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Abstract

Inelastic material models that were previously degved by the author for standard W-Shapes
were adapted for use to model the behavior andgitreof rotary-straightened hot rolled sections
and welded high-strength steel (HSS) sections.dJsublished residual stress models for these
I-shape sections, limit load analyses were condugseng the material models in MASTANZ2 and
were compared with published experimental anddieiement results. The rotary-straightened hot
rolled sections were modeled as simply supportéghwos and beam-columns, and the material
model required an adjustment to the initial yieldment conditiongn; and the use of two residual
stress ratios;” andc,-. The welded HSS sections were modeled as beamswihstant moment,
and the material model required only a slight ineeein the exponent conditions andn,,.
Comparisons with published results indicate thas¢hminor modifications were sufficient to
provide very good modeling agreement. The previodsheloped material models can be used
effectively to model the limit load conditions aftary-straightened hot rolled beam-columns and
welded HSS I-section beams.

1. Introduction

Since the early 1970’s, it has been known thaerdtraightening hot rolled W-Shapes increases
the column strength on the order of 10 to 20 periretihelL/r range of 40 to 100 (Alpsten 1972).
This is due primarily to the fact that the rotamgiprocess removes, or greatly reduces, the
compressive residual stresses at the flange tipmést steel columns that were manufactured
during that time. Since then, modern manufactugingcesses have greatly improved, with
equipment and procedures that currently permityegtraightening of sections that weigh almost
400 Ib/ft and depths up to 36 inches; thus, madiees are now rotarized (Ge and Yura 2019).

The use of high-strength steel (HSS) is gainingupaty in the construction industry because it
offers superior strength, excellent weldabilityceygtable ductility and high notch toughness (Le
et al. 2020Db). It has been found that the compressisilual stresses in the flanges of HSS I-
sections are significantly less than that of mileet sections (Let al. 2020a, Liet al. 2020,
Unsworthet al. 2020). This has the potential to provide for leighoad carrying capacities;
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however, only until recently have extensive labomatind simulation studies been conducted on
the flexural strength of HSS members (®tal. 2019, Leet al. 2020b, Wangt al. 2020).

For compact W-Shapes with an ECCS residual stristsbdtion pattern (1984), the stiffness
reduction that results from yielding of the crosst®n due to uniaxial bending and axial
compression was studied in detail by Rosson (200iGee-dimensionah-p-t surface plots were
used to discuss the stress states around the periofehe surfaces and to develop an inelastic
material model in MASTANZ2 that was accurate and/¢asise when determining the limit load
capacity of beam-columns and frames (Rosson 2018sdh and Ziemian 2019). Further
development of the inelastic material model inctiidiee enhancement of normalized tangent
modulus expressions in MASTANZ2 for combined majgisaand minor axis beam bending
conditions using a 14-DOF beam element to deterntmeadateral-torsional buckling capacity of
rolled I-section beams (Rosson and Fadden 202@®.obfective of this study is to demonstrate
that these previously developed inelastic matenadlels can be adapted for use in modeling the
behavior of rotary-straightened hot rolled beaminwois and welded HSS I-section beams.

2. Stiffness Reduction M odels

2.1 Inelastic material model for beam-columns with major axis bending or minor axis bending

As previously demonstrated in Rosson (2018), therdofr = 1 is determined when the moment
and axial load conditions cause all three compoessiresses to sum ¢&. The maximum moment
at whicht = 1 is maintained for minor axis bending is gin

S
m1=Z—fv(1—cr—p> (1)

wherem= normalized momer@M /M,), S, = minor axis elastic section modulds, = minor axis
plastic section modulus, = residual stress rati@,./o,,), andp = normalized axial loadP/P,).

The sign orP, matches that a? such thap is always positive. Since this equation is bagdgl o
on the accumulation of compression stress at td@eeach flange, the actual shape of the residual
pattern does not affect the equation provided thgimum residual compression stre&sccurs

at the end of the flanges. The maximum moment attwh = 1 is maintained for major axis
bending is determined in a similar manner to Egnd is found to be

Sz
m1=Z—Z(1—Cr—P) (2)

whereS, = major axis elastic section modulus @)d= major axis plastic section modulus. Since
this equation is based only on the accumulatiososhpression stress in the flange, the actual
shape of the residual pattern does not affect EGwW® equations are needed to determine the
moment and axial load conditioméent = 0 for the minor axis bending and major axis begd
conditions. For the minor axis bending conditione @quation is needed when the plastic neutral
axis is inside the web thickness, and the othre&led when it is outside the web thickness.
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when p =

whereA = Aw/Ar, Ao = tw/br andA:r = dw/tr. For the major axis bending condition, one equaiso
needed when the plastic neutral axis is outsidélainge thickness, and the other is needed when
it is inside the flange thickness.
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Egs. 3 through 6 do not depend upon the shapesattidual stress pattern.

Referring to Fig. 1, there is no stiffness reductip = 1) formoment and axial load conditions
inside the triangular region defined by, and when the moment and axial load conditions are
betweenm; andmy, the stiffness reductioncan be easily determined using Eqgs. 7 and 8. Egs.
3 and 4 are used for minor axis bending, and Eds.aRd 6 for major axis bending.

hen p < 1 =1 (m—m1>n 7
when p Cr T= ep—— (7)
1-p m\"
wheanl—cr T:( c. )(1—m—0> (8)

The material model allows for the independent irgduhen value and the residual stress ratio
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Figure 1:m, andm, perimeter conditions for beam-column with majoisbending



2.2 Inelastic material model for beams with both major axis and minor axis bending

The stiffness reduction model that accounts fotiglayielding of the beam’s cross-section due to
biaxial bending moments was developed by Rossorradden (2020). The model in Fig. 2 is not
dependent upon a particular residual stress pattber that the maximum compression residual
stress in the flanges must occur at the ends.ridmgular plateau at the top of the model represent
the moment conditions for which yielding does nodwr ¢ = 1). The dashed red curve represents
the stiffness reduction due to moments beyond tblel plateau and is assumed to vary as an
exponential function between 1 and 0. The blueeatthe bottom represents the biaxial moment
conditions at which = 0 and is assumed to vary as a second-order polghdefined by the three
coordinateg1,0,0), (mz, m;, 0) and(0,1,0). Them; andm;, values are a function of I-section’s
cross-section dimensions (Rosson and Fadden 2020).
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Figure 2: Stiffness reduction model with variabédiditions for major axis and minor axis bending

The major axis momeM, and minor axis momeM,, are normalized using the respective plastic
moment capacities aa, = M,/M,,, andm, = M, /M,,,. For a given I-section, the maximum
moment for whichr = 1 is maintained for uniaxial major axis bendisng

myz; = Z_i 1-¢) €))

A similar expression for uniaxial minor axis benglis

S
my, = %(1 —c) (10)



Them,,, scalar magnitude in Fig. 2 is given as

my, = /m% +m} (11)

For a givenm, andm,, biaxial moment condition, the stiffness reductoam be determined using
Egs. 12 and 13. Refer to the paper by Rosson atdelRa(2020) for the development of all the
remaining variables presented in Fig. 2.

when m,, < m; =1 (12)
h <m,, < o (M m )" 13
when m; < m,, < m; T= ™ —m, (13)

where the exponenmt,, is a function of then,, /m, ratio and ther, andn,, input values.

—gmy

ny, = (n, — ny)e(S—mz) +n, (14)

2.3 Residual stresses

The residual stresses in a rotary-straightened¥A #ere measured by Ge and Yura (2019) using
the sectioning method. Based on their results, greposed the idealized residual stress pattern
given in Fig. 3(a). The residual compression saéess the flanges, (. are no longer at the ends
and are significantly reduced due to the rotargightening process. The maximum residual
tension stresses.;, are now at the flange ends and will affect théahyield conditions under
low compression load conditions. The reduced mageibfo, . can be easily accounted for with
the appropriate value fef, but them; equation now must be based on the new locatian /of

at the quarter point of the flanges. Using, to calculatec; in Eqg. 1, the maximum moment to
avoid initial compression yield with minor axis lamg is given as

28
when 1—2¢c; +¢t < p<1-cy my = —2(1—c;y —p) (15)

Zy

Using o, to calculatec,”, the maximum moment to avoid initial compressiaaldy under
moderate compression load conditions with minos &ending is given as

S
when ¢f <p<1-2c +cf mi=Z1+¢ —p) (16)

Zy

The maximum moment to avoid initial tension yieltler low compression load conditions with
minor axis bending is given as

S
when p < ¢t mi = Z—y(l —cf +p) (17)
y



Using g, s, to calculatec, in Eq. 2, the maximum moment to avoid initial corgsion yield in
the flange with major axis bending is given as

ct—co S
L T<p£1—cr‘ m1"=—z(1—cr‘—p) (18)
2 Z,

when

Usinga,, to calculates;, the maximum moment to avoid initial tension yigldhe flange under
low compression load conditions for major axis begds given as

et —cr LS, N
when p < > my = Z—(l — ¢ +p) (19)
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(a) Rotary-straightened hot roléeel section (b) Welded hagength steel section

Figure 3: Idealized residual stress models

The residual stress model for welded HSS sectioaisi$ given in Fig. 3(b) is based on residual
stress measurements by é&eal. (2020a). The compression residual stresses gm®xmately
uniform across much of the flange length. Its magte is independent of the base metal strength
and is solely a function of the flange dimensidresét al. 2020b).

Orpc = 140 — 16t7 + 0.4tF + 820t /by (20)

Since ther, ¢, stresses occur at the flange ends, the previalgsigloped inelastic material model
for W-Shape beams can be used with modificatiog tmthen, andn,, input values.

3. Material Model Validation Study

The column and beam-column test conditions forrttarized W1265 in Ge and Yura (2019)
were used to study the effectiveness of the inelastterial model given by Eqgs. 3 through 8 and
Egs. 15 through 19. The W-shape is assumed tollyechhmpact and its out-of-plane behavior
fully restrained. The beam test conditions for faetded HSS I-sections in letal. (2020b) were
used to investigate the inelastic material modedigiby Egs. 9 through 14 and Eq. 20. The four
beams that were selected for the study failed di&éral-torsional buckling.
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3.1 Rotary-straightened W12x65 modeling results

Based on the values . = 5 ksi,o,s, = 10 ksi andr,, = 50 ksi given by Ge and Yura (2019), the
residual stress ratios used in the study were= 0.1 andc, = 0.2. The initial geometric
imperfections were directly modeled using the fegjen-mode normalized to/1000 at mid-
height. The column analyses in MASTANZ2 were conddctsing a second-order inelastic analysis
with E = 29,000 ksin, = 1.2 for minor axis bending ang, = 1.5 for major axis bending. For
consistency with past research, both exponent salpyandn,, are the same as those used for the
W-Shapes in the study by Rosson and Fadden (20B@)nelastic material model for the rotarized
W12x65 is given in Fig. 4 for minor axis bending. THieets of Eqgs. 15 through 17 on the yield
plateau region are evident with the dashed blweslin
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Figure 4:m,; andm, perimeter conditions for rotarized W5 beam-column with minor axis bending

The inelastic material model for major axis bendmgiven in Fig. 5. Comparing it with Fig. 1,
the effects of Egs. 18 and 19 on the 1 region are evident with the dotted and dastheel lines.
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Figure 5:m, andm, perimeter conditions for rotarized W5 beam-column with major axis bending
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Column limit load analyses for minor axis bendingl anajor axis bending were conducted on
pinned-pinned columns using 10 beam elements in MM&. They were compared with the
ABAQUS column strength results by Ge and Yura (3048d the AISC (E3-2) and (E3-3)
equations (2016). The results in Figs. 6 and 7catdi very close agreement between the inelastic
material models used in MASTANZ2 and the more detbABAQUS finite element models. Due
to the larger = 1 plateau regions in Figs. 4 and 5, the lim&d results are considerably higher
than the AISC solutions for the shorter unbracedtles § < 1).

10 + - <
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N
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Figure 6: Comparison of W85 minor axis bending column results
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Figure 7: Comparison of W85 major axis bending column results



The beam-column in Fig. 8 was studied by Ge andaY@019) using the rotary-straightened
W12x65 with L/r = 80 and axial load conditions BfPy = 0.4 and 0.5. The MASTAN2 model
used 20 beam elements with major axis bending lzmdame inelastic material model constants
¢, =0.1,c;/ =0.2 anch, = 1.5 as before. The specified axial I6adas first incrementally applied
to the beam-column model with &f000 initial geometric imperfection, then the lzontal load

H was incrementally applied until the limit load wasched.

P

—a

L/2

L/2

—

Figure 8: MASTANZ2 model of laterally loaded beameron used by Ge and Yura (2019)

The displacements in Fig. 9 are only the horizodispplacements occurring at mid-span during
the application of the lateral load. Comparing W&STAN2 and ABAQUS model results, the
mid-span displacement and applied lateral lodd are approximately the same at the limit load
for theP/Py = 0.5 condition, but they vary by approximately 8#en the limit load is reached for
the P/Py = 0.4 condition. In general, the MASTAN2 model ntained higher flexural stiffness
conditions after the application of the verticadd?, and the inelastic material model reduced the
stiffness in a similar manner to the ABAQUS mocdetlze lateral loa#l was applied. Contrasting
the very close results in Fig. 7 with those in Bigndicates that the material model constants are
perhaps more sensitive for the beam-column modeigpared with the simpler pinned-pinned
column models. Additional research is needed terdehe the extent to which the inelastic
material model constants andn affect the beam-column results and under whatitiond they
have the greatest influence.



16.0 -

onr . D/ P.=().4
W12x65 Major Axis - P/P,=04
14.0 - * -
’I
I,
120 1 .
’
E I’
10.0 1 /’
2 - 7 == P/P,=0.5
RS9 Lr - 3
= 8.0 1 e ”/
’ ’
[ G
60 N /' ’I
e #T
' ”l ”/
40 e’ = Model results with .= 1.5
4 I’,
20 A e | = ABAQUS model results by Ge and Yura (2019)
0.0 - r - T . .
0.0 1.0 2.0 3.0
A (inches)

Figure 9: Model results compared with simulatiosules by Ge and Yura (2019)

3.2 Welded HSS |-section modeling results

The beam in Fig. 10 was studied by T.dt@l. (2020b) using welded HSS I-sections with yield
strengths of 690 MPa (100 ksi) and 890 MPa (13D kbiey conducted several different laboratory
tests, but the four selected for this study inctlth®se that failed due to flexural-torsional buradl
under uniform bending moment conditions. The speairross-section dimensions and material
properties of the four beams are given in Tabl€hkc, values were determined using the listed
g, values and Eq. 20 for the compression residuesstin the flange,... based on the listelg
andt; values. The test specimens had out-of-plumb inegédns between 1.75 mm and 2.5 mm.
The loads in the laboratory were applied througtting boxes which restrained the beam against
lateral deflection and twist, but which allowedatrotate freely about the major and minor axes
and to warp and move in-plane.

T, ¥

1.5,??

T

Figure 10: MASTAN2 model of 4-point loading conditiused by T. Let al. (2020b)
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Table 1: Specimen cross-section dimensions andrialgbeoperties

Specimen d bt s tw E oy Cr
(mm) (mm) (mm) (mm) (GPa) (MPa)
1-69(C-3 354.: 76.1°¢ 11.77 7.7C 19t 80C 0.1
[-89(-3 354.( 76.17 11.8( 7.9¢ 19¢ 100( 0.1z
1-89(-4 353.¢ 56.1¢ 11.8( 7.98 19¢ 100( 0.1¢
1-89(-5 254t 56.1: 11.8( 7.95 19¢ 100( 0.1¢

1. Thebr dimension defined by T. Let al. (2020b) is measured from the web to the endeflinge

The MASTANZ2 models used an initial geometric impetion of 3 mm at mid-span and a total of
32 beam elements with 16 elements between thedads! The material model usegd = 2 for
major axis bending and, = 1.5 for minor axis bending. The twi¥ loads in Fig. 10 were
incrementally applied using a second-order inedaatialysis up to the limit load condition.
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Figure 11: MASTAN2 model results compared with laiory test results by T. Let al. (2020b)
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The MASTANZ2 and laboratory test results for therfélSS I-sections are given in Fig. 11. In
general, the models reveal similar limit load ctiodis of maximum mid-span moment and
vertical deflection. Since the material model cansin, andn, were the same for all four beam
conditions, it appears that there may not be a teeeddate these values based on the cross-section
dimensions and material properties. The modeladtseare sensitive to the value, but it appears
sufficient to simply calculate this value using tlesidual stress relationship in Eg. 20 and the
tensile stress at first yield for thg value; however, more research is needed to vibrgfyindings
regarding the material constants.

4. Conclusions

The inelastic material models that were previowdyeloped by the author were used to model
rotary-straightened W-Shapes and welded HSS lesextBecause of their unique residual stress
patterns, modifications were necessary to usexisérey material models. To model the rotarized
W-Shapes, additional equations for the initial giehomentm,; were required and separate
values were needed based on the compression resioksso, .. and tension residual stress..

To model the welded HSS I-section, it was only seaey to use the,;. based on the flange
cross-section properties and slightly higher vafoes, andn, . Validation studies compared the

modeled results with those found in the literatare] it was determined that they provided similar
limit load results when using the existing inelastiaterial models with these minor modifications.
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