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SUMMARY

Stainless steel has garnered attention as anatitezrstructural material to
conventional carbon steel due to its corrosiorstasce properties and aesthetic
appearance. Of interest are single angles, whigfrequently used in trusses,
transmission towers, and as bracing diaphragmsenvghbjected to compression,
knowledge concerning the behavior, analysis, astjdeof stainless steel single angles is
very limited.

This thesis addresses the behavior of duplex stsrdteel single equal-leg angles
subject to concentric compressive loading. Two glementary approaches are used in
this study, the first of which was experimental aodsisted of conducting 33 full-scale
buckling tests on S32003 duplex stainless steglesiequal-leg angle components.
Angles specimens had slenderness ratios ranging3tto 350 and leg width-to-
thickness ratios of 7.5 to 12.3. In the second@ggh, computational models that
accounted for material nonlinearity, material atrigoy, and geometric out-of-
straightness were developed and validated usingxperimentally obtained test results.
These models were subsequently used to performnahkuckling experiments to
shed light on the behavior of axially loaded comspren duplex stainless steel single
angles for a wide range of practical leg widthHakness ratios.

Results from the full-scale tests and from the micaémodels are shown to
correlate well with the classical mechanics-basedh@ilae, which considers nonlinear
stress-strain relationships, for predicting flexwnad flexural-torsional buckling strengths

of singly-symmetric stainless steel members. Rndesign criteria in the form of load

XXil



and resistance factor design (LRFD) with a religgbihdex of 3 for buckling limit states

are proposed for possible adoption in future Ugiomal standards.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Stainless steel has attracted attention as a stalchaterial in recent years due to
its corrosion resistance and aesthetic appearahotass of high strength grades of
austenitic-ferritic stainless steel, called duplefkers excellent strength and corrosion
properties and gives indication of being a cost@f’e material alternative to carbon
steel for industrial and nuclear applications. @ftigular interest are single angles which
are frequently used in built-up sections, braciygtems, and lattice structures. While
nearly all angle struts used in construction aceetically loaded, the eccentric strength
of any compressive member requires understandiitg obncentric strength. When
subjected to compression, knowledge concerningpéh@vior, analysis, and design of

stainless steel single angles is very limited.

1.2 OBJECTIVES AND SCOPE
The objectives of this research were to study #teabior of concentrically loaded
duplex stainless steel single equal-leg anglesrarpatally and analytically across all
practical slenderness and leg width-to-thickneega The results of this study were
used to determine an appropriate method for priedithe strength of single equal-leg

angles for design.



1.3 THESIS OUTLINE

This thesis is organized according to the objestidentified above. The first
focus of this investigation is the experimentaldebr of duplex stainless steel single
equal-leg angle struts, which was achieved thrdutifscale buckling tests. This data
was then used to evaluate the design formulatiorengn current standards, using the
material properties determined experimentally far duplex grade used in the buckling
tests. Numerical buckling analyses were usedrthduexamine the design rules and
standards.

Chapter 2presents the results of a literature review wimt¢toduces the
theoretical buckling formulations for singly-symmetsections as well as experimental
tests that have been conducted on equal-leg anlijlelstic buckling theory for various
buckling modes is also reviewed. The focus trasmsstto stainless steel compression
members, which are considered in reviewing the exg@ntal studies of concentrically-
loaded struts and the existing stainless steeydetandards. Lastly, the numerical
methods that have been used to model the behdwstainless steel struts are covered.

Chapter 3presents the results from material tests, inclydompression, shear,
and flexure, which were used to determine the nedteroperties of grade S32003
duplex stainless steel necessary to analyze thetstal response of single equal-leg
angles. The distribution of residual stressediolt-up S32003 stainless steel equal-leg
angle sections was also investigated.

Chapter 4describes the experimental test program on dugibarless steel single

equal-leg angle struts. The experimental dataceagpared to the strengths predicted by



existing design formulations, using the materiaparties determined in Chapter 3. A
first-order reliability analysis was performed &maulate resistance factors for design.
Chapter 5discusses a finite element study that was perfdnméurther evaluate
the concentric strengths of single equal-leg asgtgions for all practical slenderness
ratios and leg slenderness. This modeling proeedas used to examine the effect of
boundary conditions, out-of-straightness, and nadtanisotropy on column strength.
Chapter 6presents the findings and conclusions of thisisheBhe future work

section gives recommendations for related topiesuestigate.



CHAPTER 2

BACKGROUND

This investigation relates to both the stabilitysofgly-symmetric sections and
the inelastic buckling of columns. This chaptefieess the literature relevant to both
topics. Particular attention is paid to stainisteel columns and current stainless steel

design standards.
2.1 EQUAL-LEG SINGLE ANGLE STRUT

Linear Elastic Behavior

For an equal-leg single angle member, shown inrEigul wherein the shear
center and centroid do not coincide, loaded comiatly in compression, the strength
can be determined from consideration of four ligtéttes including the material strength,
local buckling, and overall buckling limit stateghose formulations are given by

Timoshenko and Gere (1961).

1. When material strength governs the limit state nibi@inal axial compression

strength can be estimated from:

P, = Aoy, (2-1)
2. The nominal flexural buckling strength about thenamix-axis,Px, can be
estimated from:

m2EL,

P = L2 (2:2)



3. The nominal flexural-torsional buckling strengkg, can be estimated from:

1
Pff=ﬁ[(Pfy+Pt)_\/(Pfy+Pt)2_4:8PtPfy (2-3)
Where

P = n?El, -

fy (KyLy)Z ( - )

p, = i[aj + anCWl (2-5)

" Ly (K;L¢)?
2

4. The load associated with plate buckliRg,can be estimated from:

P, = 2 A (2-7)

Shear
Center

Heel

Figure 2.1- Cross-section of an equal-leg angle



The local buckling stress for equal-leg angleslmanetermined by treating a leg
as a plate simply supported along three of thessaael free along the fourth side. It has
been noted by Zureick and Steffen (2000) that dinedilation for the torsional buckling
stress of an equal-leg angle is identical to tlagepbuckling stress formulation for
orthotropic materials. For linearly-elastic, isgiic, and initially straight plate members,
Bleich (1952) suggested that plate buckling anxiuftal-torsional buckling modes are
indistinguishable for equal-leg angles because bhuekle simultaneously.

Since equal-leg angle sections are open thin-watiechbers, the warping term in
Eqg. (2-5) is small in comparison to the St. Vertangion termGJ, and the torsional
buckling strength is often ignored (Galambos 199fipornchai and Lee 1986a; Zureick
and Steffen 2000). Additionally, when considerth@, difference in calculated capacities
between warping restraineig,=0.5, and warping unrestraind€i=1.0, was shown to be

less than 2% for carbon steel angles (Adluri andddalla 1996b).

Review of Experimental Research Performed on Angl8truts

Hot-Rolled Mild-Steel Sections

The earliest research concerning hot-rolled cadteal equal-leg single angles as
compression members was performed on sectionsddadeugh common construction
connections by Stang and Strickenberg (1922). risatelies that investigated the
behavior of concentrically loaded equal-leg carbtael angles in compression include
(Adluri and Madugula 1996b; Adluri and Murty 1998:Sayed and Bjorhovde 1989a;
Kennedy and Murty 1972; Kitipornchai and Lee 198Bhurlimann and Haaijer 1953;

Wakabayashi and Nonaka 1965).



Aluminum Angles Sections

Much of the early research involving angle compmesmembers was devoted to
aeronautical applications, which focused heavilyaminum sections based on weight
considerations. The earliest experimental worthtf nature was performed on
concentrically loaded single duralumin angles bykile(1920). A study was later
conducted that focused primarily on the torsionaldiing modes of plain and lipped
aluminum sections (Lundquist 1930). The databaselater augmented by experimental
testing of approximately 250 aluminum equal-leglasgKollbrunner 1935). The
buckling mode transition point for the local andstonal buckling modes was
investigated in a parametric studylofhratios in extruded aluminum angles by Thomas
(1941). The strength of aluminum angles was listied as part of a larger survey on
aluminum cross-sections by Leary and Holt (194B5yperimental work was later

performed on angles loaded through one leg (Mdrshal. 1963).

Light Gage Steel Angles Sections

Light gage steel angles were tested along wittalimminum angles in the
investigations by Kollbrunner (1935) and ThomasA)9 Lipped and plane brake-
pressed steel angles sections were included indg,sivhich examined inelastic flexural-
torsional buckling (Fang and Winter 1965). Slenctdumns with outstanding leg
width/thicknesslg/t) ratios of 15 were investigated and compared agjgmcal buckling
parameters outlined in existing design specificatibyMadugula et al. (1983). A later
study by the same authors examined the effectsaangric loading of cold-formed steel
angles (Madugula and Ray 1984). Testing of cotdital steel specimens, representing

threeb/t ratios and loaded with an L/1000 eccentricity gaded that coupled flexural and



flexural-torsional buckling occurs for columns Iretintermediate slenderness range and
pure flexural-torsional buckling occurs for the gleet specimens (Popovic et al. 1999).
Additionally, a decrease in member capacity waeolesl when the load eccentricity
was applied toward the unrestrained edges (toE. effective width provisions of the

b/t ratio on member capacity was investigated usirtl brperimental and finite element
analyses and compared to the effective width prawisutlined inAS/NZS 4678y
Ellobody and Young (2005). Lipped angle sectioesenalso tested and compared to the
effective area provisions of the 2001 North Amari&andard and the 1996

Australian/New Zealand Standard for light gageisast(Young 2005).

Inelastic Formulations of Overall Member Buckling

Inelastic buckling was first considered by Enge&sdi889, who replaced the
longitudinal modulusk,, with the tangent modulukg;, in the Euler buckling equation.
This can be represented by multiplying the elastjigation by a nonlinear reduction
factor,n, as shown in Eq. (2-8). This strength was latems by Shanley (1947) to
correspond to the maximum load at which an initiatraight column would remain
straight. Although this is considered the bifuirmatsolution of inelastic column
buckling, load may continue to increase with begdind the tangent modulus load can
be considered a lower bound of column strengthe @umperfections in actual
columns, the tangent modulus method for strenggdiption corresponds well with

experimental data and has frequently been adoptedesign purposes.

n2E, I, E,

P, = Ty =— 2-8
T wy " T, =)




The actual strengths for imperfect columns in tiedastic range cannot be as
easily determined as for linear-elastic matergilsge the deformed shape is not
sinusoidal and changes as a function of the apfoedl as illustrated by Figure 2.2. Von
Karman used nonlinear moment-curvature relatiorsstupredict the flexural behavior
of inelastic beam-columns (1910). Chwalla’s (19B435) generalized procedure, which
extended on von Karman’s work to concentricallydied columns, relies on a graphical
interpretation for determining column strength.nlikle similar studies concerning
elastic-perfectly plastic material models for whatbsed form solutions could be
obtained (Horne 1956; JeZzek 1934), Chwalla’s methag be applied to materials with
rounded nonlinear stress-strain relationshipsast been suggested by Bazant and
Cedolin (1991) that the strengths of imperfect ouois in the inelastic range are today

best determined according to the finite elementioat

Figure 2.2- Buckled shape for increased nonlineatenal behavior (Baker et al. 1949)



Experimental Buckling Tests

Experimental results for equal-leg single angle iners which buckled
inelastically in the flexural mode generally shovegpteement with loads predicted using
the tangent modulus formula, given by Eqg. (2-8)ichlsometimes gave unconservative
strength predictions based on the initially-stra@gésumption of tangent modulus theory
(Bredenkamp and van den Berg 1995; Kennedy andyM®72; Wakabayashi and
Nonaka 1965). Later studies considered the patigof residual stresses in predicting
inelastic column strength (Al-Sayed and Bjorhov88db; Kitipornchai and Lee 1986a).

The majority of experimental equal-leg single artgkt specimens have buckled
flexurally; however, in the few tests which consetkthe flexural-torsional buckling of
equal-leg angles, buckling was characterized byendeformation in comparison to
both the flexural-torsional buckling of unequal-iggles or the flexural buckling of
equal-leg angles (Adluri and Madugula 1996b; Al-&&awnd Bjorhovde 1989a; Kennedy
and Murty 1972; Wakabayashi and Nonaka 1965). iféreasing susceptibility of single
equal-leg angles to flexural-torsional bucklinglwiticreasind/t ratios for equal-leg
angles was noted by Al-Sayed and Bjorhovde (198Baymulations used to estimate the
inelastic flexural-torsional buckling strength hayenerally involved applying nonlinear
reduction factors to the elastic and shear modudiccount for nonlinear behavior. The
tangent modulus is used in place of the longitudmadulus for the flexural buckling
about the major axis Eq. (2-9), as in Eq. (2-8},dfierent approaches have been taken
concerning the shear modulus plasticity reductamdr,ns. The most common approach
involves keeping the shear modulus proportiongh&longitudinal tangent modulus

(ns=n) for the torsional buckling strength, Eq. (2-18¢(uri and Madugula 1996b; Al-
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Sayed and Bjorhovde 1989b; Fang and Winter 196bdea Berg and van der Merwe
1988). This approach was found to be very conseeshased on the experimental data
of aluminum angles (Leary and Holt 1946) and hasnmted other researchers to use the
initial shear modulusng=1) (Kitipornchai and Lee 1986a). It was laterwhdhat the
flexural-torsional buckling load governs the capiasiof stocky carbon steel equal-leg
single angle columns if the shear modulus remapmegdortional to the tangent modulus,

but would never govern if it remained unreducedstasnn in Figure 2.3 (Galambos

1991).
b m?E, I, E, (2-9)
fy = 21N =7 -
(KyL) Eo
A m?E,Cy E, (2-10)
Pt_IP: GO]T’S-I_ (KtL)Zn 'T’_E_O

L3X3X.25
Fy=SeKs1

Figure 2.3- Flexural-torsional buckling sensitivityshear (Galambos 1991)

Inelastic Formulations for Local Plate Buckling
Unlike treatment of the minor axis flexural buckjiatrength, inelastic plate
buckling involves biaxial bending. The materiaffsess in the transverse direction may

not remain proportional to the longitudinal modulasincreased nonlinear behavior.
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This implies increased orthotropic behavior beythreelastic range. Solutions for the
buckling strength of uniformly loaded orthotropiates simply supported on three sides
have been derived by Haaijer (1957) and Holstoi@@)9 Inelastic buckling of plates,
however, has been treated differently by variogsaechers. Several empirical nonlinear

reduction factors have been proposed for Eq. (& &rcount for the differing stiffness in

3(%/e )+ [/
the longitudinal and transverse dil’eCtiOF%ZEO)ion (Kollbrunner 1935)',55/}50 (Gerard
1+ E‘/EU

1946),3 Ef/Ea (Leary and Holt 1946), an ‘/E, (Bleich 1952).

Plasticity theories were later employed to devewrpressions for the plate
buckling stresses. llyushin (1947) developed atfalate buckling theory based on
deformation plasticity theory, which was modifieg towell (1948) to account for
lateral deflection prior to buckling. A formulatidor inelastic plate buckling was
developed based on tlgincremental flow theory by Handelman and Prag848),
which did not follow the behavior observed by Praael Heimerl (1949) on tests of
aluminum SHS sections. A formulation based onem@ntal plasticity theory later
showed agreement with experimental results of antkhg elements when orthotropic
material behavior was considered (Haaijer 1957préMecently, flow theory was used
shown to predict the inelastic buckling stressro$atropic plates when inelastic shear
stiffness was considered (Becque 2010). This sfjashe theoretical justification to the
empirical nonlinear reduction factors proposed bgidh for a long simply supported

plate on four sides and Gerard for a long simpppsuted plate on three sides.
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2.2 COMPRESSIVE BEHAVIOR OF STAINLESS STEELS

Material Characterization of Stainless Steels

Unlike carbon steels, stainless steels exhibitineat stress-strain behavior for
all stress values. This can be seen based ondkeproportional limits, indistinct yield
points, and strain-hardening as shown in Figure Zle stress-strain relationship is
commonly characterized using a three-parameterfiraddRamberg-Osgood relationship,
given by Eq. (2-11), which was developed by Ramlaed) Osgood (1943) and
subsequently modified by Hill (1944). The Rambergg@od hardening parametar,
varies depending on the grade of stainless stegehss whether loading is tensile or
compressive. The tensile stress-strain behavietamfless steels is typically
characterized by larger valuesrpfwhich corresponds to sharper changes in curvature
around the yield stress and less pronounced stiithening. Stainless steels in
compression exhibit more gradual yielding thareimsion and are described using a
smaller strain hardening parameter. nrfapproaches infinity, the Ramberg-Osgood

stress-strain curve becomes identical to that alastic-perfectly plastic material.
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Figure 2.4- Idealized stress-strain behavior farows engineering metals

n
o o (2-11)
= — . o . <
£ E0+0002<Fy> ;0 <F,

Where
E, = Initial Modulus of Elasticity

F, = Yield Stress, (0.2% Proof Stress)

F, = Proportional Limit, (0.01% Proof Stress)

_In(0.05)

= Fp
In (F_y>

o = Engineering Stress

(2-12)

e = Engineering Strain

BeyondF,, Eq. (2-11) mischaracterizes the stress-straatiogiship of stainless

steel. To describe full-range stress-strain bedranfi stainless steel in compression, a
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post-yield Ramberg-Osgood relationship was develdypeGardner and Nethercot
(2004a) based on a similar relationship developedthinless steel in tension by
Rasmussen (2003). This relationship uses Eq. J2eldescribe the stress-strain

relationship up td-y, and Eq. (2-13) foFyto the 1.0% proof stresB; o.

o —F, Fio—FE\ [ o —F, \"210 (2-13)
~ +(0.008 — = +ey; 0> R
€ 7 < Fro—F, gy; 0> F,

Fi o = 1.0% Proof Stress

K, ]

g, = 0.002 + E—y (2-14)
o

E = EE, (2-15)
¥ 7 F, + 0.002nE,

Cold-formed Stainless Steel Columns

The majority of experimental research on staingéssl columns has been
devoted to concentrically loaded cold-formed sexgjavhich buckle in the flexural
mode. Studies have mostly been limited to dougipaetric hollow sections including
square hollow sections (SHS), rectangular hollogtises (RHS), and circular hollow
sections (CHS), (Gardner and Nethercot 2004b; hadiMoung 2003; Rasmussen and
Hancock 1990; Talja and Salmi 1995; Young and Hert®002; Young and Liu 2003;
Young and Lui 2006). Additionally, closed holloecsions have been tested which were
fabricated by bonding two open sections togethanihher and Petersen 1955; Johnson
and Winter 1966). Early stainless steel bucklggg involving open sections also

examined flexural buckling (Coetsee et al. 1990n30on and Winter 1966), but recent
15



studies have focused on the interaction betwedmglmckling modes and local

buckling or distortional buckling (Becque and Rassen 2009a; Becque and Rasmussen
2009b; Lecce and Rasmussen 2006; Rossi et al. 20E3) specimens have
predominantly represented austenitic grades ailsts steel, S30100 and S30400. More
recent tests involved sections made from high gtreduplex stainless steel, (Ellobody
2007; Ellobody and Young 2005; Theofanous and Gardf09; Young and Lui 2006).

Interaction between flexural and local buckling regdavas observed in many of
these investigations due to the plate slenderrfessidrformed sections. Pure flexural
buckling generally only occurs for slender columnspecimens which have nonslender
cross-sections. Of the specimens which exhibited flexural buckling, close
agreement was seen between experimental data paditoas predicted using the tangent
modulus approach (Hammer and Petersen 1955; Jolansbwinter 1966; Rasmussen
and Hancock 1990). The column strengths have Sleawn to be dependent on the
cross-sectional shape. When corners, which undeogk-hardening in the fabrication
process, are located near the extreme fibers misssection, the cross-section exhibits a
strength greater than the tangent modulus predictibich does not take into account the
location of the strained hardened regions in tlssisection (Hammer and Petersen
1955; Johnson and Winter 1966; Rasmussen and Hade80).

The flexural-torsional buckling mode has not begpl@ed as thoroughly for
stainless steels as the flexural buckling mode. skagyly-symmetric sections, it occurs at
high stresses, which can also cause local or timtait buckling thereby making it
difficult to investigate. Only one study has ditgenvestigated the flexural-torsional

buckling mode of failure for stainless steel merskigan den Berg and van der Merwe
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1988). The lengths of the hat specimens were teeléc ensure flexural-torsional
buckling mode of failure. It was not reported wheathr not cross-sectional distortion
occurred during testing, but several of the slesgecimens failed due to flexural
buckling. Experimental data were compared to dmgént modulus formulation given
by Eq. (2-8), takings=n, and are shown in Figure 2.5. The flexural-taraidouckling
mode was also peripherally considered in a latetysivhich investigated the interaction
between distortional and flexural-torsional bucgliiRossi et al. 2010). All the lipped-
channel sections were designed to undergo distaitimuckling prior to global buckling,

and uncoupled flexural-torsional buckling was oolbserved for the longest columns.
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Figure 2.5- Results of flexural-torsional bucklitegts. Left: S30400, Right S41003
(van den Berg 2000)

Hot-rolled and Built-up Stainless Steel Columns

Limited data exists on hot-rolled or built-up seas. The available data was
performed on sections made of S41003 (3Cr12) gstaderless steel at Rand Afrikaans
University. Built-up I-sections were fabricated Wwglding hot-rolled plates together and
tested in compression to determine the flexuraklng strength (Bredenkamp and van

den Berg 1995). Experimental results generallyeeged the stub column tangent

17



modulus predictions by approximately 20%, sugggdtmat the end fixtures exerted
greater fixity than assumed. Similar tests wergdceted on hot-rolled specimens of the
same shape and material; however, experimentdtseshowed better agreement with

the tangent modulus predictions, as shown in Figud€Bredenkamp et al. 1994).

Figure 2.6- Hot-rolled S41003 I-column results (ABAS 2011; Bredenkamp et al.
1994)

An experimental investigation was conducted to meitee the strengths of 17
hot-rolled compact equal-leg angles having the sanmes-sectiorh/t=8 (van den Berg
et al. 1995); however, all of the specimens bucktetie flexural mode. Like the hot-
rolled wide-flange columns, data correlated wethwhe tangent modulus buckling load
predictions; however, it should be noted that esthstudies, columns were aligned by

adjusting the loading eccentricity to achieve umfctrain at midheight.

Current Design Practice
Experimental research has been used in the develttpoh structural stainless
steel design rules and standar@sesign Manual for Structural Stainless Steel (Euro-

Inox) (SCI and Euro-Inox 2006kurocode3 Part 1-4: General Rules — Supplementary
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rules for Stainless Stee s (EC3, 1#urocode 3 2006), tHeEI/ASCE 8-02:
Specification for the Design of Cold-formed Stassl&teel Structural
members(SEI/ASCE 8-08S/NZS 4673:2001 Cold-formed Stainless Steel
Structures(AS/NZS 4673ndAISC Design Guide: Structural Stainless Steel (AISC
2012) The treatment of concentrically loaded sectimnsach of these design rules is
briefly described below, and further discussioprissented in Chapter 4. It should first
be noted that four of the five design rules aréasle for the design of cold-formed
members, while the (drafBISC Design Guidéor stainless steel limits its scope to hot-
rolled and welded sections. The European standam$e used to design built-up thick

plate members in addition to cold-formed sections.

Slender elements

It is important to note that each standard andghesile accounts for slender
elements differently. Most design rules use soonen fof the effective width concept,
which was first used by von Karman et al. (19384 kater formulated by Winter (1947).
Additionally two other approaches exist, includthg Continuous Strength Method
(Gardner and Nethercot 2004c) and the Direct Stheligthod (Schafer 2008), which
are not considered in this review.

The draftAISC Design Guidéor stainless steel utilizes the Q-reduction mdtho
incorporated in its carbon steel design manual (A2Z905). BothAS/NZS 467and
SEI/ASCE 8-02alculate the effective widths based on both esessional dimensions
and the limit state stress, which is multipliedtbg effective cross-sectional area to

calculate the design strengtBC3, 1-4andEuro-Inoxonly consider cross-sectional
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dimensions in computing effective widths, which ased in computing effective column

slenderness.

SEI/ASCE 8-02: Specification for the Design ofd=formed Stainless Steel

Structural Members

The SEI/ASCE 8-02tilizes the tangent modulus approach definedgn(E-8) for
minor-axis flexural buckling. The tangent modusyproach is also employed in
calculating the flexural-torsional buckling loady.E2-3), of singly-symmetric sections,
usingE/E, for bothn Eq. (2-10) andisEq. (2-9). Both equations require iterative
calculations to determine the buckling load. FRogly-symmetric sections, the design
stress is taken as the stress associated witlbwrex bf the flexural or flexural-torsional

buckling loads (SEI/ASCE 8-02).

Eurocode 3 EN 1993 1-4: Design of Steel Structusepplementary Rules for

Stainless Steels; Design Manual for Structural i8éss Steel

These design rules utilize an explicit approacbaiculate the flexural buckling
strength of a stainless steel member. The desigsssis computed using the Perry-
Robertson Curve given by Eq. (2-16), which is alsed inEurocode 3, 1993 1-fbr
carbon steel; however, different values are usethiparameterd, anda, which are
based on calibrations against the stainless sisetlata. These values vary depending on
the method by which the section was fabricateddi#ahally, alternate values exist for
Lo anda if the flexural-torsional buckling mode is congieé. An equivalent column
slenderness rati@, must be used in computing the flexural-torsidnatkling strength.
It is noted that these design rules generalizdémavior of all grades of duplex and

austenitic stainless steel, making no adjustmeottsider the stress-strain relationship
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of the stainless steel being used (specificallyRhenberg-Osgood hardening parameter

n) (Eurocode 3 2006; SCI and Euro-Inox 2006).

F,
o, = y <F (2-16)
@(a,25,2) ++@2(a, 10, 4) — 22

<

Australian/New Zealand 4673: Cold-Formed Stainigtesel Structures

The AS/NZS 4673tandard allows for the strength of concentricllfded
columns to be computed using the same iterativbaodstasSEI/ASCE 8-02.
Alternatively, an explicit Perry-Robertson formudat, given by Eq. (2-17), may be used
to compute the flexural buckling strength (AS/NZ%3 2001). Unlike the European
standard, the imperfection parametgryaries depending on the stress-strain relatipnshi
of the selected grade of stainless steel. Itispded using the parametessf, A, and
A1, which can be calculated using the Ramberg-Osgacaimeters of the selected grade.
It has been observed that the iterative (tangentutag) approach used BEI/ASCE 8-02
predicts higher column strengths than the Ausinéilaw Zealand explicit formulation
along with more scatter. As a result, the expfmitmulation is associated with a higher

resistance factor (Rasmussen and Rondal 1997a).

o0 = % <o, (217)
(p(a, :8' AOIAIIA) + \/(Pz(a: ﬂl AO'ALA) - AZ
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AISC Design Guide: Structural Stainless Steel

TheAISC Design Guidéor structural stainless steel, which is in dfafim at the
time that this thesis was written, adjusts the fdanions found in (AISC 2005) based on
experimental test data for stainless steel memdarsompression, the buckling stresses
are computed for stainless steel columns assunmagrlelastic material behavior, which
are substituted into stainless steel column cuswadilations. Like the European
standard, th&lSC Design Guiddoes not consider the degree of nonlinearity sifess-

strain curve.

2.3 NUMERICAL BUCKLING ANALYSES

Numerical analyses have been effectively used $garehers to generate column
curves for different sections. The earliest aredywere conducted on members that
failed due to overall flexural buckling. Probasiic column curves were generated based
on variations in the values of residual stressesnaagnitudes of column out-of-
straightness (Bjorhovde 1972). The effect of nesgiestresses on initially-straight angle
sections was investigated numerically by Kitiporaicind Lee (1986a) and Al-Sayed and
Bjorhovde (1989b). This method was later appleethe flexural buckling of hot-rolled
angle sections using documented residual stres=rpaiand an out-of-straightness of
L/1500 (Adluri and Madugula 1996a).

For columns made of materials with nonlinear ststgsin-relationships, it is
necessary to model columns with local and globglerfections in order to cause non-
axial/longitudinal deformations. An algorithm figently used to investigate the load-
displacement relationships of such cases is the pderRiks loading procedure. One of

the earliest applications of this algorithm in ietigating stainless steel was in
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determining the buckling strength of S310803 grstdenless steel plates, which closely
matched experimental test results when a multalingotropic hardening material model
was used (Rasmussen et al. 2003) Additionallyag also noted in this study that using
anisotropic material models resulted almost nced#iice compared to an isotropic
material model. This modeling procedure was lagexd to determine effective-width
parameters in terms of Ramberg-Osgood propertiesk@ovainy et al. 2003).

The Wempner-Riks procedure was extended to staistegl columns to
investigate the interaction of buckling modes. sTias first used to perform a
parametric study on plate slenderness values dffooined SHS and RHS S31803
columns for various slenderness ratios (Ellobody daung 2005). A similar parametric
study was undertaken to determine the strengtleaser associated with adding midplate
stiffeners to the SHS and RHS sections (Ellobody720 The Wempner-Riks procedure
has also been used to model S32101 lean-dupletestaisteel RHS and SHS sections
(Huang and Young 2012; Theofanous and Gardner 2008 procedure was also
extended to open stainless steel sections to iga¢stthe interaction between flexural

and local buckling (Becque and Rasmussen 2009ajugeand Rasmussen 2009b).

2.4 CRITICAL REVIEW
The behavior of stainless steel sections in conspyess not a new topic, but the
majority of this research has either focused od-fotmed sections or on ferritic
stainless steels. For cold-formed sections, dda&noéflects work-hardening and
interaction between local and global buckling modesr ferritic stainless steel sections,
data related to overall buckling modes often dadsshow deviation from linear material

behavior since ferritic grades of stainless stegkha high proportional limit. Flexural
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buckling data generally showed agreement with ttemgth predictions computed using
the tangent modulus; however much of the data eéted the effects of column out-of-
straightness based on the alignment of their spatsm Less work has focused on the
overall flexural-torsional buckling of stainleseskt members, which is currently limited
to hat sections (van den Berg and van der Merw@&)198

Limited attention has been paid to equal-leg stamisteel angles. Ferritic
stainless steel equal-leg single angles have lestedt, which showed agreement with the
tangent modulus column curve (van den Berg et®#5) however, data in this study
were based on the results of one compact cros®se@s a result, specimens only
buckled in the flexural mode, which prevented asiglpf the effect of plate
width/thickness ratios on flexural-torsional buaokjiin stainless steel.

This review of existing literature revealed thaufficient data exists for design
recommendations to be made for stainless steel-tggiaingle angle sections. Current
limit-state design practice requires that conceally loaded singly-symmetric columns
be designed for flexural and flexural-torsional kiig modes; however, this requires
that both the transition between two global buakimodes and their associated strengths
be understood. Existing design standards will\aduated through experimental and

numerical testing, which is described in subsequkapters.
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CHAPTER 3

MATERIAL CHARACTERIZATION

The chapter presents the results of tests condtxidetermine the material
properties of UNS $32003 (ATI 20®Bgrade duplex stainless steel which are relevant
for the structural analysis of sections compose83#003 in compression. Also

presented are the residual stress patterns of d&82003 stainless steel angles.

3.1 UNS S32003 MATERIAL DESCRIPTION
The microstructure of S32003, shown in Figure 8ahtains both body-centered
cubic (BCC) ferritic and face-centered cubic (F@@¥tenitic phases. The elemental

composition of S32003 is given in Table 3.1.

Figure 3.1- S32003 duplex microstructure (ATl Ahegy Ludlum)

® Registered trademark of ATI Properties, Inc.
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Table 3.1- Elemental composition of S32003(ASTM B:24L)

Element Composition,

(% Weight)

C 0.030max.
Mn 2.00 max.
P 0.030max.
S 0.020max.
Si 1.00max.
Mo 1.50-2.00
N 0.14-0.20
Cr 19.5 - 22.5
Ni 3.0-4.0
Iron Balance

Compressive Stress-strain Relationship

To construct the full-range compressive stressrstiarve for S32003, five stub
column tests were conducted, guided by “Technicaidrandum No. 3” of th&uide to
Stability Design Criteria for Metal Structur€Ziemian 2006). In order to avoid local
buckling of angle sections tested in compressionbtl-symmetric tubular sections were
tested. Due to the unavailability of laser-weldéoular sections, tubular sections were
fabricated by TIG welding together two L2 x 2 x & $32003 equal-leg angles
positioned toe-to-toe. Each column was instruntentéh four strain rosettes, with one
rosette mounted at midheight on each face as showigure 3.2. The test set-up also
included a 200-kip load cell to measure load, whiets applied using a SATEC testing

machine. Data were recorded continuously using dedjuisition software.
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Figure 3.2- Stub column test set-up

Results

The experimental stress-strain curve of each sblbmn is plotted in Figure 3.3.
During testing of Column 3, the soldering tabs disected from one of the strain
rosettes prior to yield. As a result, only thr&ais rosettes were used to analyze the data
for this specimen. Principal strains were cal@dgtom the strain rosettes data. For
each rosette, the compressive principal strainfaasd to be within 1% of the strain
measured by the strain gage oriented parallelgaltfection of loading. Poisson’s ratio
was computed using the data from each of the 1&ifuming strain rosettes by dividing
the principal strain in the direction transverséotiding by the principal strain parallel to

the loading direction. The resulting values axgtpd in Figure 3.4.
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Figure 3.3- Stub column stress-strain behavior
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Figure 3.4- Poisson's ratio corresponding to variongitudinal strains
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Discussions

Initial Modulus of Elasticity

The initial compression modulus of elasticify, was determined from stress-
strain curves at strains less than 0.25% usinggttod proscribed by Section 9.4 of

(ASTM E111-04). The resulting values &g are listed in Table 3.2.

Table 3.2- Modulus of elasticity based on ASTM EDU1L

Specimen E
(ksi)
Stub column 1 28318
Stub column 2 27925
Stub column 3 28631
Stub column 4 29356
Stub column 5 28987

Average 28643

Poisson’s Ratio

The mean and coefficient of variation of Poissoat® data were calculated at
each 0.0005 in./in. increment; these values arengin Table 3.3. Large variability in the
calculated Poisson’s ratios existed for straing 062005 (in./in.), but variability
decreased for strains of 0.001 (in./in.) and highéris can be seen in Figure 3.5.
Poisson’s ratio approaches 0.24 at strains of (@& .) and higher. This is less than
the Poisson’s ratio value of 0.3 reported\iBVNZS 4673ndicating that further

examination of Poisson’s ratio is necessary irftigre.
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Table 3.3- Poisson's ratio for longitudinal conggien

Poisson's Ratio

Longitudinal Strain Mean Poisson’s Coefficient of
(in./in.) Ratio Variation
0.0005 0.185 0.238
0.0010 0.204 0.141
0.0015 0.215 0.121
0.0020 0.228 0.126
0.0025 0.235 0.140
0.0030 0.239 0.143
0.0035 0.241 0.139
0.0040 0.242 0.132
0.0045 0.242 0.124
0.0050 0.242 0.116
0.0055 0.242 0.110
0.0060 0.242 0.104
0.0065 0.242 0.099
0.0070 0.241 0.094
0.0075 0.241 0.091

0.30
n
REERESRSSRES
0.20 = —
il 1
0.15
0.10 ' ' ' ' ' ' '

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Longitudinal Strain (in./in.)

Figure 3.5- Poisson's ratio variability
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Initial Shear Modulus

The initial shear modulus of S320@3,, was determined from eight tests
conducted on notched coupons subject to a fourtpsymmetric loading configuration.
This test procedure is commonly used for deterngitie in-plane shear modulus of
polymer composites and outlined in ASTM D-5379he®Bight shear coupon specimens,
of which four were oriented in the longitudinaletition and four were oriented in the
transverse direction (as shown in Figure 3.6), wetdrom S32003 L4 x 4 X1 angle

sections using a water jet cutter.

Longitudinal
/ Coupon
Transverse
/ Coupon

Figure 3.6- V-notched shear coupon orientations

The experimental test setup is shown in Figure &dch specimen was
instrumented with two orthogonal strain gages @nftbnt and back faces of the
specimens, oriented at +45° from horizontal. Testse conducted in a SATEC testing
machine where the load was applied to the loadxigré using a 0.5 in. diameter

hardened steel ball. Load was measured usingkipll®ad cell. Data were recorded
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continuously using data acquisition software. DuBnbitations of the testing fixture,

tests were terminated at 3 kips.

Figure 3.7- Shear testing setup

Results
Shear stress was calculated as the measured ldddiby the cross-sectional

area of the narrow section of the notch, and tleausktrain was computed for each face
as|e, | + |e_45e|- The in-plane shear moduli were determined thnaegression
analyses of data.

Data were examined to determine how much bendidgwisting was present

during testing. Cho (1998) recommends that data thedolerance

and0.9 < s < 1.1 to satisfy pure shear loading conditions. ASTME¥9 also

- |£_45°|

requires that the twist factar,, given by Eq. (3-1) does not exceed 3.0% at 0.4%
absolute strain. Although strains never reacheatllével, values for the twist fell below

3%. The coupon bending/twisting indicators, repaiin Table 3.4, generally fall within
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these tolerances, demonstrating the validity otéiséing procedure. The results from the

shear testing are summarized below in Table 3.5.

Go_front - Go_back
T, =

Go_front + Go_back (3_1)

Table 3.4- Shear tolerances

Front Face Back Face
Specimen " levas| = lecas| | levas| | levas] = lecas| | evast]
legasel +legsl | lessel | legasel +lessl | le_ssel
2 1 0.003 0.03 1.04 0.09 1.19
g 2 0.025 0.07 0.87 0.07 0.88
§ 3 0.003 0.03 0.93 0.04 0.92
4 0.009 0.07 1.15 0.04 1.08
E 1 0.010 0.07 0.86 0.06 0.88
s 2 0.027 0.01 0.97 0.06 0.89
2 3 0.000 0.04 0.92 0.10 0.81
- 4 0.008 0.01 1.02 0.03 1.07
Table 3.5- In-plane shear modulus results
Specimen CrZ?:aS(?r?%onal Go_front(KSi) | Go_back(Ksi) Go_avg.(ksi)
@ 1 0.127 9340 9279 9309
§ 2 0.127 9663 10161 9912
2 3 0.128 9552 9498 9525
l‘_E 4 0.127 9793 9625 9709
Average 9610
1 0.127 9877 9976 9927
S 2 0.126 9607 10131 9869
S 3 0.127 9879 9870 9875
- 4 0.127 10411 10571 10491
Average 10,040
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Discussion

Anisotropy of S32003 Angles

Although the average shear modulus from the lodgilly cut specimens was
slightly higher than the average for transverseispens (10040 ksi vs. 9610 ksi), the
two values are close enough from a practical pafiview to not consider anisotropy in
shear. Thus, the in-plane shear modulus was eaétihs 9830 ksi by averaging the

moduli from the 8 coupons.

Alternative Approach for Determining the Initial Mo dulus of Elasticity

The purpose of this section is to develop an aiara approach for determining
the initial modulus of elasticity,, in order to eliminate the difficulty associatedhw
fabricating and testing stub columns. Since thesststrain behavior of S32003 is
approximately linear at low strain values, the maduwf elasticity can be determined
from experimental load-deflection data for longrsp@ams, where flexural behavior
dominates deflection response, tested at low stiaires. A total of six specimens
measuring 1.7 in. x 0.25 in. were cut from L2 x Zn»angle sections using a vertical
bandsaw. Specimens were designed to have spagptb-dhtios greater or equal to 48,
causing shear deformation to be negligible. Thadpngths were 12 in., 18 in., and 24
in; two specimens were tested for each span len@timensions for these specimens are

listed in Table 3.6.
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Table 3.6- Three-point bending specimen dimensions

Span/Depth Span, Width, Thickness, Area,A Moment of

Specimen “Tpatio L (in) b (in)  t(in.) (in?)  Inertia, | (in%
12a 48.2 12 1.704  0.249 0.424 0.00219
12b 49.6 12 1.713  0.242 0.414 0.00202
18a 72.6 18 1.684  0.248 0.417 0.00213
18b 72.6 18 1.671  0.248 0.415 0.00213
24a 99.6 24 1.681  0.241 0.406 0.00197
24D 99.6 24  1.697  0.249 0.423 0.00219

The specimens were tested in a Tinius Olsen flefaiere simulating simply
supported conditions as shown in Figure 3.8. Tikiare consisted of two movable 60°
wedge supports. Loading was applied at midspargushydraulic jack and transferred
to the specimens through a % in. diameter cylimdisteel rod. Loading was applied
such that the crosshead displacement rate didxeetd 0.009 in/sec. Loading continued
until the displacement reached at least 0.4 inchié® applied load was measured using
a 10-kip Interfac®load cell, and the deflection was determined tsraging the
displacements recorded from two linear variabléedntial transducers (LVDTS)
attached to the ends of the cylindrical load aptiic Data were continuously recorded
using data acquisition software. The load-deftectiurves of the six test specimens are

shown below in Figure 3.9.
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Figure 3.8- Three-point bending test set-up
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Figure 3.9- Load-deflection plot for three-poiregxure tests
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Discussion

The load and deflection data were normalized withlinear elastic equations,
Eqg. (3-2) and Eq. (3-3), to obtain stress andrstraispectively, which are plotted in
Figure 3.10. The modulus of elasticiB;,was calculated at each data point by
performing a linear regression of the data up & point. Only data between 5 ksi and
30 ksi were considered. PlotsB¥ersus its corresponding lode], for the six specimens
are shown in Figure 3.11. Average valuek &dr data in this range are listed in Table
3.7. The average value, 27,600 ksi, is withi®@d the theE, determined from the
stub column tests— 28,600 ksi; thus, the validftthis method in determining the

modulus of elasticity has been verified againsaledated procedure.

PLt
0c=—
81 (3-2)
ot
& = 6L_2 (3-3)
120
100 | et
T 80 S
< =
o) A
a 60 r " [ ----12a- Span=12in.
o — - 12b- Span=12in.
G4 & | 18a- Span=18in.
—18b- Span=18 in.
20 r - — -24a- Span=24in.
0 . . — = 24b- Sp§n=24 in.
0.000 0.001 0.002 0.003 0.004 0.005
243t/L2 (in.)

Figure 3.10- Transformed load-deflection data
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Figure 3.11- Three-point bending modulus deternongblot

Table 3.7- Modulus of elasticity

Specimen E

(ksi)
12a 27900
12b 25900
18a 27900
18b 27800
24a 28200
24b 28900

Average 27600

Stress-strain Modeling

The stub column compressive stress-strain behadsermodeled in two parts.
The preyield stress-strain data was modeled ubagniodified Ramberg-Osgood
relationship, given by Eq. (2-11). The stressistb@havior for stresses exceedfyg

was modeled using Eqg. (2-13); however, it is tombied that the post-yield hardening
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parametern .1 0was computed in the present study using Eq. (844ish requires

determination of the 0.5% proof streBsg.

Fy.—F
0.003 — 0.002n (%)
y

In
F, o, —F
0.008 1'°E Y
n/ — Yy
0.2,1.0 l <F0_5 _ Fy)
n
Fl.O - Fy

(3-4)

A value of 28,200 ksi was adapted in subsequeiosscorE, based on results

of the stub column and flexural tests and was use@termining all other parameters.

These parameters are listed in Table 3.8. Congeibetween the experimental and

modeled behavior are shown in Appendix A.

Table 3.8- Stub column modeling parameters

Parameter 1 2 3 4 5
Initial Modulus, E, (ksi) 28200 28200 28200 28200 28200
0.2% Proof Stressk, (ksi) 72.76 74.57 77.38 76.29 76.87
0.01% Proof Stresss, (ksi) 40.48 42.56 41.20 54.96 49.07
Hardening Parameten 5.11 5.34 4.75 9.14 6.67
1% Proof StressF; o (ksi) 88.38 90.64 96.46 90.96 93.29
Tangent Modulus aF,, E, (ksi) 5685 5595 6317 3637 4782
Strain atF,, ¢, 0.00458 0.00464 0.00474 0.00471 0.00473
Post-yield Hardening 2.40 2.47 2.25 2.95 2.90
Parametemg ;. 1.¢
0.5% Proof Stressho.5 (ksi) 82.39 84.53 88.87 85.12 87.23
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Development of a typical stress-strain curve

A typical stress-strain curve was developed froendtub column stress-strain
data of S32003, which enables values such as taagdrsecant moduli and curvature of
the stress-strain relationship to be calculatedmRhe S32003 stub column data, a
typical stress-strain relationship was construbi@sked on the procedure described by
“Technical Memorandum B.2.1” of tHeuide to Stability Design Criteria for Metal
Structures(Ziemian 2006). The resulting parameters are sanzed in Table 3.9. The

typical stress-strain curve is plotted alongsidinilie stub column data in Figure 3.12.

Table 3.9- S32003 Material properties

Parameter Value
Initial Modulus, E, (ksi) 28200
0.2% Proof Stresshy (ksi) 75.6
0.01% Proof Stres$, (ksi) 44.7
Hardening Parameten, 5.71
1% Proof Stresski1 o (ksi) 92.0
Tangent Modulus aFy, Ey (ksi) 5363
Strain atFy, ¢y 0.00468
Post-yield Hardening Parameter, 2 1 ¢ 2.63
0.5% Proof StressFos (ksi) 85.8
Poisson’s Ratio 0.24
Initial Shear Modulus, & (ksi) 9830
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3.2 RESIDUAL STRESSES
The distribution of residual stresses for S32008-bp equal-leg angles was
experimentally determined by the method of seatigrfHuber and Beedle 1954;
Tebedge et al. 1972). Residual stress patteriager-welded duplex stainless steel
structural shapes have not been investigated ipabg and an attempt is made here to

present the pattern for the angle structural corapbn

Laser Welding

Laser welding is a high energy keyhole fusion wajdiechnique, illustrated in
Figure 3.13, where a laser with a power densittherorder of magnitude of 1Ov/mn?
is focused along the union of two metals platestial contact with the metal surface
vaporizes the metals and forms a keyhole. Thenamessure keeps the keyhole open
and scatters the light of the laser. The energh®ftcattered laser converts the metal
adjacent to the keyhole into a molten state. &ddker is moved along the joint line, the
molten walls rejoin where the laser had been ahdi§o Because of the dependency on
the laser’s high energy density rather than headlgction, this welding method results in
heat affected zones (HAZ) that are smaller thasdrassociated with arc welding

(Dawes 1992).
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Figure 3.13- Mechanisms of laser welding (Dawes2)99

Experimental Method

A total of four angles were investigated usingtinethod of sectioning—two L2
X 2 X Y sections and two L4 x £l sections. The sectioning procedure is illustrated
Figure 3.14. The angles were cut 10 in. in lerigim longer sections, and 0.25 in. wide
segments were marked along the cross-section.ed@br cross-sectional strip, tWes
in. @ gage holes were drilled 8 in. apart in thegitudinal direction on each exposed
face, as shown in Figure 3.15. After specimenswwéaced in an environmental
chamber for 6 hours, initial gage length measureéswere made using digital calipers
precise to 0.001 in. The calipers measured theettatistance between the gage holes,
as shown in Figure 3.16. Specimens were cut aieketo separate their legs and then
then cut into the 10 x 0.25 in strips. All cutsrevenade using a horizontal bandsaw with
cutting coolant flowing continuously across the. clihe strips, as shown in Figure 3.17,
were again placed in the environmental chambe toours before new length

measurements were made.
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Angle cut from stock and
marked with gage holes

Angle cut at heel to separate legs

=

Each leg sectioned into stri

Figure 3.14- Sectioning procedure

Figure 3.15- Gage marker patterns for residuasstspecimens
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Gage Hole Center-to-Center

Figure 3.16- Method of sectioning measurement sehem

Figure 3.17- Sectioned residual stress specimens

Residual Stress Calculations
Prior to calculating the residual stresses, lengtlasurements were corrected to
account for errors caused by curvature of thestuipl changes in temperature. The

residual stresses were calculated using Eq. (3-5).
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=R (3-5)
Where
E, = Initial Modulus of Elasticity
Ls = Final length
Li = Initial length

or = Residual Stress

Due to the discretization of the cross-sectionnie¢hod of sectioning often
indicates an internal force/moment imbalance. elesal investigations of carbon steel
angles, residual stress measurements were coritecéetiieve equilibrium (Adluri and
Murty 1996; Al-Sayed and Bjorhovde 1989a). Thenmab force/moment imbalance was
checked and corrected numerically using a methothsarized in Figure 3.18.
Comparisons between the corrected and uncorreesgdlial stress profiles are shown in
Figure 3.19(a)-(d). The equilibrium correction pedure caused the residual strains at
the site of the weld to vary by approximately 124 fbr the L2 x 2 X ¥ sections and 8%
for the L4 x 4 X/, sections, which are of the same order of magniasdne equilibrium
corrections seen in (Al-Sayed and Bjorhovde 19834 corrected residual stress

patterns are shown in Figure 3.20 and Figure 3.21.
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Figure 3.18- Equilibrium correction methodology
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Figure 3.19- Equilibrium corrected/uncorrecteddasi stress profileor (a) L2 x 2 X %
-A; (D) L2x2x%-B;(c) L4 x4 x5/16 - A; ard) L4 x 4 x5/16 - B
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Figure 3.20- Residual stress pattern for S32008 2X 1/4 angle specimens
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Figure 3.21- Residual stress pattern for S32008 #4 */;¢ angle specimens
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Discussion of Residual Stress Pattern Results

The peak residual stresses at the HAZ, toes, addlate are given in Table 3.10
The laser welding procedure created a concentrafitensile residual stresses at the
weld zone whose value was as high as 50% of the gieess in compressioRy .. This
is similar to the residual stresses of a built-gedtion made with S32205 grade duplex
stainless steel, wherein the residual stressesapgm®ximately 50% ofy at the HAZ in
the flanges and 95% &%, at the HAZ in the web (Lagerquist and Olsson 2001)

The middle of each leg was determined to be irdusdicompression, whereas the
toes are in residual tension. This is similatt® tesidual stress pattern of the built-up
L10 x 10 x ¥z equal-leg angle made from mild stéalgs at Lehigh University, as shown
in Figure 3.22 (Rao et al. 1963). From Table 3itléan be seen based on two tests only,
that the magnitudes of the residual stresses amwaythe HAZ are higher in the L2 x 2 x
Y, sections than in the L4 x £ sections. Since L2 x 2 x ¥4 has a smaller cross-
section than L4 x 4 X1, its greater residual stresses magnitudes aressegeto balance
the residual stresses associated with the HAZrdardo achieve internal force and

moment equilibrium.

Table 3.10- Peak residual stress values

HAZ Midplate Toe
0. 0.
Orpyaz _THAZ  Op . Orc Ort _nt
Angle (ks) Fo (ks) |F.| (ks) By
(2x2x%-A 262 035 -18.8 025 154 0.20
L2x2x%-B 356 047 -21.8 029 16.4 022

L4 X 4 X°/16- A 32.1 0.43 -12.1 0.16 8.8 0.12
L4 X 4 x°/16- B 37.7 050 -10.5 0.14 13.8 0.18

Positive values indicate residual tensile stresses
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Figure 3.22- Residual stress pattern for a weldel-bp mild steel angle (Rao et al.
1963)

Because laser welding is a less heat intensiveepsothan arc welding and the
thermal conductivity of mild steel, 49 W/(K) (Bentz and Prasad 2007), is nearly three
times the thermal conductivity of S32003 at roompgerature, 17 W/(rK) (ATI
Allegheny Ludlum), the size of the HAZ for built-igainless steel angles was expected
to be smaller than that of built-up carbon steetieas. No attempt was made to quantify
the size of the HAZ; however, the size of the ragarrounding the HAZ in residual
tension was compared to corresponding regionsiltrigucarbon steel sections. The
distance from the weld to a point of zero residiigss was approximately 17.5% of the
outstanding leg dimension for the L2 x 2 x ¥4 asg@lad 14% of the outstanding leg
dimension for the L4 x 4 X;sangles. This is comparable to the same distaepested

by Rao et al. (1963) for the stems of welded carkter| T-sections, which vary between
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14% and 27% of the height of the stem. Additiondlshould be noted that while the
residual stresses in the HAZ are on the ordersiR),., the magnitude (38 ksi) of the
residual stress at the HAZ is similar to that ofdee carbon steel box (38 ksi) (Rao et al.

1963).

3.3 SECTION CHARACTERIZATION

Compressive stress-strain relationships that irectbe effect of residual stresses
found in the laser-welded equal-leg angles coutdoembtained by directly testing angle
stub columns since their legs were susceptibledallbuckling. Instead, tubular stub
columns were fabricated and tested as describ8ddtion 3.1; however, they had
residual stresses which differed from those foumd2 x 2 x ¥ angles as a result of
welding. Thus, the stress-strain curves from thb solumn tests were approximations,
rather than true representations, of the effeth®fesidual stresses found in the laser-
welded equal-leg angles. These stress-strainaedtips, however, are valid for analysis
of single equal-leg angle columns for several reasd-irstly, fabricating the stub
columns did not reverse the residual stresseseSive doubly-symmetric stub columns
were fabricated by welding L2 x 2 x ¥ angles atrttaes, which were already in
residual tension, the toes would be subject teeim®ed residual tensile stresses; thus, the
residual stress patterns were not altered. Segotidl stub columns were fabricated
using TIG-welding rather than laser-welding. ltswveoted by Klopper et al. (2011) in
fabricating ferritic steel T-sections, that theidesl stresses associated with full-
penetration laser-welding were up to 25% higheéhatHAZ than full-penetration arc-
welding. As a result, the change in the residtrakses would be less than if a laser-

welded tubular section had been tested.
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3.4 CONCLUSION
The material properties of S32003 angles, includivegr longitudinal modulus,
compressive stress-strain relationship, Poissatis,rand shear modulus, were
determined from experimental tests. The resutisiftne residual stress investigation
indicate a consistent pattern of residual tengikesses in the toes and heels and residual
compressive stresses at midplate of each leg.n&ry of the material parameters
determined from these tests is given in Tablestfich can be used in analysis of the

S32003 angles in compression.
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CHAPTER 4

EXPERIMENTAL BUCKLING TESTS

This chapter presents the results from a seriegérimental buckling tests
conducted on S32003 equal-leg angles loaded caraahytin compression. A total of
33 test specimens having three different crosgesectvere tested. The results from
these tests were then compared to the predictengshrs using existing stainless steel

standards and design rules.

4.1 TEST SPECIMENS

Thirty-three equal-leg angles, representing thiferdnt cross-sections, were
tested. These cross-sections consisted of tend ®%s, eleven L3 x 3 x ¥4, and twelve
L2 x 2 x ¥4 angles, designated hereafter as L4ahd,L2, respectively. In all test
components the overall slenderness riagio, ranged from 35 to 350 while the angle leg
slendernesd(t) ratio ranged from 7.5 to 12.3. Angle specimeersanfabricated by butt-
welding two hot-rolled plates using a laser-weldieghnique. The measured dimensions
of each angle specimen, as defined by Figure £.1isted alongside its Column ID in
Table 4.1. The first number of the Column ID reftr the nominal leg width in inches,
and the second number refers to the length ofnigkeapecimen without end fixtures.
From these measurements, cross-sectional propesmtiescomputed. These include the
cross-sectional ared), maximum and minimum moments of inertiggndly,
respectively), section torsion constaljt @nd warping constant{). All computed

values are also reported in Table 4.1.
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Table 4.1- Cross-sectional properties of angleispats

— %

ty

— %

t,

AT

T JT

Cut

*

3o

by b, Iy Iy L
(n)  (in) (@n) (n) G (n"  (n% (@in%) (in® (in) %
L2-18a  2.008 0.248 2.023 0.248 0.939 0.146 0.562010. 0.006 0.005 3801
L2-18b  2.021 0.248 2.010 0.248 0.938 0.146 0.562010. 0.006 0.005 3804
L2-24 1.999 0.248 2.023 0.248 0.935 0.145 0.558 10.0 0.006 0.004 6000
L2-36a  2.019 0.244 1.997 0.248 0.929 0.143 0.552010. 0.006 0.013 2763
L2-36b  1.995 0.248 2.024 0.243 0.927 0.143 0.552010. 0.006 0.005 6909
L2-48 2.027 0.247 2.012 0.250 0.942 0.147 0.566 10.0 0.006 0.036 1330
L2-60a  2.020 0.251 2.024 0.250 0.950 0.149 0.572020. 0.006 0.039 1535
L2-60b  2.012 0.250 2.024 0.249 0.945 0.147 0.567020. 0.006 0.029 2048
L2-72 2.025 0.247 2.005 0.250 0.939 0.146 0.562 10.0 0.006 0.067 1073
L2-84 2.019 0.250 2.024 0.249 0.946 0.148 0.570 20.0 0.006 0.065 1302
L2-96 2.027 0.250 2.023 0.250 0.950 0.149 0.574 20.0 0.006 0.068 1414
L2-132  2.006 0.252 2.024 0.251 0.951 0.148 0.568020. 0.006 0.044 3007
L3-18 3.023 0.249 2.994 0.249 1.436 0.507 1.994 30.0 0.021 0.012 1519
L3-24a  2.999 0.250 3.024 0.250 1.442 0.510 2.007030. 0.021 0.047 509
L3-24b  3.023 0.250 3.001 0.248 1.438 0.509 2.002030. 0.021 0.005 5082
L3-36 3.028 0.248 2.996 0.249 1.436 0.508 1.999 30.0 0.021 0.013 2754
L3-48a  3.021 0.250 2.998 0.250 1.444 0.510 2.006030. 0.021 0.009 5455
L3-48b  3.027 0.250 3.002 0.250 1.444 0.512 2.013030. 0.021 0.052 920
L3-60a  3.000 0.251 3.024 0.250 1.444 0.511 2.009030. 0.021 0.033 1807
L3-60b  3.024 0.250 3.004 0.251 1.446 0.512 2.015030. 0.021 0.014 4225
L3-72 3.030 0.249 3.001 0.250 1.443 0.512 2.014 30.0 0.021 0.044 1651
L3-84 3.023 0.249 2.999 0.250 1.442 0.510 2.006 30.0 0.021 0.030 2772
L3-132  3.024 0.249 2.999 0.251 1.444 0.511 2.009030. 0.021 0.030 4415
L4-24 3.986 0.313 3.996 0.312 2.395 1.492 5.879 76.0 0.095 0.024 1017
L4-36a  4.007 0.308 3.997 0.311 2.382 1.493 5.886076. 0.094 0.018 1989
L4-36b  4.004 0.312 4.000 0.309 2.390 1.497 5.90207@. 0.095 0.016 2308
L4-48 4.009 0.305 4.000 0.311 2.370 1.487 5.866 76.0 0.092 0.010 4660
L4-60a  4.017 0.308 4.003 0.312 2.390 1.504 5.93007@. 0.095 0.015 4054
L4-60b  3.992 0.308 4.015 0.312 2.388 1.498 5.900076. 0.094 0.014 4225
L4-72 4.001 0.312 4.006 0.311 2.398 1.504 5.925 76.0 0.096 0.011 6429
L4-84 3.999 0.312 4.007 0.313 2.402 1.505 5.933 76.0 0.096 0.018 4565
L4-96 4.025 0.317 4.019 0.315 2.442 1.544 6.085 80.0 0.101 0.033 2936
L4-132  3.997 0.314 3.988 0.313 2.405 1.499 5.908079. 0.097 0.055 2422

" Measured, refer to Figure 4.1
" Computed, Madugula and Kennedy (1984)
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PLAN

Figure 4.1- Angle specimen axis and dimension dedims

Table 4.1 also presents the maximum out-of-straggdg,, measurements of all
test specimens, which were measured using a themd&lor specimens 36 in. in length
and shorter the maximum out-of-straightn@gsof each leg was measured with respect
to a machinist table, as illustrated by Figure 42r a given angle, the larggyfrom its

two legs is recorded in Table 4.2.

55



Figure 4.2- Leg out-of-straightness measurementgjzk and Steffen 2000)

Table 4.2- Maximum plate out-of-straightness meas@nts

L o

(in) (n) ‘%
L2-18a 18 0.080 225
L2-18b 18 -0.020 -900
L3-18 18 0.008 2250
L2-24 24 0.005 4800
L3-24a 24 0.028 857
L3-24b 24 0.005 4800
L4-24 24 0.045 533
L2-36a 36 0.000 --
L2-36b 36 -0.013 -2769
L3-36 36 0.013 2769
L4-36a 36 0.002 18000
L4-36b 36 0.020 1800

Specimen

4.2 TEST SETUP
Columns were supported vertically between a coag®bng floor and a steel
load frame with adjustable beam height and tesiddend fixtures simulating pinned

boundary conditions about the minor principal afithe single angles. An overview of
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the test set-up is shown in Figure 4.3. Two sk&nd fixtures were used: knife-edges
for slender columns whose predicted strengths Vessgethan 50 kip and roller end
fixtures for columns whose predicted strengths eded 50 kips. Load was applied
using a hydraulic ram mounted to the load framevyhah the top end fixture was

mounted.

Instrumentation

The following instrumentation was used in testing:

1. Four string potentiometers (SPs) to measure mitibhéateral deflections

2. Two strain gages mounted back-to-back on eachtlegdheight (Figure
4.4) to detect the onset of local buckling andgsesas accidental
eccentricities resulting from loading

3. One string potentiometer (SP) to measure columreshiog

4. A pair of linear variable differential transformdtsvDTs) to measure the
slope of the column at its ends

5. Aload cell
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Figure 4.3- Test setup
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/ Strain Gage

Minor Principal Axis

Figure 4.4- Strain gage locations

End Fixtures

Two types of end fixtures, shown in Figure 4.5, evesed to test columns—xknife-
edge and roller end fixtures. These end fixtupgs@imated torsionally restrained,
minor-axis pinned, major-axis fixed, and warpingtrained boundary conditions. The
top end fixtures were attached to safety chainglvhafeguarded against the end
fixtures’ falling if the angle snapped out of tlest setup; however, enough slack was
included to ensure the chains did not interferdawhe rotational movement of the end

fixtures as seen in Figure 4.6

Figure 4.5- End Fixtures: Knife-edge end fixtureft)l; Roller end fixture (right)
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Figure 4.6- End fixture safety chains

Knife-Edge End Fixtures

Each knife edge consisted of a 1 in. x 1 in. sqhardened carbon steel bar
situated between of two grooved steel plates, atteav130° grove and the other with a
90° to which it was welded. A malleablfes in. lead plate was placed between each end
of the column specimen and the bearing plate tel lpessible unevenness of the contact

surface. The knife-edge end fixtures added 5.82®ithe length of the column.

Roller End Fixtures

Each roller end fixture consisted of &/sin. @ cylindrical rod welded situated
between two steel plates—one with a 4 in. @ cylecadrgroove and the other % in. thick
plate to which it was welded. The end fixturesemtld.160 inches to the length of the
column.

Twisting of the top end fixtures was restrainechgsanchored tie rods that

prevented twist but allowed vertical displaceméngre 4.7). The tie rods were
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anchored to a strong wall adjacent to the tespselwvisting of the bottom end fixtures
was restrained by anchor bolts protruding fromstineng floor.

To keep columns from becoming misaligned duringutal-torsional buckling,
®l6 in. thick $S32003 endplates were welded to the eftise stocky columns and bolted
to the end fixtures, as shown in Figure 4.8. Thesleled endplates also better imposed
both fixed conditions for rotation about the mapoincipal axis and warping restrained

conditions.

Figure 4.8- Angle endplate weld

61



Examination of End Fixtures’ Rotational Restraint

Prior to testing the S32003 stainless steel sextmiseries of buckling tests were
performed on mild steel angles using these endristto determine the rotational-
restraint the fixtures imposed. In comparing thedpcted Euler buckling load against the
load determined from the Southwell plot, an effeelength factor was determined for
the end fixtures used in that test. For the kedge end fixtures, the effective length

factor was calculated to be approximately 1.00 thasethe results of an 8ft L3 x 3k

(M = 174) carbon steel angle. Similarly, the effective lgnigctor value of

min

approximately 0.95 was calculated for the rolled &rture from results of tests on a 7ft

L4 x 4 X vz(ﬂ = 113) angle, a 6 ft L3 x 3 %16 (ﬂ = 130) angleand a 5ft L3

min min
X 3 X°/16 (% = 110). These effective length factors are reflectedalues ofl,

reported in Table 4.3.

4.3 TESTING PROCEDURE

The experimental procedure was guided by “Techmitaxhorandum B.4” of
Guide to Stability Design Criteria for Metal Struces(Ziemian 2006) Each column
was mounted between the end fixtures so that m®nprincipal axis coincided with the
axis of the knife edge, and its centroidal axisicmled with the axis of the ram. Prior to
loading, angles in this study were loaded to 40%heir predicted strengths and
unloaded several times to shake down the testrsgesi in the fixtures.

Each column was loaded monotonically until a maxmfarce was observed and
the force had dropped off about 10%. Measuremeets continuously recorded using

data acquisition software. After testing, thealison of the section was examined by

62



manually measuring the distance between the tomsdaieight with digital calipers and

comparing it to the distance measured prior tortgst

4.4 BEHAVIOR OF ANGLE SPECIMENS

The results of the experimental buckling testsstu@wvn in Figure 4.9 along with
the flexural buckling stress curves calculated gisiothE; andE,. The strengthPey,, of
each test specimen was determined based on théqashieached during testing. Itis
convenient to normalize strength with respect tssfsectional areadg= Pexp/A), In
order to provide insight into the buckling of vargocross-sections. Buckling modes
were identified using the midheight deflectiongitgal load-deflection curves plots for
flexural buckling and flexural-torsional bucklingrt be seen in Figure 4.10 and Figure
4.11, respectively.

Of the 33 specimens tested, 28 angle specimensierped minor-axis flexural
buckling (Figure 4.12) while the remaining 5 expaded flexural-torsional buckling
(Figure 4.13). No local buckling was observednny af the angle specimens and plate
bending was only detected in specimens that unaerlexural-torsional buckling. The
midheight deflections of specimen L4-60a, whichement flexural buckling, were in
the direction of its heel, subjecting its toesrtoreased compression. This eventually
caused the specimen to suddenly twist in the positling range. Cross-sectional
distortion was only observed in the post-buckliagge in L2-18a whose midheight

deflections were also toward its heel.
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O Test data of L4 specimens, (Flexural buckle)
70 [ ] Test data of L4 specimens (Flexural-torsidnadkle)
‘\ A Test data of L3 specimens (Flexural buckle)
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Figure 4.9- Experimental column curve for S32008atdeg angles
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Figure 4.10-Typical load-deflection curves testcsmens exhibiting flexural buckling
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Figure 4.11- Typical load-deflection curves test@mens exhibiting flexural-torsional
buckling

Figure 4.12- Flexural buckling specimens
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Figure 4.13- Flexural-torsional buckling specimens

Analysis of the Column Curve

The data closely follows the flexural buckling cerhat was calculated using the
tangent modulus as shown in Figure 4.9. For raterethe flexural buckling curve that
was calculated using the initial modulus of elastiis also plotted to give indication of
the deviation of the data from linear material batva Trends for the flexural-torsional
data in Figure 4.9 could not be analyzed due tdiniéed number of specimens which
buckled in this mode; further investigation is negdo evaluate this limit state.

Although the columns strengths of duplicate spensrgenerally show agreement
with each other, the difference in strength betwsmne duplicate test specimens can be
attributed to experimental error related to load#egentricity. Most notably, L4-36a
underwent flexural buckling while L4-36b underwéekural-torsional buckling. For
this reason L4-36a is considered an outlier antneil be considered in subsequent

analysis.
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Load-deformation behavior

Flexural buckling

The influence of nonlinear material behavior carséen by looking at the post-
buckling behavior of flexural buckling specimens$elpost-buckling load loss associated
with increased lateral deflection occurred at atgerate for stockier sections than
slender sections, as shown in Figure 4.14. Thastitbbutable to the fact that slender
columns buckle at low stresses, which correspordgioer tangent moduli, whereas

stockier columns are associated with reduced nahtiffness.

1.2
1.0

0.8

exp

et 0.6

0.4

0.2

0.0 A ] ! ]
0 0.02 0.04 0.06 0.08

5,/L

Figure 4.14- Normalized load-deflection curves

The influence of material nonlinearity on columrateation can also be seen by
examining the deformed shape. For linear elastitermal behavior, the deformed shape
of a concentrically loaded prismatic pinned colusieinusoidal (Euler buckling), based
on the solution to the equilibrium differential eqn. For nonlinear material behavior,

the extreme case is the formation of a plasticdimghich causes the deformed shape to
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be triangular for a pinned prismatic columfhese two deformed shapes represent
bounds between which the deformed shape of allggiqmmismatic columns will lie. The
midheight deflections of these bounds, shown iufegt.15, can be defined in terms of

the slopeg, of the deformed column at its ends.

— — — Plastic Hinge

Euler

Figure 4.15- Deformed shape bounds and associatdeeight deflections

Having experimentally measured the slope at the efthe columns, the
progression of material nonlinearity was examing@dmparing the midheight
deflection,y, against the two bounds described in Figure 4Tl%e resulting plot is
shown in Figure 4.16. The peak loads are seendormear the sinusoidal bound, after
which the material nonlinearity increases. Slergg@cimens, which are associated with
lower buckling stresses closely follow the lineaubd, even in the post buckling range.
Shorter columns, which correspond to higher avesagsses and material nonlinearity,

exhibited greater deviation from the Euler bucklougve with increased base rotation.
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The most apparent nonlinear behavior can be segpeicimen L2-18a, which approaches
the plastic hinge bound immediately following itsax load. This apparent difference in
deformed shape can be seen by visual comparisits adéformed shape to one following

the Euler bound (L3-132), in Figure 4.17.

0.05 —

x Peak Load of test angles

L4-48
0.04 | La-60a — 7

Plastic Hingetan(6)/2 —\/ 7

L4-72

| |
< 003
(%]
L2-362 14-132
0.02 | 7 2L4'$b
L2-18¢ L2-1
L2-84
0.01 } 5 L2-36b

Linear Behaviorf/r

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Slope of column ends,(rad.)

Figure 4.16- Experimental deformed shape plotslésural buckling specimens
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Figure 4.17- Deformed flexual-buckling specimen&-18a (left), L3-132 (right)

Flexural-torsional buckling

Flexural-torsional buckling was characterized bgidan twist, as seen in the
time-stamped video frames shown in Figure 4.18erdhvas no evidence to suggest that
cross-sectional distortion occurred during flexttakional buckling; thus the cross-
sectional rotation at midheight could be determineaherically using deflection
measurements. The midheight twist angle of the $pprecimens that underwent flexural-
torsional buckling prior to reaching their peakdeas shown in Figure 4.19. Post-peak

twisting behavior could not be analyzed due inseotation failure. It can be seen that
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for most specimens, the cross-section rotated appately 0.07-0.09 rad. (4-5 degrees)

at which point the load carried by the specimeppled.

L3_18.AVI L3_18.AVI
J] & oy, B < -.,..FLs_J]&AvF | L3_1§.A\:
’ !

Figure 4.18- Progression of flexural-torsional dirgk mode
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Figure 4.19- Midheight cross-sectional rotationffexural-torsional buckling specimens
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Southwell Plots

Although the Southwell plotting procedure was dedirassuming linear material
behavior (Southwell 1932), its applicability to lastic column data was demonstrated by
Wang (1948) and Singer (1989). Based on theiresuof literature, the strengths
determined from Southwell plots exceeded the tangemdulus buckling loads by 8% on
average.

Southwell plots were prepared for specimens thekled in the flexural mode
using the axial force and midheight deflection datatypical Southwell plot for a
S32003 angle specimen (L3-48a) can be seen ind=@ya@0. Southwell plots were linear
prior to buckling, but became nonlinear in the gmstkling range. Data for constructing
the Southwell plots were taken in the range fropraximately 70% of the peak load up
to the peak load, since this region correspondékediexural rigidity present at the time

of buckling. Data for each specimen is given ibl€at.3, and raw plots can be seen in

Appendix B.
0.05
004 F |° L3-48a Full-range data
—_ X  Peak Load
= _ v =00231x+0.0009
= 002 ¢ Lo
=] L]
0.01 ..-‘x ———
-
0.00 : :
0 0.5 1 1.5
& (in.)

Figure 4.20- Typical Southwell plot (L3-48a)
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Table 4.3- Southwell plot results and tangent maslghlculations

. Psouthwell Pexp Psouthwet 50 + E Le
Specimen (kips) Psouthwent Py (in.)n 8o +%
L2-18a 61.05 0.928 1.245 0.014 1609
L2-18b 60.99 0.982 1.243 0.003 6237
L2-24 47.18 0.939 1.164 0.015 1491
L2-36a 27.79 0.896 1.065 0.038 721
L2-36b 26.41 0.969 1.016 0.018 1530
L2-48 14.26 0.922 0.993 0.061 626
L2-60a 8.59 0.895 0.886 0.104 373
L2-60b 8.77 0.947 0.914 0.056 952
L2-72 6.55 0.974 0.965 0.039 1695
L2-84 5.07 0.959 0.982 0.064 964
L2-96 4.02 0.943 0.995 0.052 1478
L2-132 2.12 0.960 0.975 0.105 847
L3-36 69.15 0.966 1.044 0.010 2744
L3-48a 45.77 0.863 0.986 0.055 696
L3-48b 42.40 0.962 0.912 0.017 2353
L3-60a 31.64 0.913 0.964 0.058 913
L3-60b 31.45 0.899 0.956 0.068 788
L3-72 24.04 0.964 1.012 0.012 5439
L3-84 18.83 1.036 1.060 0.008 7526
L3-132 7.76 0.989 1.029 0.004 21751
L4-36a 131.15 0.947 0.980 0.018 1571
L4-48 121.51 0.982 1.087 0.004 8647
L4-60a 94.19 0.930 1.013 0.043 1183
L4-60b 90.06 1.013 0.974 0.018 3690
L4-72 73.49 0.983 0.982 0.005 12702
L4-84 58.43 0.976 1.001 0.006 13702
L4-96 41.59 0.942 0.997 0.043 1693
L4-132 23.49 0.946 1.062 0.010 8686
AVERAGE -- 0.953 1.016
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4.5 DESIGN OF CONCENTRICALLY LOADED ANGLE STRUTS

The strengths of the experimental specimens weargaced to the predicted
strengths computed from existing stainless steeldstrds and design rules including
Design Manual for Structural Stainless Steel(Eunox) (SCI and Euro-Inox 2006),
Eurcode3 Part 1-4: General Rules — Supplementalgsrtor Stainless Steels (EC3, 1-4)
the SEI/ASCE 8-02: Specification for the Design of Colaned Stainless Steel
Structural Members (SEI/ASCE 8-0R5/NZS 4673:2001 Cold-formed Stainless Steel
Structures(AS/NZS 4673ndAISC Design Guide: Structural Stainless Steel (AISC
2012) From each standard or design rule, the stremgthcalculated using its
provisions for concentrically loaded compressiomthers, effective cross-sectional area
(for unstiffened/outstand elements), and weldedtHopi sections (if applicable). The
ratios of the experimental strengths of the speesie their calculated strengths were
used to in a first-order reliability analyses técoéate resistance factors for design.

It is noted that the following effective length fars were used in computing the
buckling stresses (where applicable) to reflecttéis¢ boundary conditions for the angle
specimensK,=1.0,K,=0.5,andK=0.5. Additionally, it should be pointed out that
because the legs of the angle were welded to Batespthe plate boundary conditions of
each leg were rotationally restrained at the tapl@sttom instead of simply supported.
The elastic torsional buckling stre§ge, associated with these boundary conditions is
given by Eq. (4-1) (Thomas 1941) and was used mpeaing the elastic torsional

buckling stress in the stainless steel design staisdwhere applicable).
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Ft,e =

1 T?EC
> (G] +4 W) (4-1)

AgT. (KeLe)?

Design Manual for Structural Stainless Steel and EG 1.4 (European)

Eurocode 3, Part 1.4dopted the design formulations for concentricialgded
columns and effective area provisions found inRlesign Manual for Structural
Stainless SteelThe rules extend to non-cold-formed stainlesd steectures, including
the design of built-up welded members. These designulations are explicit and were
calibrated to test data, but do not consider thaliag-Osgood hardening parameter,

in any formulations (Eurocode 3 2006; SCI and Buamx 2006).

Effective Area
For welded sections, effective cross-sectionalsaneast be used if Eq. (4-2) is

satisfied; the effective area is computed on theesbaf the effective width method. The

effective Width,Eeff, of each leg is calculated using Eq. (4-3).

E>030 £ (4-2)
A o

(4-3)
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Where

N _ 1.053b |E,
b= Z |2
/ka tFE

b = leg width measured from heel to toe

E = Initial modulus of elasticity
Fy = Yield stress (0.2% proof stress)
t = leg thickness

k, =0.43

Member strength

(4-4)

The strengths of the flexural and flexural-torsidmackling limit states are

calculated using Eq. (4-5).

<0
Il
><
o
®
Nt

Where

1

x=———=x1
@+ > =X

1
) =§[1 + a(l—2,) + 1%
. FA,
Pcr,e

Ae = the effective cross-sectional area

76

(4-5)

(4-6)

(4-7)

(4-8)



Pcr = the critical elastic buckling force, (eithig ¢, Or Pre)
a, o = Parameters that depend on the buckling mode

For flexural buckling

m2EL,

=— 4-9
fore = W Loy? (4-9)
a =0.76
Jo =0.20
For flexural-torsional buckling
2
P P P 4BP,
Pcr,ez fye (1+ t,e)_ <1+ t,e) _ :8 te (4_10)
2p Pry,e Pry.e Pry.e
P wEly (4-11)
fye 2 B
(KyLy)
2
B=1- (y—°> (4-12)
rO
Pt,e = Ft,eAg (4'13)
Where
a =0.34
Jo = 0.20

Yo = distance from the centroid to the shear center

ro =polar radius of gyration about the shear center
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Fie = Given by Eq. (4-1)

SEI/ASCE 8-02

This design standard applies to cold-formed kamsteel members. The
Ramberg-Osgood parameters for select austenitiéegintic grades are listed in the
appendices; however, the strengths of the anglgrpas were calculated using the
SEI/ASCE 8-02ormulations with the Ramberg-Osgood propertiesSi82003

determined in Chapter 3 (SEI/ASCE 8-02 2002).

Effective Area

The SEI/ASCE 8-02tandard uses the effective width approach to coenhe
effective cross-sectional area of a concentridabyled column if Eq. (4-14) is satisfied.
It is of interest to note that this is the sameshold for a slender unstiffened element in
Section E7.1 of thAISC Steel Construction Manu@di3" Ed.)for carbon steel whefis
taken as the yield stress. The effective Wiﬁgpf, of each leg is computed using
Eq. (4-15). INSEI/ASCE 8-02) is defined as the width of the flat portion of the
outstanding element, which implies that the cumegdon caused by the cold-forming
process need not be included. Because built-ulesuh@d no curved sectialhwas
taken as the width of the leg measured from thétbdbe toe (as iEC3, 1-4andAISC

(carbon)Steel Construction Manual

> 0.45 |— (4-14)
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(4-15)

Where

5 _ 1.053b |E,
b= i
/ko tFE

f = Minimum of the nonlinear flexural buckling stresg.E

(4-16)

(4-18) and nonlinear flexural-torsional buckling
stress Eq. (4-19)
t = leg thickness

k, =0.5

Member strength

The design strength Eq. (4-17) of concentricalpdied, singly-symmetric
compression members is taken as the effective -s@dsonal area multiplied by the
lesser of the minor-axis flexural buckling stread #he flexural-torsional buckling stress.

The SEI/ASCE 8-0%ormulations are linear elastic buckling equationdgtiplied by the

tangent modulus reduction facté%, which is tantamount to assuming that the shear

modulus remains proportional to the longitudinalduwlas for increased nonlinearity.

P, = A,min(F;,, Fy,) (4-17)

Where
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= (KxLx)Z (4-18)
Tx
1
Fft=ﬁ[(ny+Ft)_\/(ny+Ft)2_4ﬁFthy| (4-19)
p = mE,
fy — (KyLy>2 (4'20)
Ty
o c 47T2EOCW E; 421
= a4 o) (5) (21

AS/NZS 4673

AS/NZS 4678 a similar design standard$&I/ASCE 8-02 In addition to also
being limited to cold-formed sectiom8S/NZS 4678omputes the effective cross-
sectional areas and flexural and flexural-torsidnadkling stresses using the same
formulations aSEI/ASCE 8-02 It does, however, offer an alternative, explapproach
for calculating the flexural-buckling stress of@ncentrically loaded column. This
explicit approach utilizes the Perry-Robertson folation, given by Eq. (4-22), which is
similar to the Perry-Robertson formulation giventbg European design rules; however,
unlike EC3, 1-4 which does not account for nonlinear materialdvedr, AS/NZS 4673
accounts for nonlinear material behavior by ushmgpgarameters, g, 1o, and/; in Eq.
(4-25), which were calibrated for various valuesmafdified-Ramberg-Osgood

parameters by Rasmussen and Rondal (1997b), (ASASLS).

E

Frp=——2——<F, (4-22)

PN
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Where

= (1 +1+2%) (4-23)
a=tat F (4-24)

T 1 |E,
n=a[(A—21)F = 2] (4-25)

For theAS/NZS 4673tandard, the predicted flexural-torsional budklstresses
were calculated using Eq. (4-19)-(4-21), and tlegljgted flexural buckling stresses were
computed using the explicit formulation given by. E+22)-(4-25). IPAS/NZS 4678e
parameters, 5, 1o, and/; are tabulated for select grades. In this stuthsé parameters
were computed for S32003 using the formulations,(E{6)-(4-30), given by

(Rasmussen and Rondal 1997a). The parameter826003 are presented in Table 4.4.

_ 1.5 0.002

N (e06 + 0_03)[n(0.0048e—0-55+1.4) + 13] + e0.6 (4-26)
0.36exp(—n) n 6E — 6
=545 1 gogo +tanh (— 0.04) 4-27
e 10007 " \180 * (4-27)
2o = 0.82 (—— 0.01n) > 0.2 4-28
0= 0 +o0.0004 = (4-28)
1.2
A=08—— n=55 4.2
1= 0¥ 0.0018 6e — 0.0054 (4-29)
e +0.0015
E

e= (4-30)

E,

n = Ramberg-Osgood Hardening Parameter
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Table 4.4- AS/INZS explicit design parameters, S3200

AS/NZS Perry

Curve Values
Parameter

o 1.009

B 0.111

Ao 0.667

A1 0.473

AISC Design Guide: Structural Stainless Steel

The (draft)AISC Design Guidéor structural stainless steel applies to hoteabll
and built-up stainless steel sections whose phat&riesses exceedin. The design
formations are similar to those in (AISC 2005).

Effective Area

TheQ-reduction factor approach is used to accountléarder elements. For
equal-leg angles, slender column formulas mustsiee to calculate column strength if
Eq. (4-31) is satisfied.

> 0.38 (4-31)

~ | S

=T

For equal-leg angles, the Q-reduction factor isatputhe reduction factor for
slender unstiffened elemen€,, since there are no stiffened eleme@s,Qs, which was

calculated used on Eg. (4-32). Itis noted thatdhs an inconsistency in this formulation

in comparison to Eg. (4-31)—there is a ra<Q<588\/FE < g < 0.47\/?) in which an
y

Yy
angle is considered slender but no reductions atemDespite this assumed error, Q

was calculated based on Eq. (4-32)
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~ | S

1.0, if

< 0.47 E
<0. 3
1.498 — 1.06 \/: if 047\/i< <090\/7 (4-32)

Q =5
0.44E , E>090
bz' ' t Fy
5 (7)

Member Strength
For singly-symmetric compression members withdée elements in uniform

compression, the nominal compressive strengthkentas the lowest value of the

flexural and flexural-torsional buckling limit sest.

P, = Agmin(Fey fx, Fer ft) (4-33)
Flexural buckling
Q [0 soQprl if KLy < 3.77 £
’ e QF,
Fcr,fx =9 (4'34)
0.531F, 'fKL > 3.77
. , 0
\ ¢ Ty QFy
Where
P = T’E,
¢ (1’(,CL,C)2 (4-35)
rx
Flexural-torsional buckling
fy QF,
Q0.50 fe | E,, if o < 1.44
Fopfr = OF e (4-36)
0.531F,, if —2> 1.44
\ F,
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Where

2
F F, F, 4B F,
Fe :ﬂ <1+ t,e)_ <1+ t,e) _ ﬁ te (4_37)
2p ny,e ny,e ny,e
_ mPE,
© KL\ (4-38)
(%)

Fie = Given by Eq. (4-1)

Computed Strength Comparison

The computed strengths for flexural and flexurasimnal buckling are reported
in Table 4.5 and Table 4.6, respectively. It carsben that strength predictions from
SEI/ASCE 8-02, AS/NZS 46 &BdAISC Design Guidall predicted the buckling mode
that was observed during experimental tests. H®®, 1-4predicted flexural buckling
for all 32 angles, including those which underwiggnural-torsional buckling during the
experimental buckling tests. It should be noted BC3, 1-4,andAISC Design Guide
which do not take into account the nonlinear betraspecific to S32003, give very
conservative load predictions in comparison tostinengths computed using the
SEI/ASCE 8-02ndAS/NZS 46730th of which took into account the nonlinear d&@a&br
of S32003, resulting in closer strength predictioAslditionally, theSEI/ASCE 8-02nd
AS/NZS 4678esign formulations for the flexural-torsional blieg mode give more

conservative strength predictions than for theutakbuckling mode.
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Table 4.5- Flexural-buckling experimental/calcutbstrength ratios

AISC
Experiment SEI/ASCE 8-02 AS/NZS 4673 EC3, Part 114 Stainless
Steel

b L_x L Pexp Pasce PEXP Pasinzs PEXP Pecs PEXP Paisc @

t Tx * (kips) (kips) Pysce (kips) Pas/nzs | (Kips) Pecz | (KipS)  Puse

L2-18a 8.15 55 21.8 56.6 49.0 1.16 46.2 1.23 35.6 .591| 40.0 1.42
L2-18b 8.15 55 21.7 59.9 49.0 1.22 46.2 1.30 35.6 .681| 40.0 1.50
L2-24 8.17 70 27.5 44.3 40.5 1.09 36.5 1.211 27.4 621 28.1 1.58
L2-36a 8.27 98 38.3 24.9 26.1 0.95 22.6 1.10 17.3 .441| 14.4 1.73
L2-36b 8.32 98 38.4 25.6 26.0 0.98 22.5 1.14 17.2 .491| 14.3 1.78
L2-48 8.20 135 53.3 13.1 14.4 0.92 13.1 1.00 10.5 .261 7.6 1.72
L2-60a 8.09 165 65.3 7.7 9.7 0.79 9.1 0.85 7.5 1.035.1 1.49
L2-60b 8.11 165 65.3 8.3 9.6 0.87 9.0 0.9 7.4 1.125.1 1.63
L2-72 8.19 196 77.3 6.4 6.8 0.94 6.5 0.98 5.5 1.173.6 1.77
L2-84 8.14 226 89.3 4.9 5.2 0.94 5.0 0.9B 4.3 1.142.7 1.77
L2-96 8.10 256 101.3 3.8 4.0 0.94 3.9 0.9]7 3.4 1.112.1 1.77
L2-132 8.06 349 137.3 2.0 2.2 0.94 2.1 0.95 1.9 61.0 1.2 1.76
L3-36 12.07 65 38.8 66.8 63.3 1.06 59.4 1.13 40.8 .641| 46.3 1.44
L3-48a 12.13 90 53.3 39.5 46.4 0.85 40.1 0.98 28.31.40 26.5 1.49
L3-48b 12.11 90 53.3 40.8 46.5 0.88 40.2 1.1 28.31.44 26.6 1.53
L3-60a 12.09 110 65.3 28.9 32.8 0.88 28.9 1.00 21.21.36 17.7 1.63
L3-60b 1216 110 65.3 28.3 32.9 0.86 29.0 0.98 21.21.33 17.7 1.59
L3-72 12.13 130 77.3 23.2 23.7 0.98 21.5 1.08 16.31.42 12.7 1.83
L3-84 12.15 150 89.3 19.5 17.8 1.10 16.5 1.19 12.91.52 9.4 2.07
L3-132 12.07 231 137.3 7.7 7.5 1.02 7.3 1.05 67.4 771 4.0 1.92
L4-48 13.15 63 50.3 119.4 101.6 1.17 96.0 1.24 55.01.59 77.2 1.55
L4-60a 13.04 78 61.6 87.6 89.9 0.97 81.7 1.7 54.71.67 58.2 1.51
L4-60b 12.96 78 61.8 91.3 89.5 1.02 81.2 1.12 45.01.61 57.7 1.58
L4-72 12.88 91 72.4 72.2 74.8 0.97 64.7 1.12 36.7 .551| 42.3 1.71
L4-84 12.83 106 83.8 57.0 58.4 0.98 51.1 1.2 28.21.39 31.6 1.80
L4-96 12.75 127 101.3 39.2 41.7 0.94 37.7 1.04 16.61.34 22.2 1.76
L4-132 1274 174 137.3 22.3 22.1 1.01 20.9 1.07 467. 1.77 11.7 1.90
Average 0.98 1.07 1.41 1.6
COoV 0.11 0.10 0.15 0.10
(O]} 0.70 0.77 0.94 1.21
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Table 4.6- Flexural-torsional buckling experimefdalculated strength ratios

Experiment SEI/ASCE 8-02|  AS/NZS 4673 EC3, Part 1-4A'Scsf;ée‘:”'ess
b L_y |—y Pexp Pasce ﬂ Pasinzs Pex” Pecs Pexp Paisc ﬂ

t Ty (in.) (kips) (kips) Pasce (kips) Pas/nzs (kips) Pgcs (kips) Pyrsc

L3-18 12.15 15.7 18.5 98.7 75.1 1.31 75.1 1.31 61.8 -- 65.8 1.50
L3-24a 12.12 20.8 24.6 90.4 72.4 1.25 72.4 1.25 654. -- 61.1 1.48
L3-24b 12.10 20.8 24.6 86.3 71.9 1.20 71.9 1.20 354, -- 60.8 1.42
L4-24 12.81 15.7 24.6 136.6 118.3 1.15 118.3 1.15 02.8 -- 102.8 1.33
L4-36b 1293 | 23.3 36.6 144.6 109.8 1.32 109.8 1.32 84.1 -- 89.6 1.61
Average 1.25 1.25 -- 1.47
CcCOVv 0.06 0.06 -- 0.07
01 0.92 0.92 -- 1.06

"Flexural buckling predicted as limit state




4.6 RELIABILITY ANALYSIS
The strength of each angle section was dividedhbystrength predicted by each
standard and design rule. These strength ratios thhen used to calculate a resistance
factor for design based on that design methodxufréé-torsional buckling was not
considered foEC3, 1-4since it failed to predict that buckling mode. ingdgsfirst-order

reliability, the resistance factor can be compiteth Eq. (4-39) (SEI/ASCE 8-02 2002).

1.2D,,
T + 1.6 ( 2 2 2 2
—Bo [VE+VE+VZ+CpV,
o= —( Ly )MmFume R (4-39)
(1.050n )
T+ 1
n
2
l(l.()LSDn> vz +Vfl
n (4-40)
VQ =

1.05D,
( L, T 1)

n

For a nominal live-to-dead load ratig/D,, =3, which is used in (AISC 2005), Eq.
(4-39) becomes Eqg. (4-41). Additionally, knowivig=0.25 vsVp=0.1 (SEI/ASCE 8-02

2002),Vq is calculated to be 0.19.

—Bo [VE+VEZ+V2+CpV3 -
Q= 1.481MmFume< Vi ece P) (4-41)

Using the averag®),, and coefficient of variation/p, experimental/computed
strength ratios of each standard or design rulebackiling mode, the resistance factor

was computed with the following parameters.

1. Target reliability indexp,, was selected to be a value of 3.0.
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2. Material factor meanyl,,, was taken as 1.0 since the strengths were coanhpute
using the stress-strain relationship resulting fsiob column tests. The
coefficient of variation in the material fact®f;,, was taken 0.10 from (SEI/ASCE
8-02 2002).

3. The values of the fabrication statistical parangter andVe, were taken from
(SEI/ASCE 8-02 2002); they are 1.0 and 0.05, respdy.

4. The sample size correction fact@y, , given by Eq(4-42), was taken from Eq.
6.2-3 of (SEI/ASCE 8-02 2002) (n=27 for flexuralckling, and n=5 for flexural-

torsional buckling).

Cp = (4-42)

The computed resistance factors are listed in Bahle-6 along with the design
standard and mode they accompany. It is notedhk#tiSC Design Guides unduly
conservative for both the flexural and flexuralsional buckling modes, due to its
resistance factors being nearly 150%. This sugdhat the model adopted does not
reflect the behavior of axially loaded columns, aftdrnative formulations should be
used. The resistance factor associated with feuckling design bfeC3, 1-4was
calculated to be 0.94; howev&C3, 1-4was unable to predict flexural-torsional
buckling as limit state for the angles tested. Sithe flexural-torsional buckling
formulation is identical for botBEI/ASCE 8-02ndAS/NZS 4673and each design
standard predicted the same as the other (0.9jetistance factor for flexural-torsional

buckling was the same for both standards. FoufieXuckling, AS/NZS 4678ives
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more conservative strength predictions tB&1/ASCE 8-02esulting in higher resistance
factors. This was reflected by the S32003 angla, dand has been similarly observed

elsewhere (Baddoo 2003; Rasmussen and Rondal 1997a)

4.7 CONCLUSIONS

Based on a test series that involved full-scaleng®f 33 equal-leg angles,
nonlinear material behavior becomes increasingbasgt, both in terms of column
strength and deformation for stockier columns.cBgacolumns were also more
susceptible to flexural-torsional buckling, partanufor angles with largdu/t ratios.

The results were used to evaluate existing desaymdards and design rules. This
evaluation revealed that design rules sucB@3, 1-4and theAISC Design Guidahich
do not reflect the stress-strain behavior of amwiwither predicted the incorrect limit
state or were unduly conservative. The cold-forstatdardsSEI/ASCE 8-02nd
AS/NZS 4673yhich do consider the nonlinear stress-strain Wiehavere shown to
closely predict both the buckling mode and stresgtithe tested angle specimens.
Therefore it is concluded that the mechanics-batemgth formulations rated to
concentrically loaded columns in the American angtfalian cold-formed stainless steel

standards can be used to predict the strengthilbfupustainless steel sections.
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CHAPTER 5

NUMERICAL ANALYSES

This chapter presents a series of finite elemealyaas that were used to model
the buckling behavior of concentrically loaded S328tainless steel single equal-leg
angles. The modeling procedure was validated fropeemental results and then used as
a computational tool to generate additional datenfevhich recommendations could be
made for design purposes. The effects of matanlotropy, boundary conditions, and

out-of-straightness on column strength were algestigated.
5.1 NUMERICAL EXPERIMENTATION

Overview of Wempner-Riks Method

As described in Chapter 2, numerical experimematging the finite element
method has previously been employed as a costteemmputational tool to simulate
the compressive behavior of stainless steel sexcti@mne of the algorithms used for such
analysis is the Wempner-Riks procedure. This memtal procedure, which traces the
static equilibrium path of a discrete formulatio® (finite element model) in the load-
displacement space, can be used to determine mestnbegth while incorporating
second-order effects and nonlinear material belhavibe magnitude,, of the load
pattern,P", applied to the structure is unknown, but it remairoportional from
increment to increment.

This procedure was first developed by Wempner (1@itl subsequently
modified by Crisfield (1981); Riks (1972). The thag increments are sized on the basis

of arc length, which enables the equilibrium pdtle\ents like snap-through buckling
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and post-buckling, where the load and displacensmtsot have a monotonic
relationship, to be traced. Convergence is achiéwedach increment using the Newton-
Raphson method.

Commercial finite element softwar@BAQUSjncludes a Wempner-Riks arc-
length algorithm (called STATIC, RIKS). The initiaad increment at the beginning of
analysis is based on user-defined arc-length iapdtis calculated automatically for
subsequent increment steps so that regions oftuglature are traced with small
increments and near-linear regions are traced laiger increments. Within each
increment, potential solution points are limitedtbg plane orthogonal to the previous
iteration’s tangent stiffnesk;1"", and passing through the previous potential swhuti
point, At (ABAQUS 2011). This procedure is summarized inuFég5.1 and is seen
visually in Figure 5.2. Furthermore, it shouldra#ed thaRBAQUSalso scales the
solution space so that the load magnitude parametand displacements’, are
approximately the same magnitude for each incremdnth is not reflected in either

figure.
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Figure 5.1-ABAQUSWempner-Riks increment and iteration procedure
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Figure 5.2- Equilibrium surface tracing according¥empner-Riks method MKBAQUS

Aims of Numerical Experimentation in Present Study

Due to the limited number of full-scale compresdiests conducted on S32003
single equal-leg angles, it was deemed necessaoniuct numerical experiments for
the purpose of generating additional data. Of egeis the effect of out-standing leg
slendernesd(t) ratios on column strength. This is an impor&sypect of column
strength to address since relatively little work baen devoted to the flexural-torsional
buckling strength of stainless steel columns, amlgl a very narrow range of leg
slenderness ratios were experimentally tested gmaoited in Chapter 4. A finite element
study was thus undertaken to expand upon the ewmpetal data and to evaluate the

strength of angle sections based on outstandingl&glerness ratios.
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5.2 MODELING PROCEDURE
All numerical buckling analyses were conducted gigommercial finite element
software ABAQUS v.6.12-1A consistent unit system was established fontbdeling

procedure, relying on base units which includednuoisdforce, inches, and seconds.

Model Geometry

Each angle was modeled and positioned such thegrisoidal axis coincided
with the global Z axis, and the cross-sectional@pal axes coincided with the global X
and Y axes, as shown in Figure 5.3. This figuse ahows the orientation of the element
coordinate axes. Angles were modeled using twcedsional shells positioned mid-

thickness of the actual cross-section, as shoviaigare 5.4.

Figure 5.3- Element and global coordinate systehfisite element models



FEA
Representation

\Angle

PLAN VIEW Section

Figure 5.4- Cross-sectional representation of angle

Modeling Procedure

The angle sections were modeled with the S4R gkperpose shell element.
The S4R consists of four nodes with 6 degreeseafdiom per node. It utilizes reduced
integrations with hour-glass control (ABAQUS 2011he integration through the
thickness of the shell sections was executed uS&imgson’s rule, which was the
program default; the number of through-thicknessgration points was determined
through a sensitivity study. Previous numeritatles have used this element in
modeling the structural response of cold-formedhbkdas steel members to compressive
loading (Becque and Rasmussen 2009c; Becque amduRasn 2009d; Ellobody 2007;
Ellobody and Young 2005; Theofanous and Gardne®R00

Each end fixture was modeled using two R3D3 rigahgular shell elements,
which transferred loads between the boundary camditand the deformable S4R shell

elements, as shown in Figure 5.5. Interaction betwthe S4R and R3D3 elements was
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defined using a tied slave-master (respectivelyfase relationship. With respect to
plate behavior of the legs of the angles, thisrattgon simulates fixed rotational
boundary conditions at the top and bottom edgéleoplate to correspond to the
boundary conditions imposed by the welded end platethe test specimens. The
desired boundary conditions were defined at theesdabeled as the “Top Support
Node” and “Base Support Node” in Figure 5.5. Toeding pattern consisted of a unit
point-load oriented in the negative Z-direction,iethwas applied at the “Top Support

Node.”

Load Application/
Top Support Node

S4R Shell Elements
PLAN

Strain Gages

R3D3 Elements
. R3D3 Elements

Displacement
Tracking Points

Base Support Node
ELEVATION

Figure 5.5- Finite element model components
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Material Model

The material model used in the finite element mededs based on the typical
stress-strain relationship developed in Chaptefl# material model was constructed
summoning both the *ELASTIC command, to descriteelthear material behavior, and
the *PLASTIC command, to describe the nonlinearemak behavior. Within
*ELASTIC the LAMINA suboption was selected. Threats the shell elements as
orthotropic plates under plane stress conditionssgtbehavior is governed using five
material constantg;, B, v, Gio, Gz, andGsz; (ABAQUS 2011). The LAMINA
suboption was selected rather than the defauloismt case to include the in-plane shear
modulus determined in Chapter B, Gy3, andGs; were not experimentally determined,
but were instead set equal to the longitudinaliaflane values that were determined

for E; andGo. This is summarized below in Table 5.1.

Table 5.1- Elastic material model parameters

E1 (psi) Ez (psi) v Gi2 (psi) Gzs (psi) Gs1 (psi)

28.2E+6 28.2E+6 0.24 9.83E+6 9.83E+6 9.83E+6

The nonlinear material behavior was described uginlti-linear representation
of the typical stress-strain curve within the *PLRE option. This option utilizes an
associated flow rule with isotropic hardening (ABBW® 2011). The multi-linear curve
used in the material model consisted of 100 powlksch were distributed in proportion
to the curvature of the stress-strain curve, agestgd by Theofanous and Gardner
(2009). The input syntax required that stresgrsttata be converted to true stress-true

plastic strain forms, which were calculated using ®-1) and Eq. (5-2). Plastic
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behavior was specified to initiate at the firstrgalatum, 23.3 ksi, rather than the 0.2%
proof stress, 75.6 ksi to capture early nonlineatemial behavior. The resulting

experimental model can be seen in Figure 5.6.

o
e’ =In(1+¢) — E—t (5-1)

(o]

or=0(1+¢) (5-2)

100
90 .
80 av®
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40
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20
10

o, (ksi)

0.000 0.002 0.004 0.006 0.008 0.010
gP!

Figure 5.6- Finite element material model for S3200

Analysis Procedure
A two-step analysis procedure was followed that smslar to those used by
Becque and Rasmussen (2009c¢); Becque and Rasn{@66&al); Ellobody (2007); and

Ellobody and Young (2005). In the first stepiree&r eigenvalue buckling analysis was
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performed on a defect-free model with linear matdsehavior to determine the nodal
displacements associated with various buckling rmodie the second step, geometric
imperfections were imposed on the model using ttWERFECTION command, which
scales the nodal displacements determined frorfirdtestep. This was done for the sake
of simplicity in imposing out-of-straightness andtp imperfections with desired
magnitudes; however, it is to be noted that thesiaees that the initial imperfections are
proportional to the elastic buckled shape. A nwedr analysis was performed. The
*NLGEOM option was enabled to consider second-oedfacts. Analyses were
terminated when the axial displacement of the tggpert node reached a threshold

value.

History Output Requests

Certain nodes and elements, shown in Figure 5.t flegged during the
creation of the model to track their movement tiglmaut analysis. This data could then
be compared against experimentally recorded detase include the displacements of
toes and heel of the angle at midheight, which wexeked experimentally with string
potentiometers. Vertical (Z) displacement at thipof load application was tracked
and compared to the axial shortening which was nredsusing a potentiometer during
experimental testing. The strain was trackedHerdlements whose locations coincided

with the location of the strain gages on the tpstsnens.

Modeling Sensitivity Analyses
Prior to conducting numerical experiments, the niinderocedure was evaluated
to ensure that the models were not artificiallpsg/weak due to the modeling

methodology. These checks included convergenciestto determine adequate mesh
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size, arc-length increment sensitivity studiesdtednine its effect on peak load, and a
sensitivity study to determine the effect of themner of through-thickness points on
peak load. These checks were performed in thisrdodensure that only one aspect of
modeling was considered at a time. Additionalhg sensitivity of the strength of the

models to changes in the material model was inyatsd.

Convergence Study

The proper element mesh density was examined toetisat the models were
not artificially stiff or computationally expensiveConvergence studies were conducted
on five models to examine the influence of elenséré on strength and computation
time. Models were meshed such that the elements agproximately square. Five
models were constructed and subjected to eigenticiding analyses. From the
convergence analyses, whose results can be séathiar detail in Appendix C, it was
decided at least 8 elements were necessary to rtiedelidth of each leg in order to

obtain the converged strength.

Arc-Length Sensitivity

Although the arc-length solving procedureABAQUSwill determine the arc-
length for each increment based on the curvatutkeoéquilibrium path, user-defined
bounds will limit what arc-length the auto-increrteion script can calculate. Itis
desirable to maintain small arc-length incremeatgrevent significant deviation from
the equilibrium path; however, small-arc lengthr@ments are computationally
expensive. Large arc-length increments result arsmtraces of equilibrium paths, which

may underestimatie strength of the model, despite their computatiefficiency.
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To determine the effect of the specified maximumlangth on model strength,
four models were subject to sensitivity analysest&a. long L2 x 2 x ¥4, a 132 in. long
L2 x 2 x ¥4, @24 in. long L4 x 4%, and a 60 in. long L4 x 4% The sections were
selected to evaluate the effect of arc-length aioua load levels and buckling modes.
Two different maximum arc-length increments wermpared for each of the models:
1,000,000 and 10,000. Although no specimen eaahed loads near 1,000,000, this
maximum arc-length was specified as an arbitrdalge bound for the auto-
incrementation calculations. It was observed thatgying maximum arc-length
increments smaller than 10,000 caused some oflgses to become unstable. The
results of this study, which can be found in Appgril indicate that model strength is
not sensitive to the maximum specified arc-lengtth the maximum difference being
1.6% between the two cases. It was ultimatelyd#etio use an arc-length of 20,000,
which produced refined traces of the equilibriurthpahile still reducing the

computation time.

Through-thickness integration points

A sensitivity study was conducted to select theopramumber of through-
thickness integration points to use in the S4R etgmfor Simpson’s rule. The number
of integration points must be, inclusively, an adonber between 3 and 99. Because
flexural-torsional buckling involves plate bendimgaddition to flexure, the strength of a
24 in. long L4 x 4 X/, model was analyzed using varying through-thickrnesgyration
points. From the results, which are summarizefigpendix C, it was decided to use

seven through-thickness integration points for Siomps rule.
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Material Model Sensitivity

The sensitivity of the models to changes in mat@asameters was investigated
in order to determine the validity of the findingfsthese analyses to angles with different
material parameters. Specifically, the influenckthe initial shear modulus and of
Poisson’s ratio on the strength of the angles werestigated. Two models were used
in this investigation, a 26 in. long L3% x 3% x tigke and a 71.75 in. long kbx 5% X
Ya angle. The strengths of these two models, ubmgnaterial model previously
described, were determined based on a full nonliaealysis and served for comparison
when material parameters were varied.

Three cases were considered for comparison. ¥itgith models were
reexamined when Poisson’s ratio was set equaBth 05econdly, both models were
examined when the material model was assumed isbbyepic with Poisson’s ratio set
equal to 0.31, rather than orthotropic under pktness conditions. Lastly, both models
were examined when orthotropic material behaviareumplane stress conditions were
assumed along with a Poisson’s ratio equal to @adwith the shear modulus equal to
10,800 ksi, which corresponds to the shear modrdugputed using isotropic material
relationships and a Poisson’s ratio of 0.3. Thengjths of the two models under each
condition are given in Appendix C. From these¢hrases, it can be seen that the model
strengths are most sensitive to the value of tearsimodulus, which caused the strengths
to vary by up to 9% based on the values consideviedying only Poisson’s ratio caused
the strengths to increase by approximately 0.1%sufing isotropic material behavior
rather than orthotropic/plane stress material biena@aused negligible change in the

model strengths. Thus, the models showed litthsiigity to changes in Poisson’s ratio,
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and the findings of subsequent analyses, whoselsade a Poisson’s ratio of 0.24, are

valid for angles with similar shear properties, With different values of Poisson’s ratio.

5.3 VALIDATION OF MODELING PROCEDURE
Prior to using finite element analyses to geneadtditional data, the modeling
procedure was validated by comparing its resulteéaesults from the experimental
tests described in Chapter 4. Each of the 3%fstimens was modeled and loaded

usingABAQUS

Modeling Considerations

To match the boundary conditions of the experimahtssupport nodes were
specified to permit rotation about the minor prpatiaxis as well as axial deformation
while all other degrees of freedom at the suppodes were restrained. To incorporate
the rotational restraint imposed on the test spexsiby the experimental end fixtures,
the depth of the R3D3 end fixture elements wasstefuso that the length between the
support nodes matched the effective length of thenan given in Chapter 4.

Angles that underwent flexural buckling during esipental testing were
modeled to have out-of-straightness magnitudesl égulaose determined from their
Southwell plots in Chapter 4; angles that underflertral-torsional buckling were
modeled to have out-of-straightness magnitudesl égulae out-of-straightness measured
with a theodolite. Flexural-torsional imperfectsowere scaled by the plate out-of-
straightness determined in Chapter 4; howeverufixorsional imperfections were not

included for specimens longer than 36 in.
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Comparison of Experimental and Numerical Behavior

Results from the finite element analyses were coetpto the experimental
results. For each angle, Table 5.2 lists the pea#t &nd buckling mode determined from
numerical analyses and experimental testing. Rhosrtable it can be seen that this
modeling procedure is able to predict the stremgthin 4% on average and the
corresponding buckling mode (including L4-36a, whitzickled in the flexural mode
during experimental testing). Based on the lodtedigon curves (for specimens that
underwent flexural buckling) and on the load-tvaistves (for the angles that underwent
flexural-torsional buckling), deformational behavad the analytical models was also
seen to closely match experiments. Typical lodtedgon and load—twist curves can be
seen in Figure 5.7 and Figure 5.8. Load-deflectioth load-twist curves for each angle
can be found in Appendix C. Additionally, it cae seen in Figure 5.9 that this finite
element procedure is able to capture the complekled shapes of each of the buckling
modes, including the post-buckling torsion that whserved for L4-60a.

It can be seen in Table 5.2 that the strengthseostockiest L2 angles do not
match the experimentally determined strengths s hattributable to the effective
length used in the analysis. In Chapter 4, arceffe length factor of 0.95 was
determined based on tests of slender carbon sikehns. The rotational restraint that
the end fixtures impose on stocky columns wasesiet. Based on the observed
strength in comparison to the tangent modulus ptiedis, it can be inferred that the
effective length factor is actually less than Of®5the stockiest columns. Based on
agreement with specimen test strength for otheleand is concluded that this procedure

can be used to model S32003 single equal-leg afaiesimerical experiments.
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Table 5.2- Experimental/Finite element comparison

Spec Experimental Finite Element Prsy
pecimen (E?[X)FS Mode FkF'?; Mode Prgy
L2-18a 56.6 F 48.4 F 1.17
L2-18b 59.9 F 49.4 F 1.21
L2-24 44.3 F 38.2 F 1.16
L2-36a 24.9 F 23.3 F 1.07
L2-36b 25.6 F 25.1 F 1.02
L2-48 13.1 F 12.4 F 1.06
L2-60a 7.7 F 8.4 F 0.92
L2-60b 8.3 F 8.6 F 0.96
L2-72 6.4 F 6.3 F 1.00
L2-84 4.9 F 4.8 F 1.02
L2-96 3.8 F 3.8 F 1.00
L2-132 2.0 F 2.0 F 1.00
L3-18 98.7 FT 88.5 FT 1.11
L3-24a 90.4 FT 86.2 FT 1.05
L3-24b 86.3 FT 84.9 FT 1.02
L3-36 66.8 F 66.3 F 1.01
L3-48a 39.5 F 39.1 F 1.01
L3-48b 40.8 F 425 F 0.96
L3-60a 28.9 F 28.4 F 1.02
L3-60b 28.3 F 28.1 F 1.00
L3-72 23.2 F 22.8 F 1.02
L3-84 19.5 F 17.3 F 1.13
L3-132 7.7 F 7.4 F 1.04
L4-24 136.6 FT 119.8 FT 1.14
L4-36a 124.3 F 134.6 F 0.92
L4-36b 144.6 FT 121.1 FT 1.19
L4-48 119.4 F 109.0 F 1.09
L4-60a 87.6 F 87.2 F 1.00
L4-60b 91.3 F 91.0 F 1.00
L4-72 72.2 F 77.1 F 0.94
L4-84 57.0 F 55.7 F 1.02
L4-96 39.2 F 38.6 F 1.01
L4-132 22.3 F 21.6 F 1.03
AVERAGE 1.04

F-Flexural Buckling
FT-Flexural-torsional Buckling
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Figure 5.7- Experimental/numerical comparison efdkaeflection curves for flexural
buckling (L4-60b)
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Figure 5.8- Experimental/numerical comparison efdkwist curves for flexural-
torsional buckling (L3-24a)
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5.4 PARAMETRIC STUDY
The validated numerical testing procedure was spesgly used as a
computational tool to perform numerical experimenisese analyses evaluated the
strength angles across various leg slendernessvamndll member slenderness ratios.
Additionally, it was used to examine the effecseferal design parameters on column

strength.

Modeling procedure
In subsequent analysdbe following modeling procedures were standardsed

the effect of individual parameters could be inggged between corresponding angles.

Boundary conditions

Boundary conditions were again modeled using R3B@ents; however, the
end-fixtures thickness was set equal to zero, as/stin Figure 5.10. Rotational
boundary conditions about the principal axes catildbe controlled by changing the
constraints at the support nodes. Additionallgsthboundary conditions still restrained
warping at the S4R and R3D3 interfaces and imptdsedame boundary conditions to
the edges of the shells as described in SectionEBx2ept where noted, numerical

analyses were conducted under pinned conditionsdtir major and minor axis bending.
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A-A

Figure 5.10- Parametric study end fixtures

Column Imperfections

For most of the analyses, it was decided to stalmathe magnitude of column
out-of-straightness as L/1500 based on the averagef-straightness reported by
Bjorhovde (1972) on his survey of carbon steel cols. Preliminary analyses indicated
that out-of-straightness in the negative Y-dirattiesulted in lower strengths than when
out-of-straightness was specified in the positivdiNection. Subsequent analyses
included out-of-straightness in the negative Y-clign.

The magnitudes by which the flexural-torsional imipetions were scaled were
based on sensitivity analyses. The strengths2dfia. long L3x3x24 angle and a 30 in.
long L5Ys x 5'g x ¥4 angle were determined based on variationémthgnitude of the

flexural-torsional imperfections. It was decidedstale flexural-torsional nodal
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imperfections by 1% of the thickness, which coroesjed to 0.01% and 1.6% drops in
strength, respectively, for the two models in corigum to the strengths of comparable
modes with imperfections equal to 0.1% of the theds. When flexural-torsional
imperfections were scaled by less than 0.1% offtlokness, models exhibited

distortional buckling rather than flexural-torsibhackling.

Leg-Slenderness Parametric Study

The leg slenderness/f) ratio of hot-rolled carbon steel equal-leg anglasy
between 4.5 and 18.7, whdyés defined as the distance from the shear ceotiettoe.
Based on the increased susceptibility to flexuradibnal buckling for increased leg
slenderness, a parametric study was conducted{fi@adistic ranges ob/t ratios to
determine their effect on column strength and bagkinode.

Six cross-sections were selected to corresponit wifferent leg slenderness
ratios—L2 x 2 x Yal§/t=7.5), L2/g x 2g x ¥a 0/t=10), L3V4 x 3¥a x Va{/t=12.5), L3 /g X
3'lg x Ya B/t=15), LAY 4%z x Y4 blt=17.5), and LHg x 5'5 x ¥4 ©/t=20). It was decided
to use a plate thickness of 0.25 in. for all modgise this was the plate thickness used in
most of the experimental tests. The strength ofi @oss-section was determined across
all practical column lengths—(rx) =30 to 200. The peak load normalized by cross-
sectional area for each of the major axis pinnegs#s plotted in Figure 5.11. For
validation of these results, the flexural bucklstgesses for S32003 that were calculated
using the explicit formulation given in Section 2 4f theAS/NZS 4673re also plotted
in Figure 5.11; this formulation was developed lbase finite element analyses of

imperfect columns made of nonlinear materials whmsgeof-straightness magnitudes
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were also L/1500 (Rasmussen and Rondal 1997b).taftgent modulus formulation

presented b$EI/ASCE 8-0%s plotted for reference.
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Figure 5.11- Column curves for various equal-leglamross-sections

It can be clearly seen that the column curves sbos$itwo sections, which are
labeled in Figure 5.12—one which corresponds teuflal-torsional buckling for stockier
angles and one which corresponds to minor-axisfeEMuckling for slender angles. No
distinct point exists at which flexural bucklin@frsitions to flexural-torsional buckling;
rather, the column curves also include a transatioegion, which will be defined as the

concave down portion of the column curve. Theditgon point was defined using the
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top-of-the-knee method, as illustrated in Figu25. Additionally, the transition point

will be defined as the point determined using theaf-the-knee method.
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Figure 5.12- Characterization of the column curfees single equal-leg angle

The characteristics of deformation at differentp®ialong the column curve can
be seen in Figure 5.13, which references Figur2.5The midheight load-deflection
curves and cross-sectional load-rotation curvesifopoints along the column curves are
shown; the horizontal scale for each of the loalfedBon and load-rotation plots is the
same. At point A, which falls along the flexuralgional buckling portion of the column

curve, deformation is characterized by increasest @s loading reaches the peak load
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and continues into the post-buckling range; lidkeral deflection occurs even in the
post-buckling range. Point B, which falls along ftexural-torsional buckling portion of
the column curve near the transition region, shsiregar deformation characteristics
with Point A. Deformation at Point C, which falfsside the transition region, is
characterized by flexural bending followed by aderddrop in thearried load. The
sudden drop in the carried load corresponds tomiset of twist at midheight. The
suddenness of the torsion can be seen by visuaifyparing the sharpness of the knee in
the load-twist curve for C against those for A or B

The load-deflection curves for Points D and E, bafttvhich fall in the flexural
buckling region, follow the pattern of a column engbing flexural buckling; however, a
drop in load similar to C can be seen in the pastkhng range corresponding to cross-
sectional twist at midheight. The buckling behawabC differs from the behavior at D
or E due to the onset of torsional deformation ammmediately upon reaching the peak
load; D and E experienced torsional deformatiothepost-buckling region of the
flexural load-deflection curve. Additionally, ihsuld be noted that the angle at point E,
which has a higher slenderness than at D, is ahledergo further post-buckling
flexural deformation before the onset of torsioant. Similarly, F, which is more
slender than E, did not ever exhibit torsional dafation and only exhibits flexural

buckling behavior.
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Influence of Major Axis Rotational Fixity

Having previously evaluated the strength of theicois when rotation about the
major principal axes was unrestrained (pinned)leasigength was examined when
rotation about the major principal axes was resaai(fixed) for evaluation of the
experimental test results. The same models wealyzed by restraining major axis
rotation at the top and bottom support nodes. rébelting strengths from the fixed cases
are plotted along with the strengths determinedHeminned cases in Figure 5.14.
Strengths are reported in Appendix C. The strenfgincorresponding columns from the
two series show close agreement for the two cagéere is a slight strength increase in
the flexural-torsional buckling arm of the colunuree for angles with lovia/t ratios and
little to no difference everywhere else. The maximstrength increase was
approximately 1%, which occurred for the L3Va x 3% Xo/t=12.5) and L¥s x 375 x ¥4
(b/t=15) sections. It is concluded that major axigyiis not an important design
parameter to consider in determining the flexuoasibnal buckling strength of a
concentrically-loaded duplex stainless steel aragid, thus the experimental results
obtained using the end fixtures described in Chiabtaay be compared to the results of
numerical buckling experiments.

When the flexural-torsional buckling strengths emenputed for the major axis
pinned and fixed cases using the flexural-torsidmekling formulation presented by
AS/NZS 467andSEI/ASCE 8-02he difference can vary by as much as 4% if &ffec
cross-sectional area provisions are used and g%63$k cross-section areas are used. For

the purposes of design, the major axis fixity fastwould be conservatively taken as one.
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Figure 5.14- Column curve comparison—major axiatiohally pinned and fixed

Anisotropic Yielding

Material anisotropy is often introduced to the mateas a result of the
manufacturing rolling process. The series of satiahs were performed to determine if
anisotropic yielding would reduce the strengthaficentrically loaded single equal-leg
angles. IPABAQUS anisotropic yielding was considered using Hilllssatropic yield

criterion, given by Eq. (5-3) and summoned withtRO@TENTIAL command.
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f(0) = F(033 — 033)* + G(0y1 — 033)* +

H(oyp — 011)% + 2(Lo%; + Mo?, + No&,) = 1 (5-3)

F, G, H, L, M,andN are material constants that are determined freis tmn
different material orientations. These constaresdafined inrABAQUSusing the
anisotropic yield stress ratid3;;, Ry, Rss, Res, Rs1, andRyy, using the relations Eq. (5-4)

through Eq. (5-10) (ABAQUS 2011).

P 1< 1 N 1 1 ) (5-4)
2\R%; R3 RY
= 1/ 1 N 1 1
~2\R%, " R% R% (5-5)
b 1( 1 N 1 1 )
2 Rgz Rf1 R3%3 (5-6)
L= 3/ 1
~ 2\RZ, (5-7)
M= 3/ 1
-~ 2\RZ, (5-8)
L= 3/ 1
T 2\R%, (5-9)
Where
o . .
Ry = 101,R22 :£;R33 _g,
(5-10)

0 0 0
Rz3=\/§ 23'Rs1=‘/§ - Ri; = 32

o0’ o0’ o9
a? = the user-defined reference yield stress.

o = the yield stresses for different material oradians.
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Rather than perform 6 material tests, a paramstiidy was performed to
determine the parameters necessary to define espsoyielding for the present loading
conditions. The loading conditions were idealiasch plate uniformly loaded along
opposite edges under plane stress conditions whaserial coordinate axes coincide
with the geometric coordinate axes, as shown inr€i$.15. Under such conditions Eq.

(5-3) simplifies to Eq. (5-11).
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Figure 5.15- Idealized loading

f(0) = Foj, + Gofy + H(oy; —013)* =1 (5-11)

The plastic strain increment ratiq, given by Eq. (5-12), can be determined based

on the direction of the normal to the yield surféfoe associated flow rules) at the point
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corresponding to that state of stresg{£), Rewritten using thABAQU Sanisotropic

input parameters, Eq. (5-12) becomes Eq. (5-13).

df/
Ep12 doy H
ChaT @, | T Few (512
doy;
011=0
1 (1 N 1 1 )
K=—= — =

2 R?, R%, (5-13)

For the isotropic casé,; = d,, = d33 = ¢° EQ. (5-13) becomes=-0.5,which
corresponds to the plastic strain increment raggoeiated with the von Mises yield
criterion. For the anisotropic case, no data waslable for the yield stress along non-
longitudinal plate orientations for the S32003 gdatised in Chapter 3; insteadsurvey
of literature was conducted concerning the inataatisotropic behavior of stainless steel
plates and is summarized in Table 5.3. The daliaates that the rolling process used to
manufacture stainless steel plates induces angotneaterial behavior in the inelastic
range (Becque and Rasmussen 2009a; Becque and $&&sn009b; Kim 2010;
Rasmussen et al. 2003). In these studies, the pPraét stress was determined to be up
to 17% higher in the direction oriented perpendictb the rolling direction than parallel
to the rolling direction for virgin plates. Sindeetlongitudinal axis of structural shapes
are normally parallel to the rolling direction, grdases wherB;;>1 were examined.

This is consistent with Section 5.1.3 of h8/NZS 4673wvhich notes that duplex grades

of stainless steel have a lower yield stress irldhgitudinal direction.
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Table 5.3- Stainless steel plate anisotropy inribastic range

Tension/

Source Compression Alloy Ry
Rasmussen et al. (2003) Tension S31803 1.10
Compression 1.17
Kim (2010) Tension S32003 1.06
Becque and Rasmussen (2009a) Tension S30400 1.02
Compression 1.06
Tension S43000 1.05
Compression 1.11
Tension S40900 1.03
Compression 1.16
Becque and Rasmussen (2009b) Tension S30400 1.01
Compression 1.03
Tension S40400 1.03
Compression 1.12

To evaluate the effect of anisotropic yieldingyds decided to udg;; = 1.2

based on the maximum vyield stress ratios obsernesa the review of literature.

Substituting this into Eq. (5-13,will deviate most from its isotropic value whBgs; =

1, which results in a value @E-0.35. This is shown graphically with respecthe

isotropic and anisotropic yield surfaces in FigbrE6.

120



- - - - Hill (Anisotropic), R11=1.2 . o o
von Mises (Isotropic) emT T T -~

Figure 5.16- Plastic strain increment ratio foitispic and anisotropic yielding

These yield stress ratios are listed in Table FHe yield stress ratios for all the
shear terms, as well as the through-thickness misdulere taken as one. Additionally,
it should be noted that the studies in Table 50@med higher elastic moduli in the
transverse directior;, than in the longitudinal directioi,. Preliminary finite element
analyses, which included reflected thHis € 1.1E,), showed strength increases in the
models. Since the aim of investigating this properas to determine if anisotropic
material behavior resulted in reduced strengthsasgbent analyses did not include the
elastic anisotropy, and only anisotropic yieldingsamodeled. The resulting column

curves are plotted alongside the isotropic yieldiage in Figure 5.17.
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Table 5.4- Material model parameters for seversaropy case

Anisotropic Yielding
Ri1 1
R22 1.2
Rs3
R23
Rs1
Ri2

Rk
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Figure 5.17- Column curve comparison--isotropic angsotropic yielding

It is apparent from Figure 5.17 that anisotrop&ding does not contribute to a
noticeable change in the strength of angles. Alairaonclusion was made by

Rasmussen et al. (2003) concerning the bucklirysamply supported S31803 duplex
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plate when only perfectly plastic material modety@vconsidered. The ratio of the two
strengths for each angle, which are listed in Aplpe@, show that there is less than a
0.01% difference in strengths on average. Thigatds that anisotropic yielding does
not need to be considered in determining the stheoigconcentrically loaded single
equal-leg stainless steel angles for the case whéireg direction of plates is oriented

parallel to the longitudinal axis of the membefahrication.

Out-of-straightness

Previous numerical analyses considered the caseewbkimn out-of-
straightness was set equal to L/1500, for whichtrdesign column curves are calibrated;
however, angles were also tested with out-of-ditaigss magnitude set equal to L/1000
to consider the sensitivity of strength based enaiit-of-straightness limits specified in
(ASTM A6-12). The resulting strengths are seeRigure 5.18 and are reported in

Appendix C.
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Figure 5.18- Effect of out-of-straightness on cotustrength

The increased out of straightness has limited effedhe member strength, as
shown in Figure 5.18. In the flexural buckling iy the buckling stress decreases
approximately 2% when the initial out-of-straighgeencreases from L/1500 to L/1000;
however, the strength decreases less than 1% fmbers in the flexural-torsional
buckling region of the column curve. The effectrofial out-of-straightness is greatest
for columns which fall in the transitional regiomherein this change can result in up to a
5% drop in the buckling stress. Thus, while initiat-of-straightness has a greater effect
on member strength than anisotropic yielding bedrami major axis fixity, the difference
between these two cases is small enough to just#yof column curves based on an
L/1500 out-of-straightness for duplex stainlesglssengle equal-leg angles.
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5.5 COMPARISON TO DESIGN FORMULATIONS

Results from the L/1500 out-of-straightness fimtement study and the

mechanistic-based flexural and flexural-torsionadhkding stresses IBEI/ASCE 8-02re

plotted together in Figure 5.19. This figure irates that largds/t ratios cause a

concentrically loaded single equal-leg angle dtyliecome susceptible to flexural-

torsional buckling at higher member slendernessgatAdditionally,it can be seen that
flexural-torsional buckling stress formulation bews less conservative for angles with

b/t>12.5. As a result, the effective cross-secti@nah must be performed in computing

the predicted strengths.
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The strength of each angle was computed USEIgASCE 8-02, AS/NZS 4673,
EC3, 1-4/Euro-Inoxand theAISC Design Guidévhose formulations are described in
further detail in Chapter 4) and compared to thengjths determined from finite element
analysis. The effective length factors were takeii,=1.0,K,=1.0,K=0.5. Effective
area calculations were computed using the full vidftthe legp, as in Chapter 4,
instead ob for consistency. Additionally, the strengths weoenputed using the
SEI/ASCE 8-02ndAS/NZS 4678esign provisions (found in Section 3.4-3 and iSact
3.4.1, respectively) for concentrically-loaded ctiddmed stainless steel angles that
requires consideration of a loading eccentricity4f000 toward the toes of the angle.
The computed strength of each angle was divideitslyross cross-sectional area in
order to compare different cross-sections and des@ndards (including effective area
provisions) to the buckling stress determined fthmfinite element buckling

experiments. The resulting comparisons are seéigures 5.20-5.25.
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From Figures 5.20-25, it can be seen that the ingkltresses predicted using
cold-formed stainless steel standariS/NZS 467andSEI/ASCE 8-02closely follow
the finite element data along the flexural bucklargh of the column curve. The
flexural-torsional buckling formulation, which identical for both standards, closely
predicts the intersection of the buckling modeke Tlexural-torsional buckling stress
predicted by this formulation becomes increasimmgigservative for stockier angles. It
can also be noted that while b@EI/ASCE 8-02ndAS/NZS 4678verestimate the
flexural buckling stress determined from the firetement datsSEI/ASCE 8-02loes so
more. The maximum difference between predictedaagial stress was approximately
17%,which occurred at a slenderness ratio around 9th&L2 x 2 x Y4l§/t=7.5) cross-
section. This tendency to overestimate the bugldiness is attributable to the initially-
straight assumption inherent in tangent-moduluking theory.

The buckling stresses predicted usi@3, 1-4and theAlSC Design Guide
neither of which incorporate the nonlinear stresais behavior of a particular grade of
stainless steel in their formulations, can be $edye very conservative for all
slenderness values. This supports the findingdhapter 4, wherein the resistance
factors for theAlISC Design Guidevere seen to exceed 1 for both buckling modess Th
indicates that this design formulation is overlyiservative and would result in
inefficient design.

Figures 5.20-25 also indicate that the differersigie rules predict different
slenderness ratios for the point at which the ftekbuckling stress is equal to the
flexural-torsional buckling stress (buckling modanisition point). This is an important

design consideration given that different buckimgdes may have different resistance
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factors. EC3, 1-4is seen to predict the buckling mode transitiompat lower
slenderness ratios than was seen in the finiteeriedata, wheres€8EI/ASCE 8-02nd
AISC Design Guideredict that this transition occurs at a slendesmatio higher than is

reflected by the data. It is of interest to n¢t@tin assuming that the shear modulus
remains proportional to the longitudinal moduluseta‘sticity(i. e.G; = G, ?) the

buckling mode transition point will be the samelfoth linear and nonlinear materials;
thus, theAlSC Design Guideredicts the same buckling mode transition paint a
SEI/ASCE 8-02espite underestimating the buckling stresse® slénderness ratios at

the buckling mode transition point are summarizedable 5.5.

Table 5.5- Buckling mode transition slenderness i@&L/r)x

bit
Method 10 125 15 17.5 20
FEA1000 - 442 67.8 809 942
FEA1s00 - 458 69.3 833 97.3

SEI/ASCE 8-02 48.1 64.0 79.3 94.2 108.9
AS/NZS 4673 42.5 56.6 69.4 83.4 98.8
ECS, 1-4 24.4 38.6 67.7 70.0 84.9
AISC 48.1 64.0 79.3 94.2 108.9

Based on the extreme conservatism seen iAIB€ Design GuidandEC3, 1-4,
only AS/NZS 467andSEI/ASCE 8-02vill be considered in the remainder of the
discussion. The fact that tR&/NZS 4678 able to more closely predict the slenderness
ratio at the buckling mode transition point ti&BI/ASCE 8-0&ighlights the
shortcomings of the initially straight assumptidrtamgent modulus buckling theory.

For finite element models with out-of-straightnesssequal to L/1500, the tangent

modulus formulation over-predicted the strengtihisTcauses the ratio of the flexural
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buckling strengthRrgy) to the calculated flexural buckling strengk)(to vary with the
slenderness of the column, as shown in Figure 5.86aontrast, th&S/NZS 4673
explicit formulation resulted in more precise sg#mpredictions, as shown in Figure

5.26b.
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The ratio of the flexural-torsional buckling stréim@Pre\) to the predicted
flexural-torsional buckling strengtl?{) computed using the formulation AS/NZS 4673
andSEI/ASCE 8-03s shown in Figure 5.26¢. As noted in the figui#erent flexural
buckling stress formulations cause some data hedsuckling mode transition point to
be included for th&EI/ASCE 8-03tandardbut not for theAS/NZS 4673tandard. It
can be seen that this flexural-torsional buckliogrfulation becomes less conservative
for largerb/t ratios. Experimental flexural-torsional bucklidgta from Chapter 4ft
ratios of 11.7 and 12.3 af{L/r)x between 35 and 50) are geometrically closestdo th
b/t=12.5 models. In Figure 5.26c¢, th#=12.5 flexural-torsional buckling data is the
most conservative; thus, the resistance fagtgr@.92) computed in Chapter 4 for the
flexural-torsional buckling mode may high due te #ampled data. Further
experimental investigation is necessary to detegnfithis resistance factor needs to be

reduced for largeb/t ratios.

5.6 CONCLUSIONS

A modeling procedure, which was validated agairpeemental test data, was
used to perform numerical experiments for concealtsi loaded S32003 single equal-leg
angle struts. The strengths and buckling modes wetermined for all practical cross-
sections across all ranges of column slendern@egational fixity about the major
principal axis and material anisotropy were deteedito have negligible effect on the
strength of angles and therefore do not need tmwhsidered in design. These are
important design considerations which can simgliy design of duplex stainless steel
single equal-leg angles. In the case of anisatrbprdening, no transverse material

testing is necessary, and the longitudinal stressasrelationship can be conservatively
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used in calculating column strength, assumingtti@tongitudinal direction corresponds
to the plate rolling direction. Initial column eaf-straightness was seen to have the
greatest influence on column strength, particularithe transitional regions where
columns are susceptible to either flexural or fladorsional buckling.

A comparison of the strengths determined from thigef element tests to the
strengths predicted using different stainless stesign rules reveals that consideration
of the nonlinear stress-strain relationship of dipalar grade of stainless steel leads to
more precise column strength predictions than desites that generalize the stress-
strain relationship of all stainless steels. Taiter approach gives overly-conservative
strength predictions. This indicates that the raaddtic-based design formulations for
the flexural and flexural-torsional buckling mod#sconcentrically loaded columns
found in the cold-formed standardsS/NZS 467andSEI/ASCE 8-02;an be applied to
built-up stainless steel sections as a methodlot@ilzding more realistic column strength.

Comparison of predicted column strengths calculatadg tangent modulus
flexural formulation ofSEI/ASCE 8-02and the explicit formulation AS/NZS 4673
highlights the limitations of tangent modulus theor determining the flexural buckling
strength. In overestimating column strength, thially straight assumption of tangent
modulus theory can cause the incorrect bucklingertode predicted. The explicit
formulation used IAS/NZS 4673redicts strengths closer to those determined tham
finite element analyses, and corresponds morelglasth the observed buckling modes.
The ideal limit-state design provisions to usedesign are those &S/NZS 4673
however, if theSEI/ASCE 8-0®rovisions are used in design, caution shouldxeecesed

by designers near the buckling mode transitiontpoin
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND FUTURE WORK

This chapter summarizes the major accomplishmdrttisodissertation while
highlighting its important conclusions. The summang conclusions are followed by

ideas for possible future work, which were ideetifiduring the course of this research.

6.1 SUMMARY OF RESEARCH

This dissertation addresses the behavior of bpiliager-welded duplex stainless
steel single equal-leg angles subject to concelaaiding. The work is conducted by
means of two complementary approaches, the firgthi¢h was experimental and
consisted of conducting 33 full-scale buckling $emt S32003 duplex stainless steel
single equal-leg angle components. Angle specirhadsslenderness ratios ranging from
35 to 350 and leg width-to-thickness ratios oft6.22.3. In the second approach, finite
element models that accounted for material nontityeanaterial anisotropy, and
geometric out-of-straightness were developed ahdatad using the experimentally
obtained test results. These models were substyguerd to perform numerical
buckling experiments, which examined the influeatkg width-to-thickness ratios on
buckling mode and strength.

Results from the full-scale tests and from the mitaémodels were shown to
correlate well with the classical mechanics-basedh@ilae for predicting flexural and
flexural-torsional buckling strengths of singly-syratric members made of nonlinear
materials. Finally, a first-order reliability ayals was performed using the experimental

test data to calculate resistance factors for dgsigposes.
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6.2 CONCLUSIONS

Based on the results of this thesis, the followdagclusions can be made:

1. The residual stress patterns of built-up duplekdss steel angles are
similar to those found for built-up carbon stegjjl@s. The peak tensile
stress was found to be approximatelyH).&at the site of the weld.

2. Duplex stainless steel single equal-leg anglesddancentrically in
compression exhibit increased nonlinear materiabb®r for decreased
column slenderness, which can be seen in its arpeatal buckling load
and deformed shape.

3. Duplex stainless steel equal-leg angles becomeasargly susceptible to
flexural-torsional buckling as the leg slendernegi® increases. Strength
predictions using gross cross-sectional area cdadaglconservative fd/t
ratios exceeding 12.5, which require the use aotiffe area provisions.

4. The transition between flexural and flexural-torgibbuckling does not
occur at a specific slenderness ratio; ratherresiianal region exists in
which an angle will begin to deflect laterally,iadlexural buckling,
followed by cross-sectional twist.

5. The mechanics-based flexural-torsional bucklingrgith formulation of
AS/NZS 467andSEI/ASCE 8-02losely predicts the flexural-torsional
buckling strength of single equal-leg struts, all a&the buckling mode
transition point.

6. The assumption of tangent modulus buckling theloay tolumns are
perfectly straight causes the flexural bucklingsgth of imperfect columns
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9.

to be overestimated, particularly for columns vélbnderness ratios around
100; instead, the explicit flexural buckling formatibn used byAS/NZS
4673closely predicts the flexural buckling strengthraperfect columns
across all ranges of slenderness, as well as tiesaction of buckling
modes on the column curve.

ECS3, 1-4/Euro-InoxandAISC Design Guidewvhich generalize the
nonlinearity of different grades of stainless steesult in overly
conservative design strengths. The European s@sg@eedict that the
buckling mode transition point occurs at slendesrratios lower than seen
in the data.

Angles showed little sensitivity (<1%) to the magotis rotational fixity in
numerical buckling tests; however, the differenetnkeen major axis fixed
and pinned cases f&S/NZS 467andSEI/ASCE 8-Oihdicate greater
sensitivity (~4%). The major axis effective lenégistor, Ky, should thus be
conservatively taken as 1.0.

Anisotropic yielding was shown to have negligibtieet on column
strength. Since stainless steel had a higher medilalasticity in the
transverse direction (which causes strength inejeaslumn strength can
be conservatively predicted using the longitudstedss-strain relationship
for cases where the longitudinal axis of the seat@incides with the

rolling direction.

10. Concentrically-loaded, laser-welded, built-up, $nggual-leg angles

composed of duplex stainless steel can be desiggiad the Load and
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Resistance Factor Design (LRFD) criteria, giverPh¥ ¢P,, whereb, is
the factored loadp,is the nominal strength, ardcan be taken as 0.70
when designing for the flexural buckling limit staising theSEI/ASCE 8-
02 tangent modulus formulation, as 0.75 when desggfon the flexural
buckling limit using theAS/NZS 4678xplicit formulation, and (for single
equal-leg angles that hatsé ratios less than 12.5) as 0.90 when using

either standard to design for the flexural-torsidnakling limit state.

6.3 RECOMMENDATIONS FOR FUTURE WORK

Over the course of this research, a number of ssaee identified on which
future investigations should focus. Firstly, impement can be made on the material
characterization performed in Chapter 3. The stetsin curve used for analysis was
based on fabricated stub columns, which have éifteresidual stress patterns than the
angles tested in the buckling experiments. Thesststrain curve approximated the
effects of residual stresses and assumed homogemaiesial behavior across the cross-
section. The influence of residual stresses candre realistically modeled by imposing
the distribution of the magnitudes of the residtetsses onto the cross-section, which
would be modeled with virgin material behavior. dittbnally, Poisson’s ratio requires
further examination, despite have little influermcethe strength of the analytical models.

Secondly, additional data is needed to addresBekgral-torsional mode of
buckling for stainless steel columns. Only fivgpesmental specimens in the present
study exhibited this buckling mode. Additionalbnly one other study (van den Berg
and van der Merwe 1988) has addressed the fleionsibnal buckling mode in stainless
steel columns, which was limited to cold-formed $&dtions; it represents 100% of the
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flexural-torsional buckling data used to calculdie resistance factor in stainless steel
design standards. Validation of the existing tasise factors is needed for other
stainless steel cross-sections, particularly luplsections. Ideally, such an investigation
would consider not only unequal-leg angles, whigiags buckle in the flexural-
torsional mode, but also singly-symmetric secti@ugh as T-sections, and equal-leg
angles with highly slender legs. Tests on singiyuietric sections would shed light on
transition and interaction between buckling modeke outcome of this study would be
a flexural-torsional design formulation that hasealidated across multiple cross-

sections. One possible formulation that oughtea@kamined in such a study is using the

secant modulus nonlinear reduction facgér,instead of the tangent modulus nonlinear
o

reduction factor?, in calculating the torsional buckling stress.isllas considered as

an alternative to current design formulations beedtiis currently used as a nonlinear
reduction factor in calculating plate buckling sses of unstiffened elements. A
comparison of the strength data from the finiteredat analyses performed in Chapter 5
to the flexural-torsional buckling strength cald¢ethusing this formulation gave
indications of being more precise for differentsgegections; however, little
experimental test data was available to validate it

Thirdly, future work should also focus on the sg#nand behavior of
eccentrically loaded single equal-leg angle sestidduch research is necessary to
implement duplex stainless steel angles in construsince angles are usually
connected and loaded through one of their legs.stieagth of eccentrically loaded
angles is notoriously complex to analyze. Empiraesign formulations, such as the

effective slenderness ratio method, which are @izethe design of eccentrically loaded
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carbon steel single angle sections, have not baksated for stainless steels to account
for their nonlinear material behavior. This inwgation would also address topics such
as non-principal axis bending, which was not cod@nethe present study.

Lastly, work is also needed to address the wayhithvmaterial variability is
approached. Variation in material properties isently only addressed BEI/ASCE 8-
02, AS/INZS 4673ndAISC Design Guidwiith statistical parameters relating to the 0.2%
proof/yield stress. The nonlinear stress-strdatignship of stainless steels varies from
grade to grade and depends on three material ptaeani is possible for two grades of
stainless steel to have the same vyield stressndia modulus, but different stress-strain
curves. In this way, the yield stress does nobemass variation in material behavior as
it does for carbon steel. Since stability probleetire understanding of the slope of the
stress-strain curve, future investigations shoeldetbp effective statistical material

parameterdl,, andVy, which take into account bothand the 0.2% proof stress.
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APPENDIX A

MATERIAL DATA

Stub Colum Stress-Strain Curves and Extended RambgrOsgood Model
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0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Shear Strainy

Figure A.7- Transverse specimen 2
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Shear Stress, (ksi)

Shear Stress, (ksi)

N
g

20 | y = 9552x + 0.2224
R2 = 0.9987 ,’,f;,..,f.s‘é“
15 | .{;‘,;(.
y = 9498.4x - 0.3798
R2=0.9982
o A
e Front
5 -
o Back
O 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Shear Strainy
Figure A.8- Transverse specimen 3
25
20 -
y = 9793.4x + 0.0843 i
15 + R2=0.9992 > il
"y =9625.5x - 0.0962
10 - R2=0.9994
- e Front
5 ¢ D o Back
O 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Shear Strainy

Figure A.9- Transverse specimen 4
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Shear Stress, (ksi)

Shear Stress, (ksi)

[N
N

16 -
y =9877.3x - 0.1152
14 ¢ R2 =0.9993
12 B )~
y = 9976.2x + 0.1865
10 + R2 = 0.9993
8 -
6 -
4l e Front
5 L o Back
O 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020
Shear Strainy
Figure A.10- Longitudinal specimen 1
10
8 i ”4
6 ’ y = 9606.9x + 0.0733
R2 =0.9996
4 -
e Front
2 L o Back
O 1 1 1 1 1
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

Shear Strainy

Figure A.11- Longitudinal specimen 2
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10 ¢ y = 9870.2x + 0.1931
~ R2 = 0.9986
<8 25
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84 e [Front
2 o Back
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Shear Stress, (ksi)

Shear Strainy

Figure A.12- Longitudinal specimen 3
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e Front oBack
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Figure A.13- Longitudinal specimen 4
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Load (kip)

Load (kip)

70
60

70
60
50
40
30
20
10

APPENDIX B

EXPERIMENTAL BUCKLING TEST DATA

Load Deflection Curves

—o--SR

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Midheight deflection (in.)
Figure B.1- Load-deflection curves, L2-18a
i --o--SR
--.A.-- SPR
-0.5 0.0 0.5 1.0 15

Midheight deflection (in.)

Figure B.2- Load-deflection curves, L2-18b
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Load (kip)

Load (kip)

120

100
80 r

60
---@--- SPL

40 1 —&— Sp,

20 | 8- Sp,

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Midheight deflection (in.)

0

Figure B.3- Load-deflection curves, L3-18

50

20

10 |

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Midheight deflection (in.)

Figure B.4- Load-deflection curves, L2-24
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Load (kip)

Load (kip)

100

100

-0.3 -0.2 -0.1 0.0
Midheight deflection (in.)

Figure B.5- Load-deflection curves, L3-24a

0.1

0.2

-0.2 -0.1 0.0
Midheight deflection (in.)

Figure B.6- Load-deflection curves, L3-24b
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Load (kip)

Load (kip)

160
140
120
100

6000

-0.6 -0.4 -0.2 0.0 0.2 0.4

30

Midheight deflection (in.)

Figure B.7- Load-deflection curves, L4-24

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Midheight deflection (in.)

Figure B.8- Load-deflection curves, L2-36a
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Load (kip)

Load (kip)

30

20 r

15

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Midheight deflection (in.)

Figure B.9- Load-deflection curves, L2-36b

80
70
60 r
50
40
30 r
20
10

-0.5 0.0 0.5 1.0 1.5 2.0
Midheight deflection (in.)

Figure B.10- Load-deflection curves, L3-36
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Load (kip)

Load (kip)

140
120
100 |
80 |
60 |
40 |
20 |

0
-0.2

160

00 02 04 06 08 10 12 14
Midheight deflection (in.)

Figure B.11- Load-deflection curves, L4-36a

1.6

1.8 20

140
120
100
80 r
60 r
40
20 r

Midheight deflection (in.)

Figure B.12- Load-deflection curves, L4-36b
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Load (kip)

Load (kip)

e e
o N b

o N B~ OO

45
40
35
30
25
20
15
10

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Midheight deflection (in.)
Figure B.13 Load-deflection curves, L2-48
-0.5 0.0 0.5 1.0 15

Midheight deflection (in.)

Figure B.14- Load-deflection curves, L3-48a

155



Load (kip)

Load (kip)

140

0.5 1.0
Midheight deflection (in.)

Figure B.15- Load-deflection curves, L3-48b

15

120
100

0.0 0.5 1.0 15
Midheight deflection (in.)

Figure B.16- Load-deflection curves, L4-48
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Load (kip)

Load (kip)

O P N WP Ol ON O

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Midheight deflection (in.)
Figure B.17- Load-deflection curves, L2-60a
-0.5 0.0 0.5 1.0 15 2.0 2.5

Midheight deflection (in.)

Figure B.18- Load-deflection curves, L2-60b
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Load (kip)

1.0 15
Midheight deflection (in.)

Figure B.19- Load-deflection curves, L3-60a

2.0

Load (kip)

1.0 15
Midheight deflection (in.)

Figure B.20- Load-deflection curves, L3-60b
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Load (kip)

Load (kip)

100

80

60

40

20

100

80

60

40

20

-1.0 0.0 1.0 2.0 3.0 4.0
Midheight deflection (in.)
Figure B.21- Load-deflection curves, L4-60a
-0.5 0.0 0.5 1.0 15

Midheight deflection (in.)

Figure B.22- Load-deflection curves, L4-60b
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Load (kip)

Load (kip)

O r N W b~ 01 O N

20
18
16
14
12
10

OoON B~ O

-0.5 0.0 0.5 1.0 15 2.0
Midheight deflection (in.)
Figure B.23- Load-deflection curves, L2-72
i [y &H——.
- A N
SP

I L v SPg o SR

i —— SPM

: --.A.-- SPR
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Midheight deflection (in.)

Figure B.24- Load-deflection curves, L3-72
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Load (kip)

Load (kip)

80
70
60
50
40
30
20
10

i TSPM A SRy
-0.5 0.0 0.5 1.0 1.5 2.0
Midheight deflection (in.)
Figure B.25- Load-deflection curves, L4-72
; T —&— Sk,
1 ) SPM --.A.-- SPR
0.0 0.5 1.0 15 2.0

Midheight deflection (in.)

Figure B.26- Load-deflection curves, L2-84
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Load (kip)

Load (kip)

25

20
15 T
10 B SPL / v\ SPR === SPL
) —a— SR,
ST SPy -4 SR,
0 1 1 1 1 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Midheight deflection (in.)
Figure B.27- Load-deflection curves, L3-84
60
Sl g S
50 - 4
&
40 + A
A
A
30 - T
AW 7
ihe SP, V\ P, ensR
20
10 ---&--- SP,
O 1 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Midheight deflection (in.)

Figure B.28- Load-deflection curves, L4-84
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Load (kip)

Load (kip)

0.0

1.0 2.0
Midheight deflection (in.)

3.0

Figure B.29- Load-deflection curves, L2-96

TSPM

---4--- SP,

0.0 0.5 1.0 15

Midheight deflection (in.)

2.0

Figure B.30- Load-deflection curves, L4-96
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Load (kip)

Load (kip)

2.0

15

1.0 +

05 TSPM #— SR,
---ae- S,

0.0 1 1 1 1 1

O P N WP Ol ON O

-1.0 0.0 1.0 2.0 3.0 4.0 5.0
Midheight deflection (in.)

Figure B.31- Load-deflection curves, L2-132

-1.0 0.0 1.0 2.0 3.0 4.0
Midheight deflection (in.)

Figure B.32- Load-deflection curves, L3-132
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25

20
-:% 15
3
o 10
-

‘ —a— SR,

S5 r ' TspM s SPy

0 1 1 1 1

-1.0 0.0 1.0 2.0 3.0 4.0 5.0

Midheight deflection (in.)

Figure B.33- Load-deflection curves, L4-132

Load-Shortening Data

NOTE: Load-shortening data for L2-18b, L3-24b, &4d24 unavailable due to

instrumentation malfunction.

60.0

50.0
= 40.0

30.0

Load (kip

20.0

10.0

00 1 1 1
0.00 0.05 0.10 0.15 0.20

Axial Shortening (in.)

Figure B.1- Load-shortening curve, L2-18a
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OO 1 1 1 1 1

0.000 0.002 0.004 0.006 0.008 0.010
Axial Shortening (in.)

Figure B.2- Load-shortening curve, L3-18

50.0

45.0 = -
40.0
_35.0
£30.0
‘%’25.0
9 20.0
15.0
10.0
5.0

0.0 ' - ' -

0.000 0.005 0.010 0.015 0.020
Axial Shortening (in.)

Figure B.3- Load-shortening curve, L2-24
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100.0
90.0
80.0

__70.0

£60.0

§50.0
©40.0
30.0
20.0
10.0
0.0 - - - ' '
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Axial Shortening (in.)

Figure B.4- Load-shortening curve, L2-36a

30.0

25.0

20.0

15.0

Load (kip)

10.0
5.0

OO 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

Axial Shortening (in.)

Figure B.5- Load-shortening curve, L2-36a
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30.0

25.0

20.0

15.0

Load (kip)

10.0
5.0

OO 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Axial Shortening (in.)

Figure B.6- Load-shortening curve, L2-36b

OO 1 1 1
0.00 0.05 0.10 0.15 0.20

Axial Shortening (in.)

Figure B.7- Load-shortening curve, L3-36

168



140.0
120.0
100.0
X 80.0
60.0
40.0
20.0

OO 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Axial Shortening (in.)

kip)

Load

Figure B.8- Load-shortening curve, L4-36a

OO 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Axial Shortening (in.)

Figure B.9- Load-shortening curve, L4-36b
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Load (kip)

~

Kip

N—r

°

Loa

14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

0.00 0.05 0.10 0.15

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

Axial Shortening (in.)

Figure B.10- Load-shortening curve, L2-48

0.20

000 005 010 015 020 025 0.30

Axial Shortening (in.)

Figure B.11- Load-shortening curve, L3-48a

170

0.35

0.40



000 005 010 015 020 025 030 0.35

140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

Load (kip)

Axial Shortening (in.)

Figure B.12- Load-shortening curve, L3-48b

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Axial Shortening (in.)

Figure B.13- Load-shortening curve, L4-48
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25.0

N
o
o

=
o
o

Load (kip)

=
o
o

o
o

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Axial Shortening (in.)

o
o

Figure B.14- Load-shortening curve, L2-60a

Load (kip)

OO 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Axial Shortening (in.)

Figure B.15- Load-shortening curve, L2-60b
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35.0
30.0
25.0

X 20.0
15.0
10.0
5.0

OO 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

Axial Shortening (in.)

kip)

Load

Figure B.16- Load-shortening curve, L3-60a

30.0
25.0

20.0

15.0

Load (kip)

10.0
5.0

OO 1 1 1
0.00 0.05 0.10 0.15 0.20

Axial Shortening (in.)

Figure B.17- Load-shortening curve, L3-60b
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100.0
90.0 |
80.0 |
70.0 |
60.0 |
50.0 |
40.0 |
30.0 |
20.0 |
10.0 |
0.0 : ' : '

0.00 0.10 0.20 0.30 0.40 0.50

Axial Shortening (in.)

Load (kip)

Figure B.18- Load-shortening curve, L4-60a

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0 : : '
0.00 0.05 0.10 0.15 0.20

Axial Shortening (in.)

Load (kip)

Figure B.19- Load-shortening curve, L4-60b
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Load (kip)

OO 1 1 1
0.00 0.05 0.10 0.15 0.20
Axial Shortening (in.)
Figure B.20- Load-shortening curve, L2-72
25.0

Load (kip)

OO 1 1 1
0.00 0.05 0.10 0.15 0.20

Axial Shortening (in.)

Figure B.21- Load-shortening curve, L3-72
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Load (kip)

005 0.10 015 020 0.25 0.30
Axial Shortening (in.)

Figure B.22- Load-shortening curve, L4-72

0.35

6.0

0.0

0.00

002 0.04 006 008 0.10 0.12
Axial Shortening (in.)

Figure B.23- Load-shortening curve, L2-84
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25.0

N
o
o

=
o
o

Load (kip)

=
o
o

o
o

0.00 0.05 0.10 0.15 0.20
Axial Shortening (in.)

o
o

Figure B.24- Load-shortening curve, L3-84

60.0
50.0
40.0

30.0

Load (kip)

20.0

10.0

OO 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Axial Shortening (in.)

Figure B.25- Load-shortening curve, L4-84
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Load (kip)

OO 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Axial Shortening (in.)

Figure B.26- Load-shortening curve, L2-96

0.35

45.0
40.0
35.0

= 30.0

Z 25.0

20.0

15.0

10.0

5.0
0.0 ' ' -

Ki

Load

0.00 0.05 0.10 0.15
Axial Shortening (in.)

Figure B.27- Load-shortening curve, L4-96
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Load (kip)

Load (kip)

2.5

0.0 ' ' ' ' '
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Axial Shortening (in.)
Figure B.28- Load-shortening curve, L2-132
9
8 ]
. M
6
5
4
3
2
1
O 1 1 1
0.0 0.1 0.2 0.3 0.4

Axial Shortening (in.)

Figure B.29- Load-shortening curve, L3-132
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Load (kip)

0.0
0.00

0.10 0.20 0.30 0.40
Axial Shortening (in.)

Figure B.30- Load-shortening curve, L4-132
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Southwell Plots

0.012 0.004

0.010 \‘
S 0.008 :
= *

£ 0.006 . /

Q. 0.004 ‘

S s * . - y=0.0164x + 0.0002
0.002 R2 =0.9986

0.000 : 0.000 :
0.00 0.10 0.20 0.00 0.10 0.20

5 (in.) 8 (in.)

0.003

3/P (in./kip)
o o
o o
o o
= N

Figure B.1- Southwell-plot, L2-18a; Prebucklingaléieft), Regression data (right)

0.003 0.004
—~ — y = 0.0164x + 6E-0F
§- 0.002 | . * §- 0.003 + R2 = 0.9997
=] o* £ 0.002
o 0.001 - o o
S / = 0.001
0.000 ' ' 0.000
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
o (in.
8 (in.) (in.)

Figure B.2- Southwell-plot, L2-18b; Prebuckling @#left), Regression data (right)
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0.006 ¢

0.005

~

£ 0.004 * *

£0.003 | &

& 0.002

o
0.001

0.000 :
0.00 0.10

5 (in.)

~—~
=
=
=~
=
~
2®)

0.30

0.006

0.005 |
0.004 *
0.003 F
0.002
0.001 *

y =0.0212x + 0.0003
R2=0.9999

0.000

0.00

0.10
8 (in.)

0.20 0.30

Figure B.3- Southwell-plot, L2-24; Prebuckling d@eft), Regression data (right)

0.020
*
20.015 |
=
£0.010 3 o
o »
% 0.005 R g
0.000 '
0.0 0.2

5 (in.)

0.4

8/P (in./kip)

0.015
0.010 |
0.005 |
y = 0.036x + 0.0014
Rz =0.9991

0.000 '

0.0 0.2 0.4

5 (in.)

Figure B.4- Southwell-plot, L2-36a; Prebucklingaléleft), Regression data (right)
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0.015 0.015

.
—~~ < —
£ 0.010 . 20010 |
S o S
% 0.005 % 0.005 y = 0.0379x + 0.0004
R2=0.9999
0.000 ' 0.000 '
0.00 0.20 0.40 0.0 0.2 0.4
5 (in.) d (in.)

Figure B.5- Southwell-plot, L2-36b; Prebuckling @#left), Regression data (right)

0.004 0.004
20.008 R4 —~0.003 |
< o g
S0 £0.002 |
o =
« 0.001 + a

“ 0.001 - y = 0.0145x + 0.0001
0.000 ' L R2 =0.9998
0.00 0.10 0.20 0.30 0.000 . .
§ (in.) 0.00 0.10 | 0.20 0.30
3 (in.)

Figure B.6- Southwell-plot, L3-36; Prebuckling détft), Regression data (right)
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0.004

~0.003 - *
g

/

£ 0.002 |

e

*©0.001 |

0.000 :
0.00 0.20 0.40
3 (in.)

0.004
y = 0.0076x + 0.0001
2 —
@ 0.003 - Rz =0.9999
=<
£ 0.002 -
a
“© 0.001
0.000 :
0.00 0.20
5 (in.)

0.40

Figure B.7- Southwell-plot, L4-36a; Prebucklingaléleft), Regression data (right)

0.050 0.05
L 4 B
5 0.040 | " 5 0.04
< 0.030 o* < 0.03 |
E o* s
g 0020 | & g 002 L
S i S - y=0. X + 0.003
0.010 / 0.01 R? = 0.9997
0.000 ' ' 0.00 ' '
000 0.20 040 0.60 00 02 04
5 (in.) 6 (in.)

0.6

Figure B.8- Southwell-plot, L2-48; Prebuckling déett), Regression data (right)
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0.012
__0.010
§ 0.008
£ 0.006
o 0.004
(%)

0.002

0.000

0.00

/

0.20

0.40

5 (in.)

0.012
__0.010
£ 0.008
£ 0.006
Q 0.004

0.002 *

0.000

0.00

y =0.0218x + 0.0012
R2=0.9995

0.20

0.40 0.60

Figure B.9- Southwell-plot, L3-48a; Prebucklingaléieft), Regression data (right)

0.012
__0.010
§ 0.008
£ 0.006
Q 0.004
(%)

0.002

0.000

0.00 0.20 0.40 0.60
5 (in.)

0.012
0.010
0.008
0.006
0.004
0.002
0.000

8/P (in./kip)

0.00

y = 0.0236x + 0.0004
Rz2=1

0.20

0.40 0.60

Figure B.10- Southwell-plot, L3-48b; Prebucklingaléleft), Regression data (right)
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0.003
§ 0.002 . *
= R4
o P
& 0.001
0.000 ! !
0.00 0.10 0.20
5 (in.)

Figure B.11- Southwell-plot, L4-48; Prebuckling a&left), Regression data (right)

0.140
_0.120
20.100
=
= 0.080
= 0.060
= 0.040
0.020
0.000

0.00

Figure B.12- Southwell-plot, L2-60a; Prebucklingaléeft), Regression data (right)
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y = 0.0082x + 4E-05
R2=0.9999

8 (in.)

0.04 +

y = 0.1164x + 0.0121
R2 = 0.9998
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0.15

0.10
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0.0 0.5 1.0
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Figure B.13- Southwell-plot, L2-60b; Prebucklingaléleft), Regression data (right)
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Figure B.14- Southwell-plot, L3-60a; Prebucklingaléeft), Regression data (right)
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Figure B.16- Southwell-plot, L4-60a; Prebucklingaléeft), Regression data (right)
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Figure B.17- Southwell-plot, L4-60b; Prebucklingaléleft), Regression data (right)
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Figure B.18- Southwell-plot, L2-72; Prebuckling a&left), Regression data (right)
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Figure B.19- Southwell-plot, L3-72; Prebuckling a&left), Regression data (right)
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Figure B.20- Southwell-plot, L4-72; Prebuckling a&left), Regression data (right)
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Figure B.21- Southwell-plot, L2-84; Prebuckling @#left), Regression data (right)
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Figure B.22- Southwell-plot, L3-84; Prebuckling @gleft), Regression data (right)
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Figure B.23- Southwell-plot, L4-84; Prebuckling @gleft), Regression data (right)
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Figure B.24- Southwell-plot, L2-96; Prebuckling @#left), Regression data (right)
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APPENDIX C

FINITE ELEMENT ANALYSES

Modeling Sensitivity Studies

Convergence
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Figure C.1- Convergence study for L2-18 (Eigenvalue
Table C.1- Convergence study for L2-18 (Eigenvalue
Maximum Element Number of Peak Load| CPU Time
Size (in.) Elements (Ib.) (sec.)
1 72 54391 0.3
0.5 288 67059 0.7
0.25 1152 70137 2.2
0.125 4608 70896 9.6
0.0625 18205 71080 38.5
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Figure C.2- Convergence study for L2-60 (Eigenvalue
Table C.2- Convergence Study for L2-60 (Eigenvalue)
Maximum Element Number of Peak Load| CPU Time
Size (in.) Elements (Ib.) (sec.)
1 204 6839 0.6
0.5 960 8457 2.3
0.25 3840 8852 7.8
0.125 15360 8949 32.1
0.0625 59520 8973 132.3
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Figure C.3- Convergence study for L4-24 (Eigenvalue
Table C.3- Convergence Study for L4-24 (Eigenvalue)
Maximum Element Number of Peak Load| CPU Time
Size (in.) Elements (Ib.) (sec.)
2 48 226675 0.3
1 96 213501 0.4
0.5 768 208757 1.5
0.25 3072 206802 5.6
0.125 12545 205934 27.0
0.0625 48384 205559 106.7
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Figure C.4- Convergence study for L4-60 (Eigenvalue

Table C.4- Convergence Study for L4-60 (Eigenvalue)

Maximum Element Number of Peak Load | CPU Time
Size (in.) Elements (Ib.) (sec.)
2 96 72028 0.5
1 480 89400 1.2
0.5 1920 93654 3.9
0.25 7680 94694 14.4
0.125 30720 94951 77.4
0.0625 119040 95015 350.4
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Figure C.5- Convergence study for L5-30 (Eigenvalue
Table C.5- Convergence Study for L5-30 (Eigenvalue)
Maximum Element Number of Peak Load | CPU Time
Size (in.) Elements (Ib.) (sec.)
2.5 48 93030 0.3
1.25 192 88126 0.6
0.625 768 86496 2.5
0.3125 3072 85791 6.8
0.15625 12288 85445 30.8
0.078125 49152 85286 115.8
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Arc-length sensitivity studies

Table C.6- Maximum arc-length sensitivity studies

Max. Arc- L2-18 L2-132 L4-24 L4-60
. CPU CPU CPU CPU
Length PPeak H PPeak H PPeak : PPeak H
increment, (Ib) | "Me | by | TIMe | (py | TIme | py | Time
' (s) ' (s) ' (s) ' (s)
100,000 | 43239.9264.4|1973.32| 1242.6| 134880| 121.8 76519 317.8
10,000 43240.8 880.8| 1973.32| 1235.3| 132727| 1126.1| 76538.2| 3066.8
Through-thickness integration points
135.8
135.6 |
g 135.4 |
e
@©
o 1352
X
©
g 135 f
134.8 |
134.6 o .
1 10 100

Through-thickness Integration Points for S4R Shells

Figure C.6- Though-thickness integration pointssgesity study (L4-24)

Table C.7- Though-thickness integration pointssgesity study (L4-24)

No. of Through- Peak Load| CPU Time
thlckness_lntegratlon (Ib.) (sec.)
Points ' '
3 134.689 208.9
5 135.666 240.8
7 135.711 220.1
9 135.718 228.8
11 135.72 240.8
13 135.72 264.2
15 135.721 271.6
25 135.721 346.4
99 135.721 856.4
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Table C.8- Material model sensitivity studies f@“ x 3¥ax ¥ (26 in.)

. . Change in
Material Model Strength (kip Strength
Orthotropic/Plane Stress=0.24, 85.77 --
Go = 9830 ksi
Orthotropic/Plane Stress=0.31, 85.82 0.06%
Go = 9830 ksi
Isotropic,v=0.31 88.44 3.02%
Orthotropic/Plane Stress=0.24, 87.77 2.28%

G, = 10800 Kksi

Table C.9- Material model sensitivity studies fdr%k x 5% x % (71.75 in.)

: . Change in
Material Model Strength (kip Strength
Orthotropic/Plane Stress=0.24, 57.87 --
Go = 9830 ksi
Orthotropic/Plane Stress=0.31, 57.94 0.12%
Go = 9830 ksi
Isotropic,v=0.31 62.72 8.38%
Orthotropic/Plane Stress=0.24, 63.08 9.00%

G, = 10800 Kksi
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Validation Study
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Figure C.7- Load-deflection comparison of experitaband numerical tests (L2-18a)
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Figure C.8- Load-deflection comparison of experitatand numerical tests (L2-18b)
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Figure C.10- Load-deflection comparison of expernitatand numerical tests (L2-24)
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Figure C.11- Load-twist comparison of experimeatadl numerical tests (L3-24a)
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Figure C.13- Load-twist comparison of experimeatad numerical tests (L3-24b)
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Figure C.14- Load-twist comparison of experimeatad numerical tests (L4-24)
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Figure C.15- Load-deflection comparison of experitatand numerical tests (L2-36a)
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Figure C.16- Load-deflection comparison of expentakand numerical tests (L2-36b)
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Figure C.17- Load-deflection comparison of expernitatand numerical tests (L3-36)
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Figure C.18- Load-deflection comparison of expentakand numerical tests (L4-36a)
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Figure C.19- Load-twist comparison of experimeatad numerical tests (L4-36b)
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Figure C.20- Load-deflection comparison of expentakand numerical tests (L2-48)
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Figure C.21- Load-deflection comparison of experitaband numerical tests (L3-48a)
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Figure C.22- Load-deflection comparison of expentakand numerical tests (L3-48b)
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Figure C.23- Load-deflection comparison of expentakand numerical tests (L4-48)
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Figure C.24- Load-deflection comparison of expentakand numerical tests (L2-60a)
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Figure C.25- Load-deflection comparison of expentakand numerical tests (L2-60b)
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Figure C.26- Load-deflection comparison of expentakand numerical tests (L3-60a)

30
25
20
15

10

Load (kips)

- o
-~
- o

—— Experiment

---- FEA

1.0 15 2.0 2.5 3.0
Midheight deflection (in.)

Figure C.27- Load-deflection comparison of experitatand numerical tests (L3-60b)
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Figure C.28- Load-deflection comparison of expentakand numerical tests (L4-60a)
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Figure C.29- Load-deflection comparison of experitatand numerical tests (L4-60b)
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Figure C.30- Load-deflection comparison of expentakand numerical tests (L2-72)

25
20 | o T
» 15 r |
2 |
< )
g 107 | —— Experiment
3 :
5 | ! ---- FEA
O 1 1 1 1
-0.5 0.0 0.5 1.0 15 2.0 2.5

Midheight deflection (in.)

Figure C.31- Load-deflection comparison of expernitatand numerical tests (L3-72)
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Figure C.32- Load-deflection comparison of expentakand numerical tests (L4-72)
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Figure C.33- Load-deflection comparison of expernitatand numerical tests (L2-84)
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Figure C.34- Load-deflection comparison of expentakand numerical tests (L2-96)
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Figure C.34- Load-deflection comparison of expentakand numerical tests (L3-84)
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Figure C.35- Load-deflection comparison of expentakand numerical tests (L4-84)
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Figure C.37- Load-deflection comparison of expernitatand numerical tests (L4-96)
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Figure C.38- Load-deflection comparison of expentakand numerical tests (L2-132)
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Figure C.39- Load-deflection comparison of experitatand numerical tests (L3-132)
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Figure C.40- Load-deflection comparison of expentakand numerical tests (L4-132)
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Parametric Studies

Table C.10- Summary of Results from Parametricliggu

Major-Axis | Anisotropic Computed
Sensitivity | Sensitivity Strength
LV opp | Ovrix VI | Gopiso Taniso Or/1000 _9FEM
e | (ksi) | (ksi) PFEM | (ksi) Opem_ | (ksi)  OL/1000_
L2x2xl/4 31| 71.17/71.18 1.00| 71.23 1.00 | 69.96 1.02
(b/t=7.5) 41| 61.2661.26 1.00| 61.29 1.00 | 60.02 1.02
51 | 52.57/52.57 1.00| 52.57 1.00 | 51.25 1.03
61 | 45.00/45.01 1.00| 45.01 1.00 | 43.63 1.03
72 | 38.20/38.20 1.00| 38.21 1.00 | 36.86 1.04
82 | 32.11/32.11 1.00| 32.11 1.00 | 30.93 1.04
92 | 26.90/ 26.90 1.00| 26.90 1.00 | 25.94 1.04
102|22.61|22.61 1.00| 22.61 1.00 | 21.84 1.04
112|19.13({19.13 1.00| 19.13 1.00 | 18.53 1.03
123|16.34(16.34 1.00| 16.34 1.00 | 15.86 1.03
133|14.08(14.08 1.00| 14.08 1.00 | 13.70 1.03
143|12.25(12.25 1.00| 12.25 1.00 | 11.94 1.03
153/10.74|10.74 1.00| 10.74 1.00 | 10.49 1.02
164 | 9.49 9.49 1.00 9.49 1.00 9.28 1.02
174| 8.44 | 8.44 1.00 8.44 1.00 8.27 1.02
184| 7.56 | 7.56 1.00 7.56 1.00 7.41 1.02
194| 6.80 | 6.80 1.000 6.80 1.00 6.67 1.0
205| 6.16 | 6.16 1.00 6.16 1.00 6.05 1.02
L2°/gx2°/gx 4 30 | 69.77/70.17 1.01| 69.70 1.00 | 68.87 1.01
(b/t = 10) 41| 61.1361.15 1.00| 61.16 1.00 | 59.98 1.02
51 | 52.64/52.64 1.00| 52.65 1.00 | 51.39 1.02
61 | 45.19/45.19 1.00| 45.20 1.00 | 43.88 1.03
71 | 38.48/38.48 1.00| 38.48 1.00 | 37.18 1.03
81 | 32.46/32.46 1.00| 32.46 1.00 | 31.31 1.04
91 | 27.28/27.28 1.00| 27.28 1.00 | 26.32 1.04
102|22.98(22.98 1.00| 22.98 1.00 | 22.21 1.03
112|19.49(19.49 1.00| 19.49 1.00 | 18.88 1.03
122|16.66|16.66 1.00| 16.66 1.00 | 16.18 1.03
132|14.38(14.38 1.00| 14.38 1.00 | 13.99 1.03
142|12.51(12.51 1.00| 12.51 1.00 | 12.20 1.03
152|10.98(10.98 1.00| 10.98 1.00 | 10.72 1.02
163| 9.70 | 9.70 1.00 9.70 1.00 9.49 1.02
173| 8.64 | 8.64 1.00 8.64 1.00 8.45 1.02
183| 7.73 | 7.73 1.00 7.73 1.00 7.58 1.02
193 6.96 | 6.96 1.000 6.96 1.00 6.83 1.0
2031 6.30| 6.30 1.00 6.30 1.00 6.19 1.02

"Major Axis Pinned, Isotropic Yielding, Out-of-Straightness=L/1500
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L3 /4x3Y4x4 30 | 58.76/59.18 1.01| 58.50 1.00 | 58.37 1.01
(b/t = 12.5) 40| 54.8955.41 1.01| 54.80 1.00 | 54.19 1.01
51 | 50.06/50.21 1.00| 50.05 1.00 | 48.95 1.02
61 | 43.48/43.48 1.00| 43.48 1.00 | 42.24 1.03
71 | 37.10/37.10 1.00| 37.10 1.00 | 35.86 1.03
81 | 31.35/31.35 1.00| 31.35 1.00 | 30.24 1.04
91 | 26.39/26.39 1.00| 26.39 1.00 | 25.47 1.04
101|22.26(22.26 1.00| 22.26 1.00| 21.52 1.03
111(18.89(18.89 1.00| 18.89 1.00 | 18.30 1.03
121|16.16|16.16 1.00| 16.16 1.00 | 15.70 1.03
131(13.95(/13.95 1.00| 13.95 1.00 | 13.58 1.03
142|12.15(12.15 1.00| 12.15 1.00 | 11.84 1.03
152|10.66|10.66 1.00| 10.66 1.00 | 10.41 1.02
162| 9.43 | 9.43 1.00 9.43 1.00 9.22 1.0
172| 8.39 | 8.39 1.00 8.39 1.00 8.21 1.0
182| 7.52 | 7.52 1.00 7.52 1.00 7.36 1.0
192| 6.77 | 6.77 1.00 6.77 100 6.64 1.0
202| 6.13 | 6.13 1.00 6.13 1.00 6.01 1.0
L3"/gx3"Igx 4 30 | 46.54/46.65 1.00| 46.38 1.00 | 46.31 1.00
(b/t = 15) 40| 43.2743.48 1.00| 43.20 1.00| 42.93 1.01
50 | 41.08/41.38 1.01| 41.05 1.00 | 40.59 1.01
60 | 39.07| 39.38 1.01| 39.05 1.00 | 38.35 1.02
70 | 36.54/36.66 1.00| 36.53 1.00 | 35.50 1.03
81 | 32.60/32.56 1.00| 32.60 1.00 | 31.42 1.04
91 | 27.70/27.70 1.00| 27.71 1.00 | 26.73 1.04
101|23.40(23.40 1.00| 23.40 1.00 | 22.62 1.03
111(19.88|/19.88 1.00| 19.88 1.00 | 19.26  1.03
121(17.02|17.02 1.00| 17.02 1.00 | 16.53 1.03
131|14.70/14.70 1.00| 14.70 1.00 | 14.30 1.03
141(12.81(12.81 1.00| 12.81 1.00 | 12.48 1.03
151(11.24|11.24 1.00| 11.24 1.00 | 10.97 1.02
161| 9.94 | 9.94 1.00 9.94 1.00 9.72 1.0
171| 8.85 | 8.85 1.00 8.85 1.00 8.66 1.0
181| 7.93 | 7.93 1.00 7.93 1.00 7.77 1.0
191| 7.14 | 7.14 1.00 7.14 1.00 7.00 1.0
201| 6.46 | 6.46 1.00 6.46 1.00 6.34 1.0
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L4/ ,x4Y %, 30 | 36.69] 36.72 1.00| 36.62 1.00 | 36.53 1.00
(b/t = 17.5) 40 | 33.60 33.68 1.00| 33.58 1.00 | 33.37 1.01
50 | 31.83/ 31.95 1.00| 31.82 1.00 | 31.52 1.01
60 | 30.53| 30.69 1.01| 30.52 1.00 | 30.11 1.01
70 | 29.31| 29.48 1.01| 29.31 1.00 | 28.73 1.02
80 | 27.88| 27.98 1.00| 27.88 1.00 | 27.09 1.03
90 | 25.86| 25.81 1.00| 25.86 1.00 | 24.88 1.04
100 | 22.99| 22.93 1.00| 22.98 1.00 | 22.06 1.04
1101{19.87| 19.85 1.00| 19.87 1.00 | 19.14 1.04
120 [ 17.09| 17.08 1.00| 17.09 1.00 | 16.55 1.03
130(14.77| 14.77 1.00| 14.77 1.00 | 14.36 1.03
141 |12.86| 12.86 1.00| 12.86 1.00 | 12.54 1.03
151{11.30| 11.30 1.00| 11.30 1.00 | 11.03 1.02
161] 9.99 | 9.99 1.000 9.99 1.00 9.76 1.0p2
171| 8.90 | 890 1.000 8.90 1.00 8.71 1.02
181 | 7.97 | 7.97 1.000 7.97 1.00 7.81 1.p2
191| 7.18 | 7.18 1.000 7.18 1.00 7.04 1.02
201| 6.50| 6.50 1.000 6.50 1.00 6.38 1.02
L5/gx5%gx/4 30 | 29.01] 29.01 1.00| 28.98 1.00 | 28.89 1.00
(b/t = 20) 40 | 26.33 26.35 1.00| 26.32 1.00 | 26.16 1.01
50 | 24.89| 24.93 1.00| 24.88 1.00 | 24.67 1.01
60 | 23.93| 23.99 1.00| 23.92 1.00 | 23.65 1.01
70 | 23.15| 23.23 1.00| 23.14 1.00 | 22.78 1.02
80 | 22.38| 22.47 1.00| 22.38 1.00 | 21.89 1.02
90 | 21.49| 21.54 1.00| 21.49 1.00 | 20.84 1.03
100 | 20.27| 20.24 1.00| 20.27 1.00 | 19.47 1.04
110{18.57| 18.51 1.00| 18.57 1.00 | 17.74 1.05
120 | 16.55| 16.51 1.00| 16.55 1.00 | 15.84 1.04
130(14.58| 14.56 1.00| 14.58 1.00 | 14.02 1.04
140 | 12.82| 12.81 1.00| 12.82 1.00 | 12.37 1.04
150{11.31| 11.30 1.00| 11.31 1.00 | 10.97 1.03
160 | 10.03| 10.69 1.07| 10.03 1.00 | 9.76 1.03
170| 8.94 | 8.94 1.000 8.95 1.0 8.75 1.02
180 | 8.02 | 8.01 1.000 8.02 1.0 7.85 1.02
190| 7.22 | 7.22 1.000 7.22 1.0 7.07 1.02
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