagatio¡ stage erclecl aL g0%

Io 95% of the total fätigue lifè as shown in Þ-igure 4.22.

During the third stage, a fatigue crack initiatecl at the encl hole of the flange

and proceedecl towards the lip of the section until complete separation of one sicle

took place after g8% to gg% of the total fatigue lifè was consumecl. The final stage

of crack propagation was a sudden fracture of the recluced cross section after small

number of stress reversals (- I% of the total fatigue iife). Figure 4.2J shows a

T-shaped section at failure.
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In considering the fì'actured portion

was observecl that the first three stages

flacturecl sru'fäce. On the contrary, the

irregular fì'acturecl surfãce which resulted

that location.

of tlre member shown in Figure 4.24, it

of crack propagation prodnced a srnooth

final stage was characterizecl by a rough

flonr the suclclen failure of the section at

. B^"k-to-B..k chan,rel r".tionr (BN and HBN ru.tionr)

I'hese section rvere brLilt r.rp using two back-to-back channels separatecl bv a

plate thickness of 12.7 mm (112").Bolts connecting the section to the gusset plate

rvere <¡rierttecl in a staggerecl position as shown in Figule 4.25. Two tie plates (76 x

46 x I mnr or 3" x 113" * *") lvere usecl to connect the channels to f'orrn an

I-section. As the section was concentricaliy loaclecl, the maximum perrnissible lon-

gitudinal spacing of the connectors (S-",) joining the two channels, was calculatecl

based on the AISI specifications (1991) for compression members as follows:

c lrcu
vmar 

2 rt

/ : unbraced length of the compression mernber.

rr : radius of gyration of the l-section about the axis

perpendicular to the direction in which buckling woulcl

occur f'or the given conditions of end support and

(4.i)
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intermecliate bracing.

rcy: radius of gyration of one cha'nel abo*t its centroiclal

axis parallel to the rveb.

(i) BN and HBN section tested at room rooln temperature ru 25.c

Ilr this series of tests, a total of ten specirnens rvere testecl (five specirne¡s f'or

each steel typ"). The crack initiation pattenr u,as similar for all s¡recimens testecl.

I'he first fätigue crack always originatecl f!'om the stress concentration zone sur-

lorulcling the elcl hole of one cltannel, it then startecl propagati¡g through the weli

in a horizontal plane torvards the flange on the fãr sicle rvith respect to the point of

crack initiation. lViren ap¡rroxirnately 70% to 80% of the web area hacl fì'act,recl, a

second crack originatecl from the same point of initiation of the first crack but grew

in an opposite direction towards the near flange. The test was terminatecl ailer a

crack hacl propagated to at least 50% of. the total width of one flange.

Compound fatigue failures were observed for specimens BN-36-2, BN-s6-s,

ancl HBN-37-3. Such failures were characterizecl by the origination of fätigue

cracks from two different locations simultaneously as shown in Figure 4.26. A crack

first originated at the top side of the lefT channel. It was then followecl by another

crack at the bottom side of tlie right channel in a cross sequential manner. Crack
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initiation ancl growth patterns were siurilar to those describecl f'or the case of simple

fätigue fãilures.

(ii) HBN sections tested at a temperature of -50oC

,A total of five specimens u'ere tested in this series. Although the locations of

clack illitiation were similar to specimens tested at roorn tenrperatute (- 25"C), yet.

this selies of tests u'eLe cltaractelizecl by the appeaïance <¡f rrery short cracli sizes.

'fhis rvas lnainh, attributed to large reductions in fì'acture tonghness ancl fbrnra-

bility associatecl rvith lorv ternperatures. The crack initiation plocess consumecl

approxirnatel¡r $97 to 85% of the total fätigue lifè <¡f the specimen. However, crack

propagation rates wele so fäst ancl occurrecl at short periocls of time leading to the

suclden brittle flacture of the specimen as shown in Figur.e 4.27.

Test resuits ancl failure locations f'or the 9Oo-angle (BA-section) and the 60o-

angle (BC-section) are summarized in Tables 4.2 ancl 4.3. In addition, Tables 4.4

and 4.5 present the results for the lipped angle section (BB-section) ancl the T-

shaped section (BG-section). Test results fbr angles connected through both legs

are given in Table 4.6. Finally, results for back-to-back channel sections are given

in Tables 4.7 ancl 4.8 respectively.
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4.4 Stress-Strain Response and Hysteresis Behaviour

True stress control can easily be achievecl only at small def'ormations but be-

comes urlnanageable rvhen cracks form in the rnaterial. Consequently, in the present

stucly loacl was chosen as the control function ancl a triangular wave fbrrn (Figure

4.28) was acloptecl. Alternating fätigue loacls were appliecl in a firlly revelsecl loacl

c¡,cle (Loacl lìatio - -1).

4.4.L Scope

In this sec:tion. the experimental test results of the 52 1ìrll sca.le co.lcl-fbrmed

steel nrernl¡ers testecl rurder colstant arnplitucle fatigue loacls are cliscussecl in cletail.

Singly symmetric sections connected through one leg (BA, BC, ancl BB sections) are

treated first in subsection 4.+.2. Similar sections connected thlough both legs are

discussecl in subsection 4.4.3. Finally, the T-shaped section (BG), and the back-

to-back channel sections (BN and HBN) are treated in subsections 4.4.4, and 4.4.5

respectively. The general f'ormat used to present the results of each test series

irrcludes the following:

1. An overview of the stress-strain response together with the hysteresrs

behaviour of the specimen during fatigue loading. The latter is expressed

in terms of a relationship between the applied load and the vertical stroke
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lecolcled b¡r the testing rnachine.

2. A clescription of lateral clisplacements of the specirnen as recorded by f'our

clisplacement transducers placed in a horizontal plane at the mid-height

section.

3. A relationship between the appliecl fatigue loacl ancl the resulting displace-

rnents at the bottorn ertcl section of the test specimen.

4.4.2 Singly symrnetric sections connected through one leg

(BA, BC, and BB sections)

A total of 25 fatigue tests were perf'ormed in this test series. All specimens were

fãbricated using ASTM 4715 Glade 60 steel and were testecl at room temperature

(r: 25"C).

e Stress-strain and load-stroke responses

Typical behaviour of this test series is illustrated in Figures 4.29, 4.30, and 4.31

for specimens 8A-109-6, BC-81-4, and BB-70-4 respectively. Cycle dependent soft-

ening was observecl fol all tested specimens, this was eviclencecl by the exponential

increase of strains as the number of cycles increased. The runaway nature of the
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process is clearly clemonstrated by the stress-strain response given in Figures 4.29(a),

a.30(a), ancl 4.31(a).

1'he overall response of the s¡recimens can be explained by the loacl versus clis-

lrlacernent relationship lecordecl at approxirnately 1% ancl 98% of the total fätigue

lif'e. ¡\s eviclent in tr'igure 4.29(b), s¡recirnen tsA-109-6 exhibitecl an average stroke

irrcrease oT II% at {){)% of the total fätigtLe lif'e. Slrch increAse \,\¡as observecl onl¡,

in tension c)/cles'nl'lìere the crack opening pr.'ocess takes place. Furthernlor''e, no re-

markable change occurlecl ilr the strolie values recorclecl for the cornpression cycles

throughor-rt the test. In general. the average recorclecl increase in strohe f'or this test

series langecl fì'om 1.0% Lo 34.6% for the 90o-angle section (BA), fi'om 1.0% to

24.4% f'or the 60o-ang1e section (BC), ancl fì'orn 1.5% to 26.3% fbr the lippecl angle

section (BB).

e Lateral displacements at the mid-height section

Four Linear Variable Differential Transclucers (LVDT's) wele placed at the mid-

height section of each specimen at the positions illustratecl in Figures 4.32, 4.33,

and 4.34. Displacement values for the edges were obtained by direct interpolation

between the two bouncling points of measurernent.

For the three cross sectional shapes (BA, BC, and BB), the measured displace-
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merìt magnitucles cliffered considerably depending on the value of the appliecl load.

However, there were sorrle commorÌ featu.-es tliat governed the o.,1-6f'-plane transla-

tions at the micl-height plane of the cliflèrent cross sections.

As eviclent fì'orn Figr-rres 4.32, 4.33, ancl 4.34 displacement rnagnitucles recorclecl

at both the eclge ancl the heal of the connectecl leg (LVDT f 1. ancl LVDT f2) were

two to f'our tilnes larger than corresponcling values recorclecl f'or the uncortnected leg

(LVDT #:3 ¿ncl LVDT #4). lt was also notecl that cluring compression cycles, the

largest clisplacement magnitucle was that recorclecl for the edge of tlie connected leg

(LVDT #1). Hou'ever. in tension c\rcles. the transclucer pla,cecl uear the corner

of the connectecl 1eg (LVDT' #2) recorclecl the highest latelal displacement value.

During the crack propagation stage in tension cycles, a relative increase in the rnag-

nitucle of the clisplacernent was observed compared to initial values recorclecl at the

beginning of the test. Such increase was more pronounced for values measured at

the edges of the sections.

o Longitudinal displacements at the bottom end section

Typical cruves showing the relationship between the applied fatigue load and the

corresponding longituclinal displacement at the bottom end section of the specirnen

are illnstrated in Figures 4.35,, 4.36, ancl 4.37 for specimens BA-109-6, BC-81-4, and
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BB-70-4 respectively. The bottorn encl was chosen as it was stationary from the view

point of loacl application. The main purpose of reco.,*cling the longituclinal clisplace-

ment rvas to ensìue plopel slip resistant action of the connection. Frlrthermore,

since the recorclecl clisplacernent values rvere relatively srnall compared to lateral

clisplacenrents of the mid-height section, these values served as a sensitive inclicatol

of cracli opening. 'I'he process of crack propagation \vas reflectecl in the f'orrn of an

increase in the clisplacement va,-[ues in both tension and cornpression c).c]es.

4.4.3 Singly syrnmetric sections connected through both legs

(BA, BC, and BB sections)

Three tests were performed for each cross sectional shape. All specimens were

fäbricated using ASTM 4715 Gracle 60 steel and were tested at room temperature.

o Stress-strain and load-stroke responses

Typical stress-strain r-.esponse and load-stroke relationship of this test series are

clemonstratecl in Figures 4.38, 4.39, and 4.40 for specimens BA-109-13, BC-81-12,

and BB-70-8 respectively.

A particularly interesting feature of the general performance was the ability of
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the sections to exhibit lalge plastic strains per cycle as evident in Figure a.38(a).

'Ihis plastic strain can be relatecl to fãtigue clamage much better than can any other

fäctor in the fãtigue problem. The width of the loop is a nleasure of the anount of

plastic strain per cycle. Furthermore. the enclosed area of the loop accounts f'or the

ertergv clissipatecl pel c¡rçls. Again, cycle clependent softening was observed, that

u¡as app¿rent by the gracltral incr-ease in strains as the number of c¡'clss increasecl.

The rttnarvay nature of the pr-ocess rvas clearly clernonstratecl by the exponential

iucrease in strains as the number of c1'slss increasecl.

hr au attempt to unclerstancl the hysteresis behavior-rr <¡f the sections (loacl-stroke

relationshi1r), the cuÌ'ves obtained \A/er-e cornpared to those f'or corlesponding sections

conrrected through a single leg. I'igures 4.4I to 4.46 reflect the relative increase

in stiffness of the sections as both legs were connected. The average increase in

stiffness was 29% fbr the 9()o-angle section (BA), 26To for the 60o-angle section

(BC), and 13% for the lipped angle section (BB).

o Lateral displacements at the mid-height section

Connecting the sections through both legs was found to have a significant effect

on the recorded lateral displacement values at the rnid-height piane of the test spec-

imens. In comparing Figures 4.47 and 4.48 for specimens BA-109-8 and BA-i09-12

under an alternating fätigue load of * 90 kN, it appearecl that in compression
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cycles, the effect of connecting both legs of the section substantially decreasecl the

lateral clisplacement va,lues recoldecl at the rnicl-height section. Such clecrease ranged

fì'om 40% lo 60% f'or the edge of the connectecl leg, and fì'orn 30% r,o 40% al the cor-

ner region of the angle. Horvever, in tension cycles, connecting the section through

both legs hacl a less pronouncecl effect on the recorclecl lateral clisplacernent values

at the rnicl-height section.

Similar behaviour n'as observecl f'or both the 60'-angle section (tsC), ancl the

lippecl angle section (BB) as illustratecl by cornparing Figr.rres 4.49 ancl 4.50 f'or

specimens BC-81-3 ancl BCI-.31-13 respectively. N{oreover. micl-height translations

f'or the lippecl angle spec:irnens BB-70-3 and BB-70-8 (Þ-igr-rres 4.51 ancl 4.52) wele

also comparecl.

Results inclicatecl that in compression cycles, a considerable decrease of approx-

imately 40% to 60% f'or the edges and 30% to 40% for the colnels was observed.

In tension cycles a decrease in the lateral displacement values in the range of.15%

to 25% was observed compared to values obtained f'or similar specimens connected

through one leg.

o Longitudinal displacements at the bottom end section

Figures 4.53, 4.54, ancl 4.55 reflect the effect of connecting both legs on the
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longitudinal clisplacement values recorclecl at the bottorn encl section of the rnem-

ber. Tlre recordecl clisplacement values f'or the 9Oo-angle section (BA), werc 20To

to 25% Iess than con'esponcling values obtainecl f'or the case of mernbers connectecl

through single leg as shou'n in Figure 4.53. Furthermore the average redr.rction in

the clis¡rlacernent vaLues recorclecl at the encl section fbr both the 60o-angle sec:tion

(BC), ancl the lippecl angle section (BB) were in the range oT 25%t to 30%.

On the u'hole, it rvas obsenred that cr¡nnecting singly symrnetlic sections through

both legs enhancecl the stiffness of the sections by approximately 25%. It also re-

clucecl the lateral clisplacernent values recorclecl at the micl-height sectiou. Fc¡r corn-

pression c-vcles this rechrction was in the lange of 40% Io 60% f'or the eclges of the

section ancl 30% to 40% at the colners. However, f'or tension cycles, the reduction

rvas in the range of. I5% to 25T0, and was more pr-onounced at the cornels of the

sections.

4.4.4 T-shaped section

(BG-section)

The pattern of holes used in connecting these members with the gusset plate

(Figure +.22), produced high eccentricloads on the cross section. Several repetitive
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co[nection fäilures were rvitnessecl. Consequently, only three tests rvere perf'ormed

f'or this cr-oss sectional shape. All specirnens were fäbricated using steel type ASTiVI

A715 Grade 60, ancl were tested at room temperatnle (- 25'C).

o Stress-strain and load-stroke responses

As eviclent in l'igure a.56(a), a seveïe clistortion (bencl bacli) in the shape of

the h¡'s{s¡ssis loops n'as obsen'ecl. Specinren BG-36-1 e-xliibitecl trvo clifferent stress-

stra,in r*esponses in tensior aucl corrr¡rression. Obvior-rsly, as cracks open in tensiol. a

substantial recluction in stiffness rvas realizecl in tension cycles. The reduction rvas

rr.ore pr-orì.ouncecl afler approxinrately 95% of the total fätigue lifê was consuurecl.

In contrast. no significant change of stiftìress was observecl in cornpression cycles.

The behavioul was charactelized by the f'<;rnration of large irrecoveral¡le plastic

strains. These strains were the predominant factor leading to the fatigue failure of

the specimen.

No valuable strain gauge data were obtained for specimens BG-36-2 and BG-

36-3 (Figures a.57(a) and 4.58(a) ). Only a gradual shift of the entire hysteresis

loop towards increasing tensile strains was observed. This could be attributed to the

presence of tensile mean strains whic]r were clevelopecl as a result of the formation

of large plastic strains.
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Cycle clepencleut softening was observecl for all three specimens. That rvas

erriclent by the gradual clecrease in the material's resistance to deformation. More-

over, stiffness recluction was m.ole pr'onouncecl at final stages of the fätigue lifè as

illustlated in Figures 4.57(b) ancl 4.58(b). These Figures reflect stiffness cleteri-

oration in tension c¡,cles f'or specirnerrs BG-36-2 ancl BG-36-3 respectively. For

tlre first s¡recimen (BCì-36-2), a loss in stiftness in the range oÍ 20% to 25% took

¡rlace afler 97% of the total fatigue lifê was corìsulnecl. Horvever, the seconcl spec-

irnen (BCì-36-3) showecl a reduction in stifhress in the range of 30% to 35% upon

reaching 98% of the total fatigue lifè of the rnember.

{Jnlike the previous tw'o specimens, fätigue testing for specirnen BG-36-l rvas

stopped at 253,000 cycles after only the first stage of crack ¡lropagation had

l¡een achieved (Figure a.22). This situation explains the recorded hysteresis be-

haviour shown in Figure 4.56(b), where almost no significant stiffness reduction was

observed.

e Lateral displacements at the mid-height section

The out-of-plane iateral displacements recorded for the micl-height section of

the specimens ale shown in Figures 4.59, 4.60, and 4.61. As evident from these

fignres, a noticeable decrease in the recorded clispiacement values was observecl upon

cracking of the section. Such decrease was less pronounced for values recorded at
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the eclges of the inclined flanges (LVDT #4). This coulcl be expiained by retèrring

to Figure 4.22, rvhere the final stage of crack plopagation was a sudclen fì'actule fbr

thai region of the cross section. In other words. clisplacernent values recorclecl by

LVDT #4 showecl negligible change cluring the first three stages of crack plopa-

gation. Horvever'. the rnost significant change in the recorclecl clisplacement values

lt,as olttainecl fbr the location of LVDT f 1 rvhich r,vas placecl 60 mrn apart fì'orn

the a1:ex of the web.

o Longitudinal displacements at the bottorn end section

Relationships showirrg the longituclinal clisplacenrent values recorclecl t'or the

bottom encl section of the specirnen ver-sr.rs the applied fãtigue loacl are given in F-ig-

r.rres 4.62, 4.63, and 4.64. Basecl on these Figlrres, it is obvious that as cracking of

the section took place (either at the top or bottom connection), the recorded bottom

end displacement values decreased considerably. Although f'or specimen BG-36-1

the test was stopped after only the first crack propagation stage was achieved, yet,

the decrease in displacement values recorded at the end section was in the range of

50% to 60% comparecl to initial readings recorded at the beginning of the test.

However, at final stages of fatigue lives, specimens that witnessed at least t]re first

two stages of crack growtli shorved 80% to 90% decrease in the recorded end clis-

placement values as apparent in Figure 4.64.
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4.4.5 Back-to-backchannel sections

(BN and HBN sections)

A total of 15 tests were perf'ormed f'or this test series. The first group of

tests incluclecl five specirnens fãliricatecl fì'oin steel type ,ASTM 4715 Grade 60

(F', = alí A,I Pu), ancl another five specimens fäbricatecl fì'om steel type C.AN/CSA-

G40.21-NI 300\,V (¡-y N 300 Å[Pa). Ihis group rvas testecl at room tern¡rera-

ttrre (- 25"C). A. second group consistecl of five specinrens fãbricatecl fì'orn steel

type CIAN/CfSr\-G,10.21-NI 300\,V was testecl urrcler temperature controllecl concli-

tions. where a steacl¡t temperature of -50oC was rnaintainecl <luring the entire test

clulation.

r Stress-strain and load-stroke responses

Typical stress-strain response ancl the loacl-stroke loops f'or the first gror.rp are

given in Figures 4.65 and 4.66. In that regard, comparisons were made between

specimens BN-36-5, and HBN-37-5 fablicated from different steel materials. Both

specimens were tested under an alternating fatigue load of f 350 kN. However, the

Ìesponse of each specimen varied significantly. Specimen HBN-37-5 fabricated from

steel type CAN/CSA-G40.2l-M 300\,V, exhibitecl large irrecoverable plastic strains

as indicated by the large width of the loops shown in Figure a.66(a). On the other

hand, specimen BN-36-5 showed relatively stretched loops with smaller enclosed
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ar.'eas compared to specimen HBN-37-5. f\s mentionecl earlier, the enclosecl area of

the loop is a, nreasure of the amount of energy dissipatecl per cycle.

In comparing loacl-stroke loops f'or the two specirnens, specirnen BN-36-5 of steel

type ASTNLt\715 Glacle 60 shorn'ed a very sliglit increase in stiffiress (approximatelv

5%). The obtainecl stiflness values u,ere 208,500 N/rnrn ancl 200,000 N/rnrn fbr the

trvo tyJres of steel respectively. l\4oreover, Stiffness cleterioration was observecl uporr

cracking of the specinren. Such clete-,-ioration was rnost pronouncecl at final stages

of tlre fätigue lifè (ry 99%). ¡\t that stage, the obtainecl stifliress recluction rangecl

ftont 25% Io :lQ/o comparecl to initial values recorcled at the beginning of the test.

Typical cyclic behaviour of back-to-back channel specirnens tested at -50'C

is demonstrated in Figure 4.67. For all specimens tested, a noticeable decrease

in the stroke took place from the beginning of the test until almost half of

the fatigne life was reached. The reduction ranged from 0.8% to 2% of the

initial stroke of the specimen recorded at the first few cycles. The stroke then

increased by increasing the nnmber of cycles until failure occurred. For specimens

HBN-37-8, HBN-37-9, and HBN-37-10, very short crack sizes rvere observed at

fracture, this coulcl be attributed to large recluctions in fracture toughness ancl

formability that take place at low temperatures.
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The significant efi'ect of low ternperatnre on the stress-strain response could be

clearly illustrated by comparirrg specimens fabricatecl of the same steel type (HBN-

37-5 ancl HBN-37-9). The low ternperature reclucecl the f'ormation of plastic strains

as appatent from the wiclth of the loops in FigLrres 4.66 ancl 4.67. The phenornenon

is related to the consiclerable decrease in the total strain enelgy (toughness) associ-

ated rvith low tempelatrtres. In genelal, the low ternperature enharrcecl the orrerall

cyclic ¡rerf'ormance of the testecl specirnens.

o Lateral displacements at the mid-height section

As these sections were concentrically loaclecl. the recorclecl lateral clisplacernent

valttes were relatively srnall comparecl to other cross sectional shapes. It was eviclent

that at early stages of tlie specirnen's fätigue lifè, approximately equal clisplacement

magnitudes were observed for the two displacement transclucers used to measure

the out-of-plane translations in both the X-axis clirection (LVDT f1 ancl LVDT

f4), and the Y-axis direction of the member (LVDT ff2 and LVDT #3). Figures

4.68 and 4.69 show micl-height translations for specimens BN-36-3 and HBN-37-9

at room ternperature and -50'C respectively.

After cracking of one or both channels forming the l-section, a noticeabie

increase in the recorded displacement values was observecl. However, it should be

emphasized that the quantitative value of such increase depends mainly on the
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extent of clarnage present in the section at the time when the reaclings were recorclecl.

o Longitudinal displacements at the bottom end section

Displacernents at the encl section wele recorclecl in the longituclinal clirection of

the tnember as illustratecl by the position of L\¡DT f5 in l-igur.es 4.70 ancl 4.71

f'or spec:irnens BN-36-1, ancl HBN-37-3 res¡rectivel-v. The total rnagnitucle of such

clisplacernents (tension ancl cornpression) was approxirnately 0.1 mrn. This yalue

accortnts fbr nearly 5% of the total longituclinal stroke recorclecl by the testing rna-

chine.

AfTer precise observation of end section translations, it was noticecl that ihe

flanges at that section were continnously opening ancl closing in cornpressio¡ and

tension cycles respectively. On that basis, another interesting position was chosen

for piacing the displacement transducer (LVDT ffb) as shown in Figures 4.72.

In comparing the bottom end displacements for specimens BN-36-3 ancl HBN-

37-5 (Figures 4.72 and 4.73), it was observed that the recorclecl val.ues were J0%

to 40% higher for the specimen fabricated of steel type CAN/CSA-G40.2i-M g00\,V

compared to the other specimen of steel type ASTM A7i5 Grade 60. Furthermore,

it was also apparent that at final stages of the fatigue life, the recordecl clisplacement
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values for specimen BN-36-3 (Figure 4.72) dec.teasecl with respect to initial v¿lttes

recorcled at the beginning of the test. In contrast, specimen HBN-37-5 exhibited

larger clisplacement rralues upon cracking. The phenornenon could be explainecl liy

iclentifying the crackecl channel of the built-up l-section. In that regarcl, trvo cases

are to be consiclerecl. First. if the crackecl channel was that rvhere LVDT f5 was

attachecl. this woulcl obviousl¡' leacl to a reduction in the recorclecl clisplacernents ¿t

the encl sectior. Seconclly. if the crackecl channel was on the other sicle of LVDT

#5, o noticeable increase in the clisplacernent values would be observecl as rnost of

the loacl rvill be transfèrrecl to the gusset plate connection through the unclackecl

cha,nnel.

4.5 Fatigue Strength Relationships

The piot between the stress range a' versus the total fätigue lifè is commonly

referred to as S-N curves. Life steadily increases with decreasing stress until the

fatigue limit is reached. It may suffice to say that in this study the concept of

fatigue strength was used. The fatigue limit was considered the stress range corte-

sponding to a minimum of 106 cycles. The number was based on an expected life

of 50 years f'or a transmission tower and a maximum of 50 aiternating wind appli-

cations per day which would give a total of - 920,000 cycles (LRFD, 1993).
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4.5.L Statistical analysis of test results

F<¡r the pulpose of evaluating the variability of test clata, the ASTNI Committee E-9

on Fatigue recommencls at least f'our replicates at each st::ess range level. However.

as the present study was concelnecl u'ith investigating the fãtigue behavioul of full-

scale colcl-fbrrnecl steel members f'or five different cross sectional shapes. ancl clue to

tilne alrcl financial c<¡nstraints. only one specirrìen \\¡as testecl at every stress Ìange

level. The exceptions were some tests that were cluplicatecl fbr both the 90o-angle

section (BA), ancl the 60o-angle section (BC) connectecl through a single Ìeg.

Ihe prine objective of perfbrming a least squares regression analysis of the test

data was to provide quantitative information on the effect of both the stress lange

(o'), and the alternating fätigue load (P), on the total fätigue lifè (N) fbr the

various cross sections involved in the study.

The predicted modei for the effect of stress r.ange on the fatigue lif'e was in the

f'orm of a log-1og relationship. The model provided the best fit for tire test data,

ancl can be expressed as

IogN : (r + b logo, (4.2)
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(4.3)

where. ø,. is the stless lange in MPa. r¿ a,nd ó are constants to provide a best

fit line to the fätigue clata. ó is the slope of the log-log S-N curve which ranges

between 3 ancl 4.5 tbr most stmctulal cletails. Ä. sirnilar relationship was obtainecl

f'or the alternating fätigue load rrersus the nurnber of cycles to fäihrre. Table 4.9

presents the values of ¿¿ ancl ó tbr both S-N ancl Loacl-N crrr-ves of the different

closs sections.

It slioulcl lte ernphasizecl that this rnodel applies onl¡r f'or fätigue lives ranging

fì'orn 10a to 106 cycles. For the predictecl model given by Equation (4.2), the

logarithm of the fätigue lifè was assurned to be the depenclent variable (y), whereas,

the logarithm of the stress range was treated as the independent variable (x). On

that basis, Equation (4.2) can be given in the following f'orrn

u - a, + br (4.4)

where, y and u are the mean values of the dependent and independent variable

respectively. Using the method of least squares, the slope ó of the best fit line is

obtainecl from Little and Jebe, 1975 as:

150



b-
nf ,rn u, - i*; iy¿j=l i=l i=I (4.5)

TLN

nÐq' - (I",;)'
i=\ i=1

whele, ?¿ is the nrlrnbel of clata ¡roints, :u; is the i¿l' value of the inclepenclent

variable, and y; is the i¿l' value of the clepenclent variable.

SubstitLrting in Eqtration (4.-l). the value of ¿ can rtorv be cleterminecl as:

A:tJ_L,T (4.6)

'Iabuiatecl values of r¿ and ó based on least squ¿rreri regression analysis of the test

data a'-'e given in Appenclix A (Tables 4.1 to ,l\.20).

An error term conld be incorporatecl to Bquation (a.2). As such, the moclel

can be expressed as:

logN: a*blogo,]e¿ (4.7)

where, ei is the error term defined as:

ei:Ui-, (4.8)

lJ¿ is the resulting value of log N, ancl y is the corresponcling value of 1og N

predicted nsing the regression line clefined by Equation $.2).
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The stanclarcl error of estirnate which is equivalent to the stanclard deviation f'or

a set of clata is given by Kennedy ancl Neville, (1976) as:

,5,:ffi'Je \ n-2 li

: lól
,9¡

r52

(4.e)

u'here, 7¿ is the number of data points, ancl y¡ - 'A is the error ternr clefined liy

Equation (4.8).

The dispersion limits ale usually definecl by specified rnr.rltiples of the stanclalcl

error of estirnate (,9") fì'om the rlean regression li¡re of the clata. In the present

study, the upper a,nd lower bounds of the confidence inten al were calculated on the

basis of 2 5". As such, the dispersion limits f'or the S-N curves could be defined as

log 1Y : ú + b log o, +. 2 S" (4.10)

and for alternating fatigue fatigue load, the confidence limits are given as

logl\: e+blogP+25"

In order to determine whether log 1ú is depenclent on log o,

significance t-test was appliecl to the slope of the mean regression

of t is given by:

(4.11)

and log P, a

line. The value

(4.r2)



where, | ó | is the absolute value of the slope of the regression line, ancl ,96 is the

standard cleviation of the slope given as:

- ul'
,9¿ : n.-2 TL

\-1 / -\t) {:l:; - :¿: l"u\
:_a

'Ì'he tenn r¿ - /? is tire number of clegrees of fì'eeclom which ref'ers to the two

constraints used ir obtaining the reglession ec¡tatiolì, i.e., in cletermining a ancl ö.

The calcLrlatecl value of t fi'orn Equation (4.12) was c:oülparecl to tlie tabulat-

ecl values presentecl bl, Little and Jelie (1975) f'or the chosen level of significance

c : 0.05 (confidence level of 95%), and fol a number of degrees of fì'eedom of

n-2.

Results of the regression analysis using the least square method, and the calcu-

lated values of ú and the standa,rd error of estimate (S,) are given in Appendix A

(Tables 4.1 to 4.20). The calculated values of ú were significantly greater than

the tabulated values. Therefore, it can be concluded that for the 95% confidence

level, both the stress Ìange o' and the alternating fatigue load P have a signifi-

cant effect on the 1ãtigue life of the specimens.

(4.13)
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For singly symmetric sections connected through one leg: 90o-angie section

(BA), 60o-angle section (BC), and lippecl angle section (BB), ancl for back-to-back

channel sections (BN and HBN), S-N ancl Load-N ¡rlots were basecl on Equations

(4.10) and (a.11) respectively. 1'he resultingplots are givenin Appenclix B Figures

8.1 to 8.20. Ihese plots illustrate the nr.ean regression line of the experirnental

test clata. togethel with both the r-rpper- ancl lower 95% confidence levels. Moreover,

the goveming log-log relationship f'or the rlean regression line of each test series is

also given.

For singly symrnetric sections counectecl through lioth legs. ancl t'ol tlie T-

shapecl section (BG), only three tests u'ereperformeclfor each cross sectionaÌ shape.

Consequently, the dispersion limits f'or these sections u'ere almost coinciding with

the mean regression line as evident in Figures 8.8 to 8.14.

4.5.2 Discussion of test results for S-N and Load-N plots

S-N curves for singly symmetric sections connected through one leg (BA, BC, and

BB sections) at temperature of 25'C are shown in Figure 4.74. These specimens

were tested under a stress range tliat varied between 206 MPa and 813 MPa. The

negative slopes of the culves obtained from the regression analysis were -4.14, -4.43,

and -3.97 for BA, BC, and BB sections respectively. The 72% difference in slope
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values can be attributecl to statistical scatter of the test clata.

Þ-or a given nurnber of cycles, the fätigue strength of the 90o-angle section (BA)

was 4.5% higher than that of the 60o-angle section (BC), ancl 30% higher than that

of the lipped angle section (BB). However', in terms of alternating fatigue loacls, ancl

f'or a precleterminecl nur¡rber of cycles, the lippecl angle section (tsB) lvas f'ouncl to

rvithstancl 36% higher loacl than the 60'-angle sec:tion (BC), ancl 60% higher than

the 90o-angle section (BA) as shown in Figure 4.75. The fìrlly ret'ersecl cyclic loacls

f'or this series (+ 40 kN to + 140 kN) rvere applied at a fì'eqtLency that rangecl fi'orn

I Hz to I.975 Hz clepencling on the corresponcling stloke level of the specimen.

Figures 4.76 to 4.81 reflect comparisons between the cases of singly symmetric

sections connectecl through one leg, and two legs. For the latter, three tests were

perf'ormed for each cross sectional shape. Two points are to be addressed herein,

the first is the noticeable change of slope of the S-N curves f'or both the BA and

the BB sections. It was founcl that a significant increase in the fatigue strength

for these sections occnrs only at long lives while slight improvement takes place at

higher stress levels. Such deterioration of the cross section at high stress range levels

was attributed to the presence of uneven stress clistribution at the region of discon-

tinuity. The concentration of stresses at this Ìegion significantly contributed to the

fatigue damage of the section. The second point was regarding the the performance
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of the 60o-angle sections (BC) connectecl through both legs shown in I'igure 4.78.

These specirnens showecl an inc.rease in the fatigue strength of about 12% comparecl

to collesponcling specimens connectecl through a single leg. Two specimens BC-

81-11, (+ 72.5 kN) and BC-81-13, (+ 90 kN) failed at a gross section 60 mrn apart

fì'our the rnid-height plane of the specirnen clue to the ¡rr^esence of an engravecl letter

at the back of one leg. Such surface irregularity f'omrecl a favouraìrle conclition f'or

fätigue cracli initiation. Moreover, the resulting gross section fãihLres significantl¡,

affèctecl the slope of the S-N cnrve to shol only 3.6% cliffèrence corrrparecl to the

slope of corresponcling specimens connecìtecl through one leg. Simila' comparisons

f'or both the 90o-angle sections (BA) ancl the lippecl arrgle sections are given in Fig-

ures 4.76 ancl 4.78. As eviclent fì'oln these Figures, better fatigue perf'olrnance was

observecl f'or angles connectecl through both iegs. The average increase in the stless

lange f'or these two sections compared to the case of one ieg connected was 25% f'or

the 90o-angle section (BA), and 15% fbr the lipped angle section (BB). Pictures of

fätigue failures for angle specimens are shown in Figures 4.82 to 4.85.

Fatigue performance of the T-shaped section (BG) is given in Figures 4.86 and

4.87. In the range of 10a to 106 cycles, the fatigue strength of the section was 5%

Iower than that of the 9Oo-angle section (BA) connected through one leg. Further-

more, slopes of the S-N and Load-N curves fbr Ì¡oth the BG and the BA sections

were almost equal (- l% difference).
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Þ'igure 4.88 presents S-N plots for three groups of specimens: (1) back-to-back

channel secti<¡ns of steel type ASTNI 4715 Gracle 60 (BN) tested at room tempera-

tlre of - 2bo C, (2) back-to-back chalnel sections of steel t¡'pe CAN/CSA-G40.21-1VI

300!V (HBN) testecl at temperatule of -50'C. ancl (3) back-to-bacli c.hannel sec-

tiors <¡f steel type CAN/CSA-G40.21-N4 300W (HBN) at room temperature of 25oC.

A total of five tests rvere perf'orrned f'or each gÌoup. As a consec¡tent result of

the differenc:e in steel types between BN ancl HBN sections, an obvious change in

the slo¡re of the crulves coulcl be observecl. ]Vloreover, fbr a given nurnbel of cycles,

fãtigue tests perf'orrnecl at -50'C showecl a pronouncecl increase of stress range of

approximal,ely 12% cornpared to room temperature tests. Stress tange values f'or

the three gïoups varied between 137 MPa and 324 MPa. Furthermore, alternat-

ing fätigue loacls ranged from a minimum of t 150 kN to a maximum of * 375

kN. Curves representing the relationship between the applied loads and tire fatigue

life are given in Figure 4.89. Pictures of typical fatigue failures for the T-shaped

section, and the l¡ack-to-back channei section are shown in Figures 4.90 and 4.91

respectively.
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4.5.3 Comparisons with North American Fatigue Standards

F-atigue clesign cnÌ'ves f'or the allowable stress r-ange categories of the Canadian

Sta,ndarcl CAN/CS,t\-S16.1-1\iI94 (1995) are equivalent to those specified in the

AASHTO (1989) Specifications. The cu'-ves have similar slopes of approximately

-3.0 (Keating ancl l'isher, 1986). The constant anrplitude fätigue ]imit f'or the

clifferent Categories is shorvn in F igure 4.92. For stress range cycles below this

lirnit, no fätigue cr-ack propagation woulcl be expectecl.

The test clata for singly symmetric sections connectecl through one leg are

plottecl in F'igule 4.93. Their fätigr-re lives rvere consistent with tlie Category B lower

bouncl resistance cluve. l'he miniuum stress r-ange value at which fatigtre fäilure

occurred was 206 l\¡IPa. Furthermore, the stress range values at which no fãtigr.re

cracking was detectecl at 106 cycles were 335 MPa fbr the 90o-angle section (BA),

and 291 MPa for the 60o-angle section (BC).

Fatigue test results for back-to-back channel specimens are plotted in Figure

4.94. The test data were consistent with the Category C lower bound resistance

curve. For room temperature tests, the stress range values at which no fatigue

cracking was observed were 137 NIPa for specimens of steel type CAN/CSA-G40.21-

M 300\,V (HBN-sections tested at 25"C), and 184 MPa f'or specimens of steel type
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ASTM 4715 Gracle 60 (BN-sections testecl at 25'C). However, f'o,,- fätigue tests

concluctecl at -50oC, the fätigue limit f'or back-to-back cha,nnel specimens of steel

type CAN/CSA-Ga0.21-M 300W was 151 IVIPa at 1.3x106 cycles.
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Table 4.L

Summary of Static Tension Test Resr:lts "' b

( Test Temerature = 25"C )

Shape Specimen Total Length Ultimate Load
(mm) (kN)

BA- 17 1500

BC-19A 750

BC-198 750

BB-18 750

BB- 19 A 750

153

160

170

259

262

" All Spe.imens were Connected Through One Leg.

b 
Steel Type: ASTM 4715 Grade 60.
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Table 4.2

Fatigue Test Results for 90o-angle Specimens Connected Through One Leg

( Test Temerature = 25oC )

Specimen Stroke
(mm)

t

Freq.
(Hz)

No. of
Cycles

Load
(kN)

+

Stress Stress Mode of Failure
Range Ratio
(MPa)

BA-109-1

BA-109-2

BA-109-3

BA-109-4

BA-109-5

BA-109-6

BA-109-7

BA-109-8

BA-109-9

BA-109-10

40

BO

70

75

65

55

60

90

BO

70

1.275

2.590

2.385

2.565

2.345

1.840

1.985

2.915

2.590

2.385

1.000 650,000

1.000 30,000

1.000 ô0,000

1.000 32,000

1.150 62,700

1 .133 105,960

1.082 90,200

1 .046 15,550

1.083 30,580

1.139 124,259

-0.887 Test stopped

-0.887 Gross sec.-Mid.

-0.BBg Net sec.- Top

-0.890 Block Shear-Top

-0.BBB Net sec.- Top

-0.890 Net sec.- Top

-0.886 Gross sec.- Top

-0.BBg Block Shear-Top

-0.888 Block Shear-Top

-0.BBg VL. Crack- Top
(Test stopped)

335

674

611

653

589

515

497

813

707

666
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Table 4.3

Fatigue Test Results for 60o-angle Specimens Connected Through One Leg

( Test Temerature = 25'C )

Specimen Load Stroke Freq. No. of
(kN) (mm) (Hz) Cycles
++

Stress Stress Mode of Failure
Range Ratio
(MPa)

BC-81-1

BC-81-2

BC-81-3

BC-81-4

BC-81-5

BC-81-6

BC-81-7

BC-81-B

BC-81-9

BC-81-10

70

BO

90

60

75

B5

65

50

45

40

2.050

2.450

2.815

1.765

2.265

2.700

1.920

1.460

1.300

1.100

1.128 78,000

1.091 27,000

1.111 31,500

1.128 218,590

1.073 72,000

1.130 43,760

1.359 102,073

1.634 339,600

1.208 500,000

1.129 1,200,000

515

566

642

434

546

603

455

351

336

291

-0.897

-0.898

-0.898

-0.897

-0.897

-0.897

-0.89ô

-0.896

-0.897

-0.899

Gross sec.

Net sec.-Top

Net sec.-Bottom

Net sec. -Top

Gross sec.

Gross sec.

Net sec. -Top

Net sec. -Top

Net sec. -Bottom

Test stopped
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Table 4.4

Fatigue Test Results for Lipped -angle Specimens Connected Through One Leg

( Test Temerature = 25oC )

Specimen Load Stroke Freq. No. of Stress Stress Mode of Failure
(kN) (mm) (Hz) Cycles Range Ratio

t t (MPa)

BB-70-1 60 1.220 1 .760 600,150 256 -0.923 Net sec. - Bottom

BB-7O-2 50 1.030 1.975 1,050,000 206 -0.923 Net sec. - Bottom

BB-70-3 75 1.580 1.575 270,000 305 -0.923 Net sec. - Bottom

BB-7O-4 90 1 .915 1 .396 136,900 381 -0.923 Net sec. - Top

BB-70-5 140 3.140 1 .000 16,000 597 -0.935 Net sec. - Bottom

Table 4.5

Fatigue Test Results for T-Shaped Specimens

( Test Temerature = 25oC )

Specimen Load Stroke Freq. No. of Stress Stress Mode of Failure
(kN) (mm) (Hz) Cycles Range Ratio
+ + (MPa)

BG-36-1 180 1.400 1.033 253,000 380 -0.884 Net sec.- Bottom

BG-36-2 210 1.536 1.251 160,000 443 -0.885 Net sec. -Top

BG-36-3 150 1 .080 1.741 600,000 317 -0.883 Net sec. - Top
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Tabie 4.6

Fatigue Test Results for Singly Symmetric Sections Connected Through Both Legs

( Test Temerature = 25"C )

Specimen Stroke
(mm)

+

Load
(kN)

t

Freq. No. of
(Hz) Cycles

Stress Mode of Failure
Ratio

Stress
Range
(MPa)

BA-1 09-1 1

BA-1 09-12

BA-1 09-13

BC- 81 -11

BC- 81 -12

BC- 81 -13

66.5

90.0

1 10.0

72.5

50.0

90.0

1.630 1.595

2.220 1.292

2.989 1.025

1.873 1.529

1.218 2.040

2.283 1.317

355,188

75,000

22,000

145,000

624,000

56,600

510

352

633

489

642

771

566

470

294

-0.766

-0.767

-0.765

-0.847

-0.848

-0.847

Net sec.-Top

Net sec. -Top

Net sec. -Top

Gross sec.

Net sec. -Top

Gross sec.

BB - 70 - 6 144.0 2.360 1 .100 26,500

BB-70-7 120.0 1.925 1.302 70,000

BB - 70 - B 75.0 1.625 1.6ô2 633,000

-0.839 Net sec. -Top

-0.838 Net sec. -Top

-0.839 Net sec. -Top
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Table 4.7

Fatigue Test Results for Back-to-Back Channel Specimens

( Test Temerature = 25oC )

Specimen Load Stroke Freq. No. of Stress Stress Mode of Failure
(kN) (mm) (Hz) Cycles Range Ratio

t I (MPa)

BN-36-1

BN-36-2

BN-36-3

BN-36-4

BN-36-5

1.230

1.472

375 1.678

1.035

1.562

1.99 660,000

1.61 336,000

1.61 134,352

2.'16 1,528,000

1.61 160,100

270

325

184

286

225

350

219

257

304

-0.933 Net-sec. Bottom Right

-0.934 Net-sec. Top left &
Bottom Right (web only)

-0.932 Net-sec. Top Right &
Left at spacer plate

-0.932 Test stopped

-0.932 Net-sec. Bottom Left

HBN-37-1 200 1 .032 1.61 450,000

HBN-37-2 250 1.212 1.66 258,000

HBN-37-3 300 1.414 1.56 120,000

HBN-37-4 150 0.767 2.60 1,290,000

182 -0.932 Net-sec. Top Right

230 -0.932 Net-sec. Bottom Right

271 -0.932 Net-sec. Bottom Right &
Bottom Left

137 -0.932 Test stopped

HBN-37-5 350 1.680 1.61 52,185 324 -0.933 Net-sec. Top , Left
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Table 4.8

Fatigue Test Results for Back-to-Back Channel Specimens

( Test Temerature = -50oC )

Specimen Load Stroke Freq. No. of Stress Stress Mode of Failure
(kN) (mm) (Hz) Cycles Range Ratio

t t (MPa)

HBN-37-6 170 0.995 1.49 1,306,275 151 -0.932 Test stopped

HBN-37-7 20O 1.062 1.21 590,000 180 -0.931 Net-sec. Top Left

HBN-37-B 235 1.209 1.29 452,000 208 -0.932 Net-sec. Bottom Left

HBN-37-9 280 1.432 0.92 223,000 249 -0.932 Net-sec. Top &
Bottom Left member

HBN-37-10 310 1 .567 0.79 133,000 278 -0.932 Net-sec. Top Right
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or=
P=

90o- angle section
60o- angle section
Lipped angle section

OJ-r 9oo- angle section
60o- angle section
Lipped angle section

Ultimate stress range in MPa.

Alternating fatigue load in kN.

Table 4.9

Log - Log Relationships

(BA) I
(Bc) 

I

(BB) 
__l

(BA) I
(Bc) 

I

(BB) _l
T - Shaped section (BG)

Back{o-Back Channel section (BN)

Back{o-Back Channel section (HBN)
Back-to-Back Channel section (HBN) a

(One leg connected)

S-N Relationship

log N = a- b log

This series of tests were conducted at
All other tests were conducted at room

(Both legs connected)

16.23
16.65
15.29

21.92
16.18
17.72

15.64

16.19
13.85
13.96

or
Load-N Relatioship

log N =t- b logP

4.14
4.33
3.97

6.08
4.08
4.83

3.95

4.43
3.61

3.ô1

- 500c.
temperature (25 

oC)

12.69
12.80
13.01

15.58
12.71

14.86

14.36

17.52
14.06
14.09

4.34
4.25
4.07

5.50
4.07
4.83

3.95

4.81

3.64
3.58
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CFIAPTER 5

Finite Element Analysis

5.1 Introduction

The colcl-f'orrnecl plain 90o-angle section is extensiveh' usecl in latticecl electlical

transrnission towers. 'Ihese angles ar-e r-rsually connectecl throtgh one leg ¿ncl can be

subjectecl to either eccentric tension or compr-ession loading. Irr the present study,

a finite element model was clesignecl to simulate the behaviour of 9O"-angle sections

connected through a single leg. Both geometric and material nonlinearities were

incorporated in the analytical problem. The test specimen was modeled using both

quadrilateral ancl triangular shell elements, particularly weli suited to model curved

portions. Each element had six clegrees of freedom at each nocle. A newtonian

approach was adopted for the nonlinear analysis using the ANSYS finite element

program (Sr.r'anson Analysis Systerns, Inc., 1992).
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In the wo'-li describecl herein, the finite element anal_ysis was initiatecl to fulfill

trvo objectives. The first rvas to ascertain the valiclity of the rnoclel to simulate

actual behaviour of the section. As such, s¡recial ernphasis was given for correlating

the e,xperirnental r-esults with those obtained fi'orn the finite element analysis. The

cornputecl strains and translations rvere f'ound to be in goocl agreement with those

recolclecl in the ex1>erirnental program.

The seconcl objective \\¡as to obtain fätigue lifè estiurates basecl on stresses

preclictecl lty the finite elernent methocl. In that regarcl, the computecl stresses incor-

poratecl the effect of localizecl stress concentr¿ti<¡ns at the region of the discontinuity

(encl hole zone). Furthernrote, in order to account f'or irregular loacl cycles (variable

amplitucle loading), fatigue lifè preclictions were based on Palirrgren-Nliner's rule f'or

cumulative clamage.

5.2 Single Angles Used as Columns

Noniinear finite element analysis of single angles has been investigated by

several researchers. For the elastic lange, Haaijer et al. (1931) simulated an

eccentric load test of hot-rolled 90o-angles utilizing the MSC/NASTRAN finite

element program. In addition, for the elasto-plastic buckling analysis of single angle
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colrtmns, Chuenmei (1984), used a combination of flexural-torsional buckling ancl

local plate buckling analysis. The angle rvas discretized using non-compatible rect-

angular plate elements rvith five degrees of fì'eedom at each nocle (three tr-anslational

and two rotational).

'Ib accottnt f'ol the elasto-plastic behaviour, the material was assunrecl to be

isotropic with an elastic-¡rerfèctly plastic stress-strain relationshi¡r. Von N,Iises yielcl

criterion and thc' concept of effèctive stress rvere adopted in the finite element f'ormu-

lation. Ihe stLrcly concluclecl that cornputecl riltimate loacls were in good agreernent

lvith test results.

In 1991, Adluri et al. designed a finite element rnoclel f'or estimating the ultiurate

strength of 60" equal leg angle under axial compressive loading. The section studied

rvas produced through schiflìerizing the hot-rollecl 90o-angle members by bencling

each leg inwards by 15". This process introduced additional residual stresses into

the section. As such, the numerical simulation of residual stresses was considered

in the analysis. The recommendations made by the ECCS (1985) were adopted in

defining the residual stress pattem for 90o-angles. The member was modeled using

eight-nodecl shell elements with six degrees of freedom at each node. The analytical

problem was solvecl uncler both geometric ancl material nonlinearities using the

ABAQUS finite element program. Concentric loacls wele appliecl through a fictitious



thick encl itlate attachecl to the entire cross section at each encl. Furthermore, in

orcler to account t'or eccentricity of loacling in actual tower mernbers, the initial

geometr-v of the angle was assurned to be in the f'orm of a half sine-wave with central

out-of'-straightness equal to 112000 to i/500 of the rnember length.

On correlating cornputecl ancl experimental results. the stLrcly inclicatecl that the

aclol>tecl lnoclel coulcl reasonably preclict fäilure loacls of schif{lerizecl angles uncler

concentric axial cornpressive loading.

5.3 Quadrilateral and TYiangular Shell Elements

In the present study, the cold-formed 9Oo-angle member was modelecl using both

quadrilateral and triangular shell elements with six degrees of freedom at each nocle:

translations in the noclal X, Y, arrd Z directions, and rotations about the nodal X,

Y, ancl Z axes. The chosen element is capable of accounting f'or plasticity, stress

stiffening, lalge deflections, and large strains.

The geometry, node locations, nodal displacements (u, v, and w), and the

element's coordinate system are shown in Figure 5.1. The quadrilateral element

is defined by eight nodes, four thicknesses at corner nodes, and the orthotropic
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material pr-operties. If the elernent has variable thic:kness, the thickness at the micl-

side nocìes is taken as the average of those at the corresponding corner nocles.

For nonlinear materials, five through-the-thickness integration points could

be usecl fbr the shell elements acloptecl in the stucly (qr-rach'ilateral ancl tri

angular'). For linear materials the ANSYS finite elernent plogr-'anì uses only

tu'o thror,tgh-the-thicliness integration points. N¡Ioreover, fbr in-plane analysis, 2x2

integration poiuts are usecl f'or quadrilateral shell elernents, ancl only 3 integration

points are nsecl f'or triangular shell elements.

5.4 Sources of Nonlinearity

In any stntctural system, many sources of nonlinearity significantly influence its

structural response. These sources are highly depenclent on the stmctural system,

the loading, and the boundary conditions.

For latticed transmission towers, one can identify three major sources of

nonlinearity. These include, material nonlinearitg geometric nonlinearity, and

joint flexibility ancl slippage. However, as the present stucly was concerned with

studying the fatigue l¡ehaviour of cold-fbrmed steel members in transmission towers,

244



an essential requirement rvas proclucing fi'iction type connections cluring cyclic

loacling. As such, the thircl type of nonlinearity (joint flexibility ancl slippage) was

not accountecl f'or in the finite element formulation. Both material ancl geometric

nonlinealities are discussecl in the f'ollowing snbsections.

5.4.L Material nonlinearity

N{aterial ttonlinearity enconrpasses 1>r'oblems in u'hich the stresses are not linearll'

proportional to the strains. In the finite elernent formulatiorr, the ,ANSYS

plogr-art has the capability of sirrurlating two t¡zpes of stress-strain relationships;

.plasticity, ancl rlonlinear elastic:ity. In that regarcl, an incremental ¡:roceclure basecl

on the Nervton-lìaphson method was aclopted where a selies of nonlinear iterations

conver'ge to the actu¿l nonlinear solution. The stiffness matrix was updated at each

equilibrium iteration to form the tangent stiffness matrix.

The Newton-Raphson equation can be written as:

(5.1)

where,

tangent stiffness matrix

nodal dispiacement increment vector

vector of applied loads

[Iir]

{A "}

IF "j
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{F"'} vector of restoring loads corresponcling

to the element internal loacls

l'igure 5.2 illustrates the incremental Neu'ton-Iìaphson ploceclure adoptecl in

the present study. 'Ihe procedure utilizes a combination of the incremental and

iterative schemes.

T'he firll¡, reversecl loacl cycle shorvn in F'igur-e 5.3 u'as diviclecl intc¡ three load

steps. TÌre first loacl step was fi'orn zero loacl to maximunl tensile loacl. 'l'he seconcl

was fì'orn maxirnum tensile loacl to rnaximum compressive loa,d, ancl the final loacl

step u'as fì'om rnaxi[lu[]. c:ornpressive loacl bacli to zero loacl.

The load was applied in an incremental (ramped) sequence fbllowing the

triangulal wave fbrm shorvn in Figule 5.3. Each load step was clivided into a series of

sub-steps where successive equilibrium iterations were performed until convergence

of the solution was achieved.

Apparently, the incremental Newton-Raphson method yields higher accuracy

compared to iterative procedures. Furthermore, the additional computational

effort could be justifiecl by the fact that the iterative part of the p.-ocednre

permits one to access the quality of the approximate equilibrium at each stage.
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5.4.2 Geometric nonlinearity

Geonretric nonlinearities result fï'orn the continuous change in the geornetrv of the

structrtre as it deflect. At each equilibriurn iteration, the tangent stiffness matrix

[1i7] is rqrclated to account fbl the rnoclifiecl stifness of the clef'ormecl geonietry.

In ihe curlent stucly, georrtetric nonlinear effects were accolurtecl f'or by usi¡g the

large cleflection concept. il'his concept assrrrrles that the rotations are la,rge but the

mechanical strains (that cause stresses) are small.

5.5 Finite Element Modeling

The finite element moclel aclopted in the present stucly can be clearly clescribecl

based on three stanclpoints: (i) the cross sectional climensions ancl the material

properties of the test specimen, (2) the discretization process, ancl (3) the selection

of the displacement models (boundary conclitions), ancl the location of the appliecl

loacls' These three points are discussecl in the following subsectio¡s.

5.5.1 cross sectional dimensions and material properties

In modeling the 9Oo-angle section (BA), the average recorclecl cross sectional climen-

sions of all test specimens were used. The angle hacl ¿n average flat wiclth of 6J.281
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rrun, an avelage base rnetal thicl<ness of 3.95 mrn, and an avelage inner raclius of

4.0 mm as illustratecl in Figure 5.4.

The average rneasruecl hole diameter was 17.385 mrn. l\,Ioleover, the average

horizontal clistance nreasurecl fì'om the centerline of the hole to the eclge of tlie angle

was 35.135 mrn. At each encl of the member. two bolts u'eLe used to connect one

leg of the angle n'ith the gr.rsset plate. 'Ihe vertical eclge clistance ancl bolt spacing

rvele 24.4¡57 mm ancl 50.0 rnn respecìtively. 'I'he total length of the angle was 1500

mm. However', chre to s¡r1¡¡ls1r)/ abolt the micl-height plane of the rnember', only

half the length (750 nrm) was c:onsiderecl in the finite elernent rnocleling.

In the finite element analysis, the steel type used was ASTNI 4715 Gracle 60

witlr minimum specified yield stress oï Fo - 4I5 ùI Pa. All material properties were

extracted from results of standard tension coupon tests performed at room temper-

ature (- 25"C). Furthermore, these properties wele representative of those obtained

from tension tests performecl on ungalvanizecl coupons cut from flat portions of the

9Oo-angle section (BA). Material properties employed in the finite element analysis

are shown in Figure 5.4.
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5.5.2 Discretization process

The cliscretization plocess involves snbdivicling the structure into an ecluivalent

system of finite el.ements. Obviously, the accuracy of a finite element solution can be

irnprovecl bJ'refining the rnesh. However, computational limitations require that

onl¡z sign;6cant portiols of the structure need mesh refinernent. On that basis. the

90o-au.qle rnernber rvas cliviclecl into 45 areas as shown in F-igure 5.5. The objectiire

here rvas to pt'oclttce an efficient finite element moclel of the specimen by s¡lecifying

appropriate elernent size f'or each area,.

A computer-generatecl plot of the finite elernent nodel is shown in Figule 5.6.

The angle mernber was cliscretized into a total of 1790 shell elements with si,x

degrees of freeclom at each nocle. Of these, 1637 elements rvere quadrilateral, ancl 153

elements were triangular. Mesh refinement could be observecl for areas surrouncling

the holes (stress concentration zones), and near the mid-height section (location of

symmetry boundary conclitions). The X, Y, Z directions shown in Figure 5.6 are in

the global coordinate system.

5.5.3 Boundary conditions and location of applied loads

The plane of symmetry f'or the angle member was at the mid-height section. As such.,

three degrees of freedom were restrained for all nodes at that section. These include,
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tlre translations in the longituclinal direction ([J" : 0), ancl t]re rotations about both

tlre X and Y axes in the gloltal coorclinate system (Rot, : g, ancl Rot, : g¡.

Of special interest in the analysis rvere the areas sulrounding the holes (washer

areas). These Ar-eas \\rer-e continuonslJ' subjectecl to out-of'-plane pressure resulting

fi'om the action of the tensile f'orce in the 15.875 rnrn (5/8") ASTIVI 4490 structLrral

bolts. ln the analysis, a vahre of 103 kN/bolt was assumed (CfAN/CISA-S16.I-N,I94.

1995). 'I'his out-of:plane t'orce was distril¡utecl over the rvasher Area stu'rotrncling

each hole. The alea has an outer cliameter of 31.50 rnrn. ancl an inner cliameter of

17.385 lnrn. l\'Ioreorrer, the appliecl pressure on each rvasher proclucecl the fì'iction

tvpe corrnection reqr-tirecl f'or cyclic loacling. In that rega,t-cl, the nodes at the eclge

of the holes were assulnecl to be totally restrainecl except f'or one clegree of freedom.

and tlrat was the translation in the longituclinal direction (U" + 0).

Fully reversed fätigue loads were applied in the sequence shown in Figure 5.3.

As only two bolts were nsecl in connecting the angle member to the gusset plate,

tlre end bolt was assumed to transfer 67% of. the alternating fätigue load, whereas,

33% of the loacl was transferred by the second bolt. Moreover, the nodal points

tsecl to transfer the loads in both tension and compression cycles are illustratecl in

Figures 5.7(a) and 5.7(b) respectively. These nodes were chosen to simuiate actual

load locations observed cluring the experimental program.
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5.6 Comparisons with the Experimental Results

Results obtained fì'om the finite element analysis wele cornparecl to those

recorclecl in the experimental prograrrr. 'Ihe objective was to ascerta,il the aclequac¡,

of the finite element rnoclel to simulate actual behaviour of 9O'-angle members usecl

in constr-uc:ting transmissioll towers.

I'ypicaÌ clef'ormecl configurations of the finite element rnoclel fbr the angle

rnember ale shorvn in tr'igures 5.8 ancl 5.9 f'or cases of eccentlic compression ancl

tension loads respectively. As evident fi'om these figures, rnaxirnum lateral transla-

tions were found to occur at the mid-height section of the member. The maximum

computed translations at this section occurred for the connected leg. These values

\.vere compared to those recorded in the experimental program as illustrated in

Figure 5.10.

As illustrated in Figure 5.11, under eccentric compression loads, maximum

translations at the mid-height section were at the free edge of the connectecl leg.

However, for eccentric tension loads, the corner of the angle showed the most signifi-

cant lateral displacement vahre. The maximum values of the computed translations
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were in vely good agÌ'eemen.t with those recorclecl in the experirnental program (error

: 5% to 8%). Cornputecl ancl recordecl t'-anslations at the mid-height section of the

angle are given in Talile 5.1. MoreoveÌ) computer generatecl plots of translations in

the globai Y clirection uncler eccentric corrrpression ancl tension loads are given in

Figures 5.12 ancl 5.13.

LougituclinaÌ resiclual stless clistrillution f'ol the inner a,ncl outer surfäces of the

90o-angle section (tsA) are shorvn in l'igure 5.14. Due to the irregular clistribution.

these stresses rvele not accountecl for in the finite element analysis. Iypical stress

clistribution at the rnicl-height section oT the angle mernber is shown in Figure 5.15.

In acldition, stress contours irr the longituclinal clilectiorì al'e given in Figure 5.16.

As evident fr^orn these plots, regions surrouncling the holes were characterized by

the presence of high localized stress concentrations. A close-up view showing the

longitudinal stress contorus (ø,) surrounding the end hole zone is shown in Figure

5.17.

The strain gauge pattern used f'or the 9Oo-angle specimen is iilnstrated in

Figure 3.23. The exact location of the gauges were used in computing the strains by

the finite element method. When the actual location was found between any two

nodal points, the strain value was obtained by direct interpolation. The differ-
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ence between colnputed ancl recorded strain reaclings rvere u'ithin an er.'ror-. l¡and of

+ 20%. Such diftèrence was more pronouncecl f'or Gauge #1 which was located

insicle the stless concentration zone. The presence of higir resiclual tensile stresses at

the end hole zone is believecl to be the rnajor fäctor causing the noticeable cliffèrence

in strain valnes at that location.

Uncler eccentric tensic¡n loacls, the finite elenrent moclel clver estinatecl the

strain vahres l>y 17%. For corn¡rression l<.¡acls the difference betrveen theoretical ancl

experirnental strain reaclings clid not exceecl 20%. In general, the preclictecl st'-ains

tencl tc¡ over estimate the actual rneasurecl stra,ins only irr the region of high stress

concentra,tion. At the mid-height section. ro pronouncecl clifference was observed

between theoretical and experirnental strain valnes.

5.7 Cumulative Fatigue Damage

Transmission towers are subjected to a large number of repetitive loads of

variable magnitudes resulting mainly from the action of wincl gusts. These structures

are therefore subjected to irregular load histories that generaliy occur in a random

sequence. The cumulative effect of these loacling events eventually produces

fatigue failure. However, techniques of analysis ancl of testing have been developed
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to preclict u'hethel such loacls will produce acceptable or unacceptable fäl,igue lives.

In all cases) solLrtion technic¡ues usecl f'or analyzing irregr-rlar loacl histories are

basecl on clata obtainecl fì'orn constant amplitucle fätigue tests. Nloreorrer, both

simple ancl cotrplicatecl solution techniqr-res are available. Simple analysis methocls

are basecl on nomina,l stresses ancl the assumption that fãtigue clamage (cleterio,,-'ation

of t,he rnetal ch.rling cyclic stlaining) is linear with the number of c¡'çles. Horvever,

nror'e cornlrlical,ed analysis approaches deal n'ith the total fätigue lif'e of a component

as a summation of both initiation ancl propagation lives. In that rega,rd, a notch

strain approach is acloptecl cluring the crack initiation stage. whereas, a crack g-r:owth

analysis is usecl fbl later stages of the tätigue life.

In evaluating the fatigue life for various types of steeÌ bridge members un-

cler variable amplitude loading, Schilling et a1., (1978) acquired fatigue clata on

weided briclge members under variable-amplitude random-sequence stress spectrum.

In their study, the effective stress range concept was used to relate variable amplitude

fatigue data to constant amplitude data. Three different methods for calculating

the effective stress range were discussed. These were: (1) the Rayleigh distribution

method, (2) the root mean square technique (RNIS), ancl (3) the Palmgren-Nliner's

rule for cumulative clamage. The results obtainecl indicatecl that the transformecl

variable-amplitude test data points rvere within a scatter band bounded by the
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95% confidence limits of the constant amplitucle test clata. Furthermore, there

was no statistically significant clifference betrveen constant amplitucle clata ancl the

transf'ormecl variable arnplitude clata.

5.7.I Fatigue life prediction

NurneLorts rnethocls fbr the precliction of fätigLre lif'e of a cornponent uncler non-

tunifbnn loacl cycles have beeu presentecl bJ'Osgoocl, (i982). I\,Iore<.rver, li<¡th lilear'

ancl nonlitrear methocls of fatigue life prediction were discussed in detail. r\ll the

methocls utilize the concept of gradual accumulation of clarnage that talies place

cluring cyclic loacling. ln general, methocls of fätigtre lifè prediction uncler uon-

unif'orrn loacl c)'cles can be classifiecl uncler the f'ollowing three categories:

1. Linear cumulative cla,mage based on specific S-N data f'or each specimen type.

2. Nonlinear cumuLative damage based on S-N data f'or each specimen type.

3. Linear or nonlinear cumul.ative da,mage based on damage boundaries or

modified S-N cnrves.

Of special interest in the present study rvas to utilize the stress concentration

methocl (falls under category 3 above) for predicting the fatigue life of the g0'-

angle section. This methocl was coupled with Palmgren-Miner's rule for cumulative
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damage. Nloreover, stress concentration fäctors wer-e determined from a refinecl

stress analysis r.rsing the ANSYS finite element program.

The stress concentration factor (1i¿) is clefined as the ratio of the peak stress at

the discontinuit-v region to the nominal stress. Figure 5.18 shorvs a typical clistril¡u-

tion of the longituclinal stress (a,) at the clisc:ontinuity region of the angle (encl

hole region). In that Figure, the x-axis represents a horizontal clistance <¡f D

rneasurecl fì'om the eclge of the end hole tonarcls the fì'ee eclge of the arrgle.

where, D is the cliameter of the encl hole. 'Ihe stress clistribution path (direc-

tion) was chosen basecl on stress contour plots clevelopecl b¡, the ANSYS prograÌn.

!-rom these plots. the nodal path that yielclecl the highest stress values rvas c:leally

iclentifiecl. The computecl nominal stress (membrane stress) f'or the chosen path is

also ilhrstratecl in Figure 5.18. Depending on both the level of the applied loacl, and

the distance from the edge of the hole, the computecl stress concentration fäctors

for the angle section rangecl from 2.8 to 6.0.

In order to compare the computed stress concentration factors for the angle

member with some theoretical values, a uni-axially stressed piate with two circular

holes rvas assumed for the analogy. Consiclering a plate wiclth of 63.3 mm (equals

to the flat width of the angle section), hole spacing of 50 mm, ancl a hole diameter

of 17.385 mm, the stress concentration factor as presentecl by Peterson, (1974) was
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apploximately 2.32. This value u'as obtainecl fol the case of uni-axially stressecl plate

rvitlr an infinite row of circular holes (Sch:;tlz,1,942). Hor','ever, the clifference betrveen

the coruputed stress concentration fäctors basecl on the finite element analysis and

tlre tlreoretical value of 1í¿ : 2.32 is rnainly attributecl to the fäct that the ideal

uni-axial stress conclition of a plate is not satisfied f'or the case of an eccentrically

loaclecl angle.

Fbr fätigue lifê precliction. the stress concentration fãctors can be utilizecl in two

cliflèrent ways:

f . 'lb clefine the peali stress at the region of the cliscontinuity, ancl to cleternrne

the allowable nurnber of cycles basecl on the approxinrate S-N crn've f'or the

new unnotchecl rnaterial.

2. To select an applopriate S-N curve from a graded set of notched specimens.

In that case, the S-N curve is considered to be the damage boundary of the

design.

In the present study, fätigue design culves were considered those corresponding to

the lower 95% confidence limit. These curves were based on 2.0 standard deviations

below the mean regression line fitted through the test data. The Palmgren-Nliner's

rule for cumulative fatigue clamage rvas adopted by the ANSYS finite element pro-

gram. Inspite of the tendency of the rule to overestimate the fatigue lifè (Osgood,
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1982), it is still usecl extensively not only f'or its simplicity, but also because more

sophisticatecl values a,r'e not generaliy applicable to all types of service loacling.

Palrngren-lVliner's rr-rle is basecl on the assurnption that the phenornenon of

cunttlative clamage uncler c)'clic stressing is related to the net rvork absorbed by the

specimen. Ilr that regarcl, the number of appliecl stress cycles expressecl as a per-

centage of the nurnbet to fäilule at the given stress range level n,oulcl be the portion

<¡f the useful lifè expencled. Consequentl¡r, l,he fätigue spec:irnen nor-rlcl fäil n'hen the

total clamage r-ea,ches 100% (usage fäctor : 1). Tire fätigue clamage sustained under

one c¡rçls of loacling can be expressecl as:

Fatigue Darnage : :
1V

(5.2)

where, 1/ is the fätigue life to fracture under unif'orm load cycles. Predicted

cumnlative fätigue clamage curves for the 90"-angle member are shown in Figr-rre

5.19. Several values of stress concentration factors in the longituclinal direction

were considerecl as illustrated in Figure 5.19(a). In adclition, the combined effect

of both longitudinal and transverse stress concentration fäctors on the fatigue life

of the member is demonstrated in Figure 5.i9(b). The curves were developed f'or

a surface point at the eclge of the encl hole. Fatigue calculations executecl by the

ANSYS program are explained in the following subsection.
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5.7.2 Fatigue Darrrage Calculatlons

The ANSYS fätigue calculations rely on the ASME Boiier and Pressure Vessel Code,

(1989), Section III, Division 1, and Section VIII, Division 2. 'IÌre tätigue moclule

usecl combines the effect of stress cycling over'rlany cycles involving all stress compo-

nents at a point in the structure. The progr-am autornaticall¡' calculates all possible

stress ranges ancl keeps track of their number of <¡ccurrences using the rain-flow

counting methocl ploposecl liy Stasuiski ancl Errclo in 1968. The fäilure criterion

assulnecl fbr fätigtre calculations is basecl on the rnaxinrurn shear theory. Nloreover.

fãtigue calculations are basecl c¡n the assumption of full¡r .-eversecl stress cycles.

The proceclure ca,n be snrnmarizecl by the f'ollowing main steps:

1. Selecting the nodal locations of interest in the fatigue evaluation. Usually

these are points where fatigue crack initiation wodcl most likely occur (at the

stress concentration zones).

2. Identifying the material fatigue properties for the specimen. This includes

defining an S-N curve for the unnotched specimen to be used as a damage

boundary for the clesign.

3. Defining the elastic-plastic parameters ræ and n" (strain harclening expo-

nents).
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'llhese pararneters are obtainecl fi'om the ASNIE Boiler ancl Pressure

Vessel Cocle, (1989).

4. Storing stresses obtainecl fì'orn all three loacl steps (Figure 5.3) at the selected

noclal locations.

5. Defining the nunrber of repetitions f'or the loading event (three loacl steps),

ancl assigning scale fäctors f'or the storecl stresses.

,At this stage. as the noclal locations, stresses, ancl rnaterial pa,rarneters are a,ll

specifiecl, fätigue calculations can lte activatecl at any selected location as explainecl

bJ' the f'ollowing steps:

1. Computing the rnaximum alternating shear stress by comparing stresses ob-

tained fi'om cliftèrent load steps. A vector of stress differences is first computed

AS:

(5.3)

wltere,

{"}o : stress vector fbr loading /¿

{"} ¡ : stress vector fbr loacling /¡

A stress intensity a¡ is tiren computed basecl on principal stresses (or, or, and a3 )



calculatecl at

oI('i, i)

the specifiecl location. The stress intensit¡z o7

: IVlaximtrmof (lø1 - orl , lo, - o"l , lo, - oul) (5.4)

rs glven as:

The alternating shear stress is c¿lculated as:

(5 5)

'I'he nraxirnurn alternating sheal stress as caÌculatecl by the ,¡\NSYS prograrn can be

e-xpressecl as:

o!'.:- t,l
or (i, i)

2

o9. :- ¿rJ
,¡!'.- ¿rJ (5.6)

where. -[í, is a strailr clistribution fäctor usecl in the elastic-plastic fatigue ca,lcn-

lations. The fäctol could be defined basecl on the ASME Boiier and Pressure Vessel

Cocle, (1989). A value of 1Ç : 1 is considered for elastic analysis based on peak

stresses.

2. The total nnmber of load combinations is given as:

Number of load combinations : L,S (LS - r)
(5.7)

where, trS

str.rdy LS : 3).

is the number of loacl steps

The loadings are then sorted

in each loading event (in the cur.-rent

with the highest value of ø¡,¡" first.
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3. 'I'he usage fäctor (./ì,) t¿t each noclal location

N4iner's rtLle f'or curnlrlative fatigue clarnage.

&,".¿

is calculatecl basecl on Palrngren-

(5.s)

u'here,

lVur",¿

Nnllotual¡Ie

Nttttowal¡le

specifiecl nnrnbeÌ of repetitions f'or a particular loading e\ient

number of allowable cycles calculatecl by the plogr-arn f'or the

given stress am¡rlitude level

4. Step 3 is repeatecl using the next highest value of øfi until all the oí¡

values are exhausted. 'Ihe number of times this process is repeated is either eqttal

to, or less than the number of loading events.
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Table 5.1 
*

Experimental and Theoretical Lateral Displacement Values at the Mid-Heieht Section.
(90o-angle section connected through one leg at room temp. = Zf%)

Load
(kN)

90
-90

80
-80

70

-70

60

-60

50

-50

40
-40

\)

Exp.

2.095
19.768

2.076
14.603

2.084
10.582

2.002
7.533

1.694

5.283

1.459

3.661

0.691

1.233

ïheor.

1 .310

19.962

1.282
13.568

1.287

9.390

1.166

6.555

1.077

4.588

0.961

3.152

0.762

1.256

b
(mm)

Exp.

4.029
10.979

3.679

8.806

3.304
6.995

2.906

5.494

2.484
4.249

2.039

3.206

20
-20

Theor.

3.654
10.703

3.298

7.910

2.943
6.057

2.544
4.712

2.147

3.663

1.733

2.789

1.076

1.370

* 
To be used

Exp.

0.534

0.244

0.461

0.483

0.391

0.658

0.325
0.768

0.262

0.813

0.203

0.794

in Conjunction with Figure 5.11.

Theor.

0.505

0.801

0.431

0.409

0.356

0.193

0.293

0.068

0.230

-0.001

0.171
-0.036

0.189

0.388

0.817

1 .130

d
(mm)

Exp.

1.371

6.845

1.080

4.700

Theor.

2.066

8.960

1.783
5.562

1.46'1

3.313

1.225
1.858

0.950

0.955

0.682

0.397

0.121

0.046

0.824
3.055

0.603

1.823

0.416

0.940

0.264
0.346

0.164

0.024

0.032

0.011
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(b) Triangular Shell Element.

Figtrre 5.1: Shell Elements Adopted in the Finite Element Analysis.
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Figure 5.2: Incremental Newton-Raphson Proceclure.
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Figure 5.3: Loacling Cycle and Loacl Steps.
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Figure 5.5: Discretizing the Finite Element Model into 45 Areas.



N,r
Or
co

ÀNSY"S 5 .0 ?,4
Nov 22 t994
12 :07 ¡ 4'l
PLOT i'lo. 2
ELtM,El,llsj
TYTìE NtIì,I
l_)lì I'l:l

Xv =1
Yv=1
ZV :1
DIST=31"8 -'722
/'F :36 ,"1 4'1
YF =36 .'l 4'7
17r 

-)14...!J .-J I J

l\-ZS=1.80
CEN1IROTD H]DDEÀI
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CHAPTER 6

Conclusions and Recommendations

6.1 General

'f'he conclttsions in this chapter a,re basecl on the evaluation of the test clata

f'or' 52 firll-size colcl-f'ornrecl steel mernbers testecl nnclel constant arnplitucle axial

fätigue loads.

1. The stress range was the dorninant stress variable influencing the fatigue

behaviour of cold-formed steel sections tested dr"rring this study. Other stress

variables, such as minimum stress, maximum stress, and the stress ratio did

not appear to have a significant effect on the sections.

2. Most failures occurred at the extremity of the encl hole of the tested specimens.

However, the 60o-angle section (BC) witnessed several gross section failures.

In addition, at high stress lange levels, a limited nnmber of block-shear failures
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wer-e observed for the 90o-angle section (BA) connected through a single leg.

3. F-or each test series, a log-1og linear relationship betrveen the stress range ancl

the number of cycles u/as given. Nloreover. similar relationships wele clefinecl

f'or the alternating fätigue loads and the total fätigue lifè f'or clifferent cross

sectional shapes, tenrperattLres, and type of steel involvecl in this stucl¡r.

4. L'he log-transfonnation of l¡oth the S-N ancl the Loacl-N c:urves resultecl in a

nonrral clistribution of the test clata at all levels of stress range ancl loacl.

5. The rnean regression line f'or S-N curves of steel type ASTNI-4715 Gracle 60

hacl an average negative slope of a¡:r¡rroxirnatel¡z 21.5. The c:orresponcling value

fbr steel type CAN/CSA-G40.2I-NI 300W rvas 3.61.

6.2 Crack Initiation and Growth

1. Initiation and growth of fatigue cracks were observed to occru' in areas

sr-rbjectecl to high tensile stress range caused by the presence of initial flaws

or discontimrities. These specified locations were characterized by the presence

of high stress concentrations which provided a favourable conclition fbr crack

growth.
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Fatigue clacks u,ere observecl in both tension and compression cycles. Horvever,

the continuecl progressive crack growth was only pÌonounced in tension cycies.

Fatigue cracks causing net section fãilure initiatecl at one or rnor-e points in

the stress concentration zone strrrouncling the encl hole of the specimen. 'I'hese

cracks pro¡:agatecl in a clirection perpenclicular to the princi¡ral tensile stresses

at that partictrÌar location.

.¡\s the fãtigue cracli grevr' out of the stress concentration zole. a noticeable

change ilr its clirection lvas observecl. This was attributed to the change irr

the direction of principal tensile stresses between t.tre region of high stress

concentration (end hole zone), ancl the sulronncling region.

For the 60o-angle section (BC), gross section fäilures were observed to occru

at a horizontal plane 60 mm apart from the mid-height section of the member.

These cracks originated from a stress concentration spot caused by

the presence of an engraved letter at the back side of one leg.

6.3 Cyclic Behaviour

1. Cycle-dependent sofTening was observed for all testecl specimens, that was

evidencecl by the exponential increase of strains and the f'ormation of large

irrecoverable plastic strains.

.)

3.

4.

5.



Fatigue tests perfbrmecl at a ternperature of -50"C indicated that crack initia-

tion plocess coverecl almost the entire lorv temperature fatigue life. Fractules

associatecl with very short crack sizes rvere attributecl to large recluctions in

fracture toughness ancl cluctility associatecl rvith low temperatures.

In cornpaling the hysteresis behaviolLr (loacl-stroke curves) of singl¡' svnunetric

sectious colurectecl through both legs to correspolcling specimens colrnectecl

tlrrotrglr one leg, it u,as obserrrecl that the a\/elage increase in stifüress was 29Ta

fbr tlre 90o-angle section (BA), 26% fot'the 60o-angle section (BC), ancl 13%

f'or the lippecl angle section (BB).

Cjorurecting singly s¡itnmetric sections through both legs significantly reclttcecl

the recordecl lateral translations at the rnicl-height section of the mernbers.

Such reductions were highly pronounced in compression cycles.

6.4 Fatigue Strength Curves

BA, BC, and BB sections tested at 25'C (one leg connected)

In comparing the fatigue performance of the sections, it was observed that

fbr a given numbe.- of cycles, the 9Oo-angle section (BA) can withstand 4.5%

highel stress range than the 60o-ang1e section (BC) ancl 30% higher than the

lippecl angle section (BB).

,).

+.

]-
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2. Consiclering alternating fätigue loads, the lip¡red angle section (BB) sustainecl

36% higher loacl than the 60o-angle section (BC), and 60% higher tiran the

90o-angle section (BA).

1.

BA, BC, and BB sections tested at 25"C (both legs connected)

Better fätigue ¡:erf'orrnartce was observecl fbr the sections connectecl thloLrgh

ìroth legs c,ourparecl to sirnilar s¡recinrens co¡rnectecl onl¡i thror-rgh one leg. Fbr

a given nttrnlter of cycles, the average increase of stress range was 25Ta f'or the

9Oo-arrgle section (Br\), I5% for the 60o-angle section (BC), arcl I2Ta f'or the

lip¡recl angle section (BB).

Except for the 60o-angle section (BC) rvhich witnessecl some gross section

fäilr"rres, a significant increase in the fätigue strength of the 9Oo-angle (BA),

and the lippecl angle (BB) sections was noticecl at long fatigue lives.

T-shaped section (BG) tested at 25oC

1. The S-N curve f'or the section hacl approximately the same negative slope

value as the 90o-angie section (BA) connected through one leg. However, fbr

a given numbel of cycles, the fätigue strength was 5% lower than that of the

BA-section connected through one leg.
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2. 'Ihe fätigue limit f'or the section rvas obtainecl by extlapolating the log-1og

relationships to the level of N : 106 cycles. Stress r-ange and the corresponcling

aliernating fãtigue loacl at that limit were 276 l\,IPa and + i31 kN.

o Back-to-back channel sections

BN and HBN sections at 25oC, and HBN section at -50oC

1. DifIèrence in steel tvpes of BN a¡cl HBN sections resultecl in a noticeable

change of slopes f'or both s-N ancl Loacl-N cru'ves f'or these gloups.

2. F'atigue tests pelf'orrnecl on HBN sections at a tenrperature of -50"C shorvecl

n.5% increa'se in the stress lange level comparecl to sinrilar s¡recinen.s testecl

at roour temperatnre.

6.5 Finite Element Analysis

1. Computecl strains and translations based on the finite element analysis were

found to be in good agreernent with those recorded in the experimental

program.

2. Stress concentration factors obtainecl fì'om the finite element stress analysis

rangecl fì'om 2.8 to 6.0. These factors were compnted at the discontinuity

region (end hole zone).
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6.6 Recommendations

In the present stucly, the proposecl recommendations could be classifiecl into two

parts: (1) general clesign recommendations f'or the purpose of establishing fätigue

clesign provisions f'or colcl-f'ormecl steel sections, ancl improving the present situation

in the fielcl, ancl (2) recornrnendations f'or future resear-ch.

6.6.1 General design recotrnrendations

z\lthough all clesign cletails have not been evaluatecl cluring the str.rcly, t]re basic

frameworli has been clevelopecl and the critical clesign parameters have been clefinecl.

Basecl on the analysis a,ncl evalnation of the test clata, the f'ollowing r.'econlrrìenclations

are macle:

1. Design critelia are recommendecl on the basis of fätigue lif'e and stress range.

Table 4.9 gives the exponential moclel relating stress range to cycle life f'or the

various cross sections involved in the investigation.

2. It is r-ecommenclecl that fatigue clesign culves be based on the lower confi-

dence limit ol¡tained fi'om statistical analysis of the test results. This provides

a rational means of selecting stress values and takes into consideration the

variability of the test clata and the size of the sample tested.
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.). In orcler to perform a least-square regr-ession analysis f'or the fatigue test data,

the ¡\STIVI Cornmittee E-9 on fatigue recomrnencls at least f'our replicates at

each stress range level. Furthermore, clue to the consicleraltle scatter of the

fätigue test clata. it appears reasonable to recornmencl a log-nonnal

clistribution of fãtigr-re lifè at a given stress range level.

Although rvincl lo¿cls are of clynaniic nature, however, enorlnor-rsj iclelrtifiable

rnethocls are available fbr pr-edicting fatigue lives r-rncler non-unif'onn loacl

cycles. For fätigLre clamage calculations, it is recornrnenclecl to use the

lilrear rule of Palmgren arcl N4iner. Inspite of the knorvn tenclenc¡' of the nrle

to overestimate the fãtigLre lifê, it is stiil usecl extensively, fir'st. on account of its

simplicity, artcl seconcll¡r, because rnore so¡rhisticatecl techniclues of fãtigue life

prediction are not generally applicable to all types of service loading.

l-or the pulpose of provicling a universal picture for the fätigue behaviour

of cold-f'ormecl steel members, axial fatigue tests are recommended to be

perf'ormed on test coupons for various grades of cold-f'ormed steel for

identifying the material fatigue properties. These properties include fatigue

strength and ductility coefficients (o, and e!), and the strain harclening

exponent (n.) of the material.

A stress analysis is essential for deterrnining accurate values of the stress

concentration factors at the region of discontinuity. Coupling these fäctors

4.

5.

6.
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t.

rvith Palmgren-NIiner's rule fbr cumulative darnage would yielcl reasonable

fatigue lifè estimates for the specimen undel consideration.

F ielcl rneasulements on existing transmission towers are highi¡, recommencled

to obtain a lealistic figure of the number of alternating wind applications

acting on tort,et mernbers. In adclition, fielcl measruements of norninal stlesses

shottlcl be available. 'I'hese recordecl stresses shotLlcl be fär enouglÌ fï'<¡m a

critical cletail or surface ilregularity in orcler to elirninate the efièct of local

stress concentlations.

In transntission tower stluctures, when boltecl connections are required, high

strength bolts shoulcl be usecl f'or connecting colcl-f'orrnecl steel members sub-

ject to the possibility of repeated cyclic loacls in orcler to ensure slip-resistant

connections. The Turn-ofiNut-Tightening method is recommencled as it pro-

vides more unif'orm tension in the bolts than does torque-controlled methods.

For welded connections, due care must be given to ensure that all fillet welds

be made by automatic submerged-arc process if possible. Stop-start welding

positions shoulcl be avoided. Atry defects that are visually apparent should be

identifiecl and rewelded.

Since most fätigue cracks initiate at the surface, therefore, surfäce treatments

and manufäcturing effects are of significant importance in the design process.

8.

9.

10.
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6.6.2 Recornmendations for future research

The work presentecl herein investigated the fatigue perf'ormance of ¿ wicle range

of cold-f'ormed steel sections usecl f'or constructing transmission torvers. However',

except f'or a limitecl number of specirnens, the experimental program dicl not inclucle

repetition of test clata at the sar¡re stress larÌge level. 'I'his n'as maiirly clue to financial

cortst'-aints ancl t]re costly plocess of testing fìrll-scale rnernbers uncler fätigue loacls.

(-lonsequentl¡r. f,,trn"t tests on other cross sectional sha¡res are rec:olrìmenclecl in orclel

to rna,lie rnore clefirtitive conclusions about the valiables exarninecl. Fielcls of fïrture

research suggestecl by the present stucl¡, a,re as t'ollorvs:

1. Stuclies a,re neecled to corn¡rare ancl contrast the fätigLre strength of colcl-f'onnecl

steel rnembers when punchecl holes (rather than drillecl holes) are usecl f'or

bolted connections.

2. Time dependent environmental effects are of prirne importance in consicler-

ing fatigue failures. As such, research would be desirable to establish fa-

tigue strength relationships f'or cold-formed steel members tested in a corrosive

environment.

3. Research on the effect of variable-amplitude ioading on the fatigue performance

of cold-formed steel sections is recommendecl. In that legard, load histories

rvith and without sequence effect need to be investigated.
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4. Adclitional work is neecled to incorporate the effect of rnean stresses on the

fatigue behaviour of the sections. Investigating the infiuence of the tensile

nlean stress on the long-lif'e fätigue strength of colcl-f'ormed steel mernbers is

liighly recornmencled.

Since fätigue properties ale ver.'v sensitive to srlrfäce conditions, fïture stuclies

are lec¡tirecl to investigate the eflèct strrfãce rotrghness or other stress raisers

at the strlfãc:e on the lãtigr.re strength of test coupons e-xtractecl fì'orn various

gracles of c:<¡lcl-f'onnecl steel material.

5.
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Appendix A

Regression Analysis of Test Data

(Tables)



g,
O
æ

BA-109-l
BA-109-ó
BA-109-7

BA-109-5
BA-109-3

BA-109-4
BA-r09-2
BA-109-9
BA-109-B

Table 4.1

Regression Analysis for the Effect
(BA-section Connected Through One Leg

or
(MPa)

334,808r
5r5,0209
496.7852
589.2696
611,3cø;2

653.2346
673.5571
706.7313
812.9023

N

ó50000
r059ó0
90200

62700
ó0000

32000
3r 000
30580
r5550

Loe or
(x)

2.524796
2.7118249
2.6961686
2.770314

2.7862574
2.8150692
2,8283744
2.8492543
2.9r 00384

Log N
(v)

5,8129r34
5,02514r9
4.9552065
4.7972675
4,7781513

4.50515
4,4913617
4.4854375
4,1917304

Sum
Meon

2x

of Stress Range
at Room Temperature)

6.3745946
7 3539q4

7.2693254
7.6746399
7.7632302
7,9246145
7,9997019
B. r I 82502
8,4683232

24,8920971 43.04236

xy

2,76578861 4.782484r

b=
a-

14.67642

3.627305
3,3ó0073

3,289938
3,313 r 59

2.682309
2.703253
2,780152
2,19809ó

-4.137255
16.225258

,
v"

33.789962
25.252052
24.554072
23.013776
22.830729
20,296376
20,17233

20.119149
17.570604

(x- x)

68,946674

0,058077ó
o.oo29121

0.004847

2,048E-05
0.0004r9

o,oo242\5
0,00391ó9
0,00ó9óó5
0,0208079

2

r r 8,ó307

v

5,7976114
5.00q7929
5.O757413

4.76342
4.6962621

4.5748987
4,5r 88533
4,430q012
4,1748617

()

(y- y)

207,59905

0.0002341
0,000235ó
0.014528ó

0,00r r457
0.00ó7058

0.0048ó49
0,0007558
0.002q742
0.000284ó

t - 19.471055

0, r0039ó 43.042342 0,031729i

s = 0.0ó73257
e



q)o(o

BC-81-10
BC-81-9
BC-8r-8
BC-8r-4
BC-8r-7
BC-81-l
BC-81-5
BC-8r-ó
BC-8r-3

ot
(MPa)

Table 4.2

Regression Analysis for the Effect
(BC-section Connected Through One Leg

290,550ó
33ó,0537
351.r 17

433.8593
455,r293
514,5573
545.5ó45
ó03,3284
642.1063

N

I 200000
500000
339ó00

2r 8590
102073

78000
72000
43760
31500

Los o"r
(x)

2.4ó32218
2.52ó/;087
2,5454519
2,6373489
2,ó58r 348

2,7114337
2.7368461
2.7805538
2.8076069

Log N
(v)

6,0791812
5.69897

5.5309677

5,339ó303
5,0089r 09

4,8920946
4.8573325
4.6410773
4,4983106

Sum
tveon

2x

of
at

6.0674615
6,3827408
6.4793252

ó.955ó093
7.0ó5ó80ó

7.3518729
7,4903266
7.7314793
7,8826567

Stress Range
Room Temperature)

23,867007

xy

2.ó51889ó

b=
a=

14,974372
14.397927
14.078812

14,082468
13,3143ó

13,2ó459
13.293772

12,904765
12.629488

-4.328567
I ó.ó50713

46,546475

I
v"

5. I / tð3Uó

36.95ó445
32,478259
30.591ó03

28.51ló52
25,089r 88

23,93259
23.593679
2r,539599
20.234798

(x- x)

ó3,407153

0,0355955
0,0157455

0,011329

0,00021r4
3.9E-05

0,0035455
0,oo72176
0,0ró5545
o.0242479

2

122.94055

v

ó.00839ó
5.7282228
5,6437846
5,23ó3095
5,14414¿

4.9078144
4,795135

4.ó0r3335
4.4813787

,
,  ,U(y- yJ

242,92781

0.0050'105
0,0008557
o,o127277

0.010ó752
0.0r 82BB

o.0o02471
0,0038ó85
0,001579ó
0,00028ó7

t = 16.746981

0,1144859 46,546519 0.05353ç

se= 0,0874553



gl
O

Regression Analysis for
(BB-section Connected Through

206.334
255,81l9
305,01ló
38r,4753
59ó,7055

2,3145708
2.4079207
2.4843164

Table 4.3

the Effect of
One Leg at

ó,021lB93

2.77576

5,7782598
5,4313ó38

5,357238
5,7980823
6,1718278
6.6639689
7.7U8438

Stress Range
Room Temperature)

b
a

- -3,97114

= 15.292974

r 3,913592
13,493226

13.259453
11.669628

3ó,254721
33,s8828ó
29.499712
26.38264
17,674ó25

0,01r00l I

0,00081 l7
0.0C47141
0,0691444

ó. I I 0289
5.73543ó3
5,4286648
5.0385524
4,2583539

t = 16,284066

0,0095748
0,0029413

26.571296

S"= 0,08ó2091



CrJ

BA-109-t I

BA-109-r2
BA-r09-r3

Table 4.4

Regression Analysis for the Effect
(BA-section Connected Through Both Legs

or
(MPa)

488.8r 02
641.6726
770.536

N

355r 88
75000
22000

Los o"t
(x)

2,6891403
2,8073135
2.8867929

Log N
(v)

5.5504583
4,8750ó13
4.3424227

Sum

2x

lveon

of Stress Range
at Room Temperature)

7,2314753
7.BB r 0091
8,3335734

8.38324ó7

xy

2./9M15ó

b
a

14.925961
r 3.ó8s825
r 2.535ó75

= -ó,081355

= 21.91648

14.767942

()

v-

4,9226474

30,807587
23,766222
I B.85óó35

(x- i)

23.44óO5B

0,0r r0829
0,000róó4
0.008533ó

2

41,1474ó1

v

5.56412
4.8440476
4.359750ó

()

(y- y)

73.430444

0.000r8óó
0,0009ó18
0.0003003

t = 22.472357

o.0197828 14,7ó7918 o,oo14487

s = 0,0380ó24
e



C¡l

\e

BC-8r-12
BC-81-l l
BC-81-13

Table 4.5

Regression Analysis for the Effect of Stress
(BC-section Connected Through Both Legs at Room

o r
(MPa)

352
5r0,4
ó32.7

N

624000
r45000
5óó00

Los o"r
(x)

2,5465427
2.7079107
2,8011978

Log N
(v)

5.795184ó
5. r ór 3ó8

4.75281ô4

Sum
Meon

2x

6,4848795
7.3327802
7,8467093

8.055ó5r 2

xy

Range
Temperature)

2,6852171

b = -4.074999

¿ = ló.178713

14,757685
13,97ó523
13,313579

15,7093ó9

I
v"

5.2364563

33.584r ó4
2ô.63972

22.589264

(x- x)

21,664369

0.019230ó
0,0005r5

0,0134515

2

42,047787

v

5,8020374
5,1439082
4,763M25

Ð

(v- ít)

B2.B 13148

4.ó96E-Oa

0.000304€
0.000r r2ç

t = 34,441636

0.033197 r r5.709388 o.ooM647

s = 0,0215573
e



g)
g)

BB-7Gó
BB-70-7
BB-70-B

Table 4.6

Regression Analysis for the Effect
(BB-section Connected Through Both Legs

o
t

(MPa)

565.692
469.6213
294.257

N

2ó500
70000

ó33000

Loe o
(x)

2.75258
2.6717478
2.4687268

Log N
(v)

4,4232459
4,845098

5,8014037

Sum
Meon

()
x"

of Stress Range
at Room Temperature)

7.5766969
7.1382362
6.094612

7.893054é,

xy

'¿.63tUt82

r2, r 75338
12,94488

14.322081

b
a

= -4,82719ó

= 17.723663

15.069748

oy'

5,0232492

r 9,5ó5104
23.474975
33,ó5ó285

(x- x)

20,809s45

0.0147773
0.00r ó589
0,02ó3385

2

39.442299

v

4.43ór33ó
4,82ó5389

5,807094

¡2(v- y)

76.696364

0.000róól
o.ooo3u4
3,238E-05

t = 42.94716

0.0427747 15,069767 0.0005429

s = 0,0233005
e



C^)

A

BG-3ó-3
BG-3ó-r
BG-3ó-2

or
(MPa)

3tó,5
379,8
443,1

Regression Analysis
(BG-section

N

ó00000
253000
r ó0000

Los o"r
(x)

Table 4.7

for the Effect of Stress
at Room Temperature)

2.5003737
2,579555

2.6465018

Log N
(v)

5.778r5r 3

5.4031205
5,2C412

Sum

,x-

Meon

6.2518687
ó.ós4r 038
7,00397 r 5

7.7264304

xy

2,57547681 5.4617973

Range

b=
a-

14,4¿7538
13.937646
13,772713

-3.952ó59
15.64178

I ó.385392

,.
v-

33.387032
29.193711
27.082865

(x- x)

19.90994ø'

0.005ó405
r.óó3E-05

0.0050445

2

42,157896

v

5.7634875
5.4454139
5.1764865

n2(y- y)

89,óó3ó08

0,000215
0,00r 7887
0,0007ó3ó

t = 7 .7729717

0.01070ró ró,385388 0.0027674

s = 0.052ó058
e



C¡9

c¡

BN-3ó-4
BN-3ó-l
BN-3ó-2

or
(MPa)

BN-3ó-5
BN-3ó-3

r 83,702
219.287
257.O14

285,853
304,417

Regression Analysis
(BN-section

N

1528000

óó0000
33ó000

ró0r00
134352

Log o,
(x)

Table 4.8

for the Effect of Stress Range
at Room Temperature)

2.2641139
2.3410129
2.4099568
2.4561428
2,4834689

Log N
(v)

6.1841234
5.8r95439
5.52ó3393

5.20439r3
5.1282441

Sum

Ix-

Meon

5,1262117
5,48034r 3
5.80789r 7

6,0326372
6,1676178

r r,954ó95

xy

2,390939

r4.00r5ó
13.623627
13.3 r 8239

12.782728
12,735835

b
a

= -4.431426

= tó,19138

27,862642

,
v-

5.5725284

38,243382
33.867092
30.54C/.26

27,085689
26.298888

(x- x)

28,6147

0,0ró084ó
o.0024q26
0,0003ór 7

0.0M25r5
0.0085ór 8

2

66,461989

v

6.1990597
5.8 I 9l 708

5.478581

5.250417ô
5.1154237

n2(y- y)

1só,03548

0,000223 r

1,392E-07
0,0022809

I = 19.76812

0.0317522

0,0021 184
0,0001ó44

27,8ó2653 o.004786ç

s = 0.0399452
e



g)

o)

HBN-37-4
HBN-37-l
HBN-37-2

HBN-37-3
HBN-37-5

o
t

(MPa)

137.145
I Br.8r4
229.801

271.487
324,295

Regression Aaalysis
(HBN-section

N

r 290000
450000
258000

r 20000
52185

Log o"t
(x)

Table 4.9

for the Effect of Stress Range
at Room Temperature)

2.13718
2.259ó273
2.3ór 35r 9

2,433749
2,5r09403

Log N
(v)

ó. r I 05897
5.ó532125
5.4116197

5.0791812
4.7175457

Sum

c)x'

Meon

4,5ó75383
5.105915ó
5.5759829

5,9231344
ó,304821

11.702849

xy

2,34056971 5,3944298

b
a

r 3.05943
12.774153
12.778739

12,361452
11.845475

= -3.ó1313ó

= 13.851228

26,972149

y2

37.339307
3r.9588r2
29.285628
25.798082
22.255237

2(x- x)

27.477392

o,0413674
0,00ó5517
0,00043r9
0,008ó824
0.0290261

62,81925

v

ó, I 38ó07
5,ó90589

5,3183927

5,05350r ó
4.7710696

n2(v- v)

14ó.63707

0.000785
0.00r397

0,008ó9r 3

0,000ó594
0,0028ó48

t = 15.300334

0.08ó0595 26.97216 0,0143975

s = 0,0ó927ó
e



HBN-37-ó
HBN-37-7
HBN-37-B

HBN-37-9
HBN-37-10g)

{

o
t

(MPa)

Table 4.10

Regression Analysis for the Effect of Stress Range
(HBN-section at Temperature of - 50 C)

151.435
I80.0ó

208.074

248,504
277,7Q4

N

1306275
590000
452000

223000
r 33000

Los o
(x)

2,1802263
2.2554172
2.3182178
2,3953334
2.4435821

Log N
(v)

ó. r r ó034ó
5.770852

5.ó55r384
5,3483049
5,r2385ró

SUm

q
x"

Meon

4.7533866
5.08ó907

5.374 r 338

5.737622
5,9710937

11.592777

xy

2,sr85554

r 3,334339
13,015ó79
r 3, r 09843

12.810973
12.520552

b=
4-

-3.606977

13,9ó58 r 2

28.O14182

y2

5.óU263ó3

37.405879
33.302733
3l.98059r
28.604365
26.253856

2(x- x)

26.923143

0,0r 9135
0,00398ó4

1,14E-07

0,0058949
0,015ó317

64,791387

v

ó, I 0837ó3
5,8335845
5,6040746
5,3222493
5,1459203

(y- y)

157.54742

5.8ó5E-05
0,0039354
4.0026075
0,000ó789

0.000487

,.

t = 14,97842

o.044648 28.O14205 o.oo77674

se= o.o5o8837



co

00

09-r
09-ó
09-7

09-5
09-3

09-4
09-2
09-9
09-8

Table 4.11

Regression Analysis for the Effect of Alternating Fatigue Load
(BA-section Connected Through One Leg at Room Temperature)

P

(k1.{)

40
55
ó0

ó5
70

75

80
80
90

N

ó50000
1059ó0
90200

62700
ó0000

32000
3r000
30580
r5550

Log P
(x)

1,60206
1.7403627
r ,7781513

L8r29134
r,845098

r .8750ór 3
r,90309
r,90309

1.9542425

Log N
(v)

5.8129134
5,025r4r9
4.9552065
4.7972ó75
4.7781513

4.505r 5
4.4913617
4.4854375
4.1917304

SUM

,x-

Meon

2,5665962
3,0288ó23
3,ról82r9
3,28óó548
3.40438ó8

3.5r58547
3.ó217515
3.ó2r 75r5
3.8r90ó38

16.414069

xy

r.8237855

9,3 r 2ó359
8,7455696
B,8r r r0ó7
8,ó970304
8,81ór 575

8.4474322
8,5474655
8,53ór 9r 2
8,1916577

b
a

= -4.339134

= 12.69431

.)
v'

43,04236
4,7824845

33,789962
25,252452
24,554072
23.013776
22,830729
20.296376
20.17233

20,119149
17,570604

(x- x)

30.026744

o,0491622
0,00ó9594
0,0020825

0,000r r 82
0.0004542
0.0026292
o.0062892
o.0062892

0,0r 7019

2

78,105247

v

5.7651514
5,1522108
4.98473ó5
4,830ó751
4,ó8803ó5

4.5552432
4.4310233
4,4310233
4.2043216

n2(y- y)

207.59905

0.0022812
0,0ró14ó5

0,000872

0,001I lót
0,008 r 207

0,0025093
0.003ó407
0,0029ó09
0,000r 585

t - r 7,807385

0.09r0031 43.042422 0,037805ç

Su= 0,0734905



CrJ

(o

BC-81-10
BC-8r-9
BC-8r-8
BC-81-4
BC-Bl-7
BC-Bl-l
BC-8r-5
BC-8r-ó
BC-81-3

Table 4.12

Regression Analysis for the Effect of Alternating Fatigue Load
(BC-section Connected Through One Leg at Room Temperature)

P

(kN)

40
45
50

ó0
ó5
70

75
85
90

N

r 200000
500000
339ó00

2r 8590
102073

78000
72000
43760
3r 500

Log P
(x)

1,ó0206
1.6532125

1.69897

L7781513
1.8129134

r,845098
L8750ó13
1,9294189
1.9542425

Log N
(v)

6.O791812
5.69897

5,5309677

5,339ó303
5,0089r 09
4.8920946
4.8573325
4.6410773
4,498310ó

Sum

Lx-

Meon

2.5665962
2.733111ó
2.8864991

3,ró182r9
3,2866548
3,40438óB
3,5158547
3,722ó574
3,8190ó38

16,149128

xy

1.7943475

9,7392131
9.421óOB5
9.3969482
9.4946703
9.0807214
LO263942
9,107796

8,9545824
8,7907897

b=
4-

-4.249671

12.797218

46.546475

y2

5,1 7 1 830ó

36.956445
32.478259
30,591ó03

28,511ó52
25,089r BB

23,93259
23.593679
2r.539599
20.234798

(x- i)

29,096646

0.0369745
0,0199r9r
0,00909ó9

0,0002ó23
o.ooo3447

0,002575ó
0,00ó5147
0.0182443
0,0255óó4

2

83.012724

v

ó,00384r 3
5,782509r
5.5845208

5.2419109
5.09r4985
4.9522384
4.82259U
4,5873898
4.4799805

n2(y- v)

242,92781

0,005ó7ól
0,00ó9788
o.0028679
0,009549r
0,00ó8207

0.003ór 73
0,00r207

0,0028823
0,00033ó

t = 19,44945

0.r r94985 46,54648 0.0399353

se= 0,0755317



g)
\3o

BB-70-2
BB-70-l
BB-7G3

BB-70-4
BB-7G5

Tabie 4.1-3

Regression Analysis for the Effect of Alternating Fatigue Load
(BB-section Connected Through One Leg at Room Temperature)

P

(kN)

50
ó0
75

90
140

N

ILIbUUUO

ó00r50
270000
r3ó900
ió000

Log P
(x)

1.69897

1.7781513
I .8750ó13

1.9542425
2.146128

Log N
(v)

ó.0211893
5.7782598
5,43 r 3ó38

5, r 3ó4034
4.2c412

Sum

Ix-

Meon

2.8864991
3. rór 8219
3.5r58547
3.8r90ó38
4,ó058ó55

9.4525531

xy

1.890510ó

10.22982
10.27462
r 0. r 84r4

10,037778
9,0225798

b
a

= -4.072661

= 13.013ó77

,
v"

26.571336
5.3142673

36.254721
s3.38828ó
29.499712

26.382ô4
17.674625

(x- x)

r 7,989r 05

0,03óó878
o.0126246
0,0002387

0,0040órB
0,0ó53403

2

49.748937

v

6.1021592
5.7764485
5,3778r08
5.052 r 002
4,2ó27823

n2(y- y)

I 43. I 9998

0,00ó55ól
3,281 E-0ó

0,0028679
0,007 r 07

0,00344r3

t = 17,213791

0.r 18953r 26.571301 0,019975ó

s = 0,0815999
e



cÐ
N9H

BA-r09-l I

BA-109-12
BA-109-13

Table 4.14

Regression Analysis for the Effect of Alternating Fatigue Load
(BA-section Connected Through Both Legs at Room Temperature)

P
(kN)

óó,5
90
il0

N

355r 88
75000
22000

Log P
(x)

1.8228216
1,9542425
2,M13927

Log N
(v)

5.5504583
4.87s0ór 3

4,3424227

Sum

*2

Meon

3,3226788
3,8r90ó38
4,1672841

5,8I845ó8

xy

1,939485ó

10.117496
9.527052

B.8ó45899

b
a

= -5,49591I

= 15.581888

c)

v-

14.767942
4,9226474

30.807587
23,7ó6222
r 8,85óó35

(x- x)

11309027

0.0r3ór05
0,0002r 78
0,0r03851

2

28.5091s7

v

5,5ó53059
4.8413437
4.3612568

n2(y- v)

73,430444

0,000220€
0,00r r3óç
0.0003547

t = 20.669472

o,0242133 14.767906 0,00r7r2t

s = 0,04137ó9
e



gJ
N9
t\?

BC-Bl-r2
BC-8r-l I
BC-81-13

Table 4.15

Regression Analysis for the Effect of Alternating Fatigue Load
(BC-section connected rhrough Both Legs at Room Temperature)

P

(kN)

50
72,5
90

N

624Q00
145000

5óó00

Log P
(x)

1,69897
r,8ó0338

|.95/,2425

Log N
(v)

5,795184ó
5, I ór3ó8

4.7528164

Sum

Ix-

Meon

2,88ó4991
3,4ó08575
3,8r 90ó38

5.5r35505

xy

r.8378502

9,8458448
9.ó01B89r
9.288r559

b = -4,066421

a = 12,7O9928

,v-

15,7093ó9
5,23ó45ó3

33,584r ó4
26,63972

22.589264

I
(x- x)

10.1ô642

o.0192877
0,0005057
0.o135472

28,73589

v

5,80ró285
5.1449483
4,7628079

. ¡2(y- y)

82,8 r 3148

4,l52E-05
0,0002ó9ó
9,983E-05

t, = 36.626779

0.033340ó r 5,709385 0,0004r r

s = 0,0202722
e



c,À)
19
CÀ)

BB-70-ó

BB-70-7
BB-70-8

Table 4.16

Regression Analysis for the Effect of Alternating Fatigue Load
(BB-section Connected Through Both Legs at Room Temperature)

P

GN)

1M
120
75

N

26500
70000

ó33000

Log P
(x)

2,1583625
2,O791812
r,8750ó13

Log N
(v)

4,4232459
4.845098

5.8014037

Sum

Lx-

Meon

4,6585286
4322q947
3,5r58547

xy

6,112605
2.037535

9.546968
10.073837
10.877987

b
a

= -4,929905

= 14.862312

9.

v-

15.069748
5,0232492

r9,5ó5r04
23,474975
33.ó5ó285

2(x- x)

12,497378

0,0r45993
o.oo17344
0.0263977

30.498792

v

4.4392784
4.8219592
5,8084ó55

rv- îl

76.696364

0,000257
0,00053s4
4,9878-05

2

t = 34.394147

0.0427314 15,0ó9703 0.0008423

s =0.0290227e



C,t)
t\9È

BG-3ó-3
BG-3ó-r
BG-3ó-2

Table 4.17

Regression Analysis for the Effect of Alternating Fatigue Load
(BG-section at Room Temperature)

P
(kl.{)

r50
r80
210

N

ó00000
253000
ló0000

Log P
(x)

2.1760913
2.2552725
2,3222193

Log N
(v)

5,7781513
5,4031205

5.2C412

Sum

*2

Meon

4.7353732
5.08ó2541
5,3927025

ó.7535831

xy

2.2511944

12,573784
I 2, r 85509
r 2.085 r 08

b=
a-

-3.952659
r4,3ó000r

I
v-

I ó.385392
5,4617973

33.387032
29.193711
27.082865

(x- i)

r 5,21433

0.005ó405
r,óó3E-05

0,0050445

2

36,844401

v

5,7634875
5,4454139
5.1764865

(y- y)

89.óó3ó08

0,0002 r 5

0,0017887
0,0007ó3ó

2

t, = 7.7728717

0,010701ó ró.385388 0.oo27674

S = 0,052ó058
e



g,
19
cJr

BN-3ó-4
BN-3ó-t
BN-3ó-2

BN-3ó-5
BN-3ó-3

Table 4.18

Regression Analysis for the Effect of Alternating Fatigue Load
(BN-section at Room Temperature)

P
(kN)

225
270
325

350
375

N

r528000
óó0000
33ó000

ró0r00
r34352

Log P
(x)

2.3521825
2,43 r 3ó38
2.51 18834

2.544068
2.5740313

Log N
(v)

6.1841234
5.8195439
5,52ó3393

5.20439r 3
5,1282441

Sum

2x

Meon

5,5327626
5,9r 15298
ó.3095s8

6.4722822
6.625637

12.413529

xy

2,4827058

14.546187
14.149428

r 3,88152

13.240326
13,2002ól

b
a

=-4,912282
= I7,520009

Iv'

27.862642
5,5725284

38.243382
33,867092
30.54C/,26

27,085689
26,29BBBB

(x- x)

30,85r 77

0.01703ó3
0,002ó3ó

0,00085r3
0,0037ó53
0.0083403

2

69,017721

v

6.212ó949
5,8243497
5.4294406

n2(v- v)

I5ó.03548

5.2715906
5.1246357

0,00081ó3
2,31E-05

0.0093893

0.0045157
r,302E-05

t = 12.393926

0,032ó293 27,862711 0.o14757Í

S =0.07013ó8e



C¡l
\9
O)

HBN-37-4
HBN-37-l
HBN-37-2

HBN-37-3
HBN-37-5

Tab1e 4.19

Regression Analysis for the Effect of Alternating Fatigue Load
(HBN-section at Room Temperature)

P
(kN)

150
200
250
300
350

N

r 290000
450000
258000

I 20000
52r85

Log P
(x)

2.1760913
2.30103
2.39794

2.4771213
2,5440ó8

Log N
(v)

ó,1 r05897
5,ó532r 25
5.4116197

5.O791812
4.7175457

Sum

()
x'

Meon

4.7353732
5.294739

5.750r ró3
6,1361297
6.4722822

I L89ó2sr

xy

2.3792501

13,297201
r 3,008212
12.976739

12.581748
12.OO1757

b
a

= -3.643624

= 14,0ó3523

26.972149

()

v"

5.3944298

37.339307
3r,9588r2
29,285628
25.798082
22.255237

(x- i)

28,38864

0.0412735
0.00ó1184
0.0003493

0.0095788
0,027t65

2

ó3,8ó5ó57

v

6.1452718
5.ó835r 5ó
5,3253498

tv- îl

146,63707

5.032707
4.785281

0,0012028
0.0009183
o.o074425
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Table 4.20

Regression Analysis for the Effect of Alternating Fatigue Load
(HBN-section at Temperature of - 50 C)
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Appendix B

Regression Analysis of Test Data

(S-N and Load-IrI Plots)
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Figure B. 19: S-N Plot for Back-to-Back Channel section.
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