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ABSTRACT
ELASTIC AND INELASTIC STABILITY OF TWO-PANEL TIERED
CONCENTRICALLY BRACED FRAMES

Michael H. Bloom, B.S.

Marquette University, 2013

Multi-panel, tiered concentrically braced frames eommonly used in the lateral
resisting systems of industrial facilities for Isagsulting from wind and earthquake. To
date, minimal investigation has been performedhereffect of gravity and lateral loads
on the local and global (system) stability of th&sening systems.

Recent research has evaluated the effects of me@ad out-of-plane bending
moments induced by inelastic brace deformationteartsverse notional loads on the
stability of columns in a two-panel concentricdiiaced frame with an x-bracing
arrangement. Other recent research efforts handiest the effect that differential tier
drifts resulting in weak-axis flexural yielding r@wn the strong-axis buckling strength of
columns in a four-tier concentrically braced franfethree-dimensional finite element
analysis was used to impart varying levels of wazik-flexural yielding onto various
wide flange sections and the strong-axis bucklingngth was analyzed. That study,
however, consisted of analyzing columns isolatethfthe rest of the frame.

This research effort utilizes the structural analysogram MASTANZ2 to conduct
multiple elastic and inelastic critical load ana@ygsand nonlinear inelastic analyses on a
two-panel, tiered concentrically braced frame. tiplg lateral loading conditions, frame
height, frame slenderness, and column orientatenarios are considered to determine
the effects of these variables on the stabilityavedr of the frame. The results of this
research effort indicate that the ratio of applagdral load to applied gravity load and the
frame aspect ratio have a profound effect on wirdthene stability behavior is
controlled by local member behavior or global (syst behavior.
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1. Introduction

Industrial buildings, convention centers, and Wwarese facilities are usually tall
single-story steel structures. In these builditgtgeral loads are commonly resisted by
multi-panel concentrically braced frames built wit¥o or more bracing panels, or tiers
stacked between the ground and roof level (ImanpodrTremblay 2012). This
arrangement reduces the brace length as oppo$editay a single bracing element
extending from the base of the frame to its tope Bracing elements present in each
panel of the frame are commonly arranged in eiimex-configuration or chevron
configuration. Figure 1 and Figure 2 illustrateiwas multi-panel concentrically braced

frames with chevron and x-bracing brace configoredi

@ (b) (c)
Figure 1. Multi-panel concentrically braced frameswith (a) three panelswith an x-bracing
configuration, (b) two panelswith an x-bracing configuration, and (c) two panelswith a chevron
bracing configuration

Beams are located at the boundary between each péme columns of the frame
are braced in the plane of the frame by these beamgery panel point thereby reducing

the column’s in-plane buckling length and incregdimeir axial capacity. Figure 3 shows



the geometry of a two-panel concentrically bragadik with a chevron brace

configuration.

(@) (b)
Figure 2. Multi-panel concentrically braced frames over the height of (a) atall single-story building
and (b) alow-rise single-story building (Imanpour and Tremblay 2012)
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Figure 3. Geometry of two-panel concentrically braced frame with chevron bracing configuration

Wide-flange elements are typically used as themalmembers of the frame.

The columns are often oriented with their webs gedicular to the plane of the frame so



that weak axis bending of the columns is associattda smaller effective length due to
the bracing provided at each panel point. Latesding is transferred from the roof
diaphragm to the top of the frame. Despite thagmee of beams at the tier levels of the
frame, lateral load is transferred from the roa@pdiragm and applied only at the top of
the frame. This lateral load is transferred tofthendation through the frame’s tension
and compression acting bracing elements. Dueetio ligh compressive strength,
hollow structural section (HSS) elements are ofteed as braces, but double angle and
wide flange sections are also common (Imanpour ROERyure 4 shows a typical

loading scenario for a two-panel concentricallydechframe with lateral loading applied

only at the top of the frame.

A
aP =3

Lateral load / [

application point

Figure 4. Typical loading scenario for a two-panel concentrically braced frame

The objectives and purpose of this thesis are atuate local and global
instability phenomena in multiple-tier braced frasystems. The study will also
evaluate the ductility in the collapse behaviothise systems including identifying

frame aspect ratios and frame gravity to lateradlIcatios that create force-controlled



(non-ductile) and displacement-controlled (ductidehavior, which is important for
seismic engineering design of these systems.

This thesis investigates the behavior of a two-paoecentrically braced frame
with a chevron bracing configuration and equal paeehts designed to have a width of
15 feet and a height of 45 feet and to be subjectéige loads specified in Chapter 2 of
the thesis. Selection and design of members fiamae in a typical industrial building
application is examined. Then, the effect of frastederness and lateral loading level
on the two-panel concentrically braced frame’sifitglis assessed by conducting elastic
and inelastic critical load analyses on two-paelcentrically braced frames with
height-to-width ratios varying from 2.0 to 3.5 ahe ratio of applied lateral load to
gravity load varying from 0.0 to 1.0. These ana$yare also conducted on frames with
initial geometric imperfections both in the plamelaut of the plane of the frame.
Second-order, inelastic, distributed plasticitylgsia (distributed plasticity and plastic
hinge) is also conducted on the two-panel conagailyi braced frames with height-to-
width ratios of 2.0, 2.5, 3.0, and 3.5 and latéyad ratios of 0.25, 0.5, and 1.0 with
initial sinusoidal member out-of-straightness teess the inelastic response of the frame
to gravity and lateral loads.

The results of these analyses are used to evaheatmpact of aspect ratio and
the applied lateral to gravity load ratio on thebgity (local column or brace buckling or
global system buckling) behavior of the frame. Séheesults aid in the identification of
aspect ratios and/or applied lateral to gravityloatios that lead to behavior indicating

whether global (system) stability or local membtabsity controls the tiered frame



behavior. These results also aid in the identificeof frame and loading configurations

that suggest elastic versus inelastic stabilitynpingena control the system behavior.



2. Frame Design

The frame under investigation is a two-panel cotrazlly braced frame
composed of A992 wide-flange and A500 Grade C sgH&S sections. Two wide-
flange columns extend from ground level to a hegj5 feet to form the frame’s
exterior boundary. One wide-flange element spatséden the two columns at the
columns’ top while another wide-flange element spagtween the columns at the
columns’ mid-height. This intermediate elementbes two equal height panels in the
frame.

Square HSS sections are utilized for bracing elésnelm the bottom panel, two
square HSS bracing elements extend from the colargneund intersection to mid-span
of the intermediate wide-flange element in a chewronfiguration. This chevron
bracing configuration is repeated in the top paseiwo square HSS elements extend
from the intersection of the intermediate wide-flarelement and the columns to mid-
span of the top wide-flange element. Figure 5 shawchematic rendering of the two-
panel concentrically braced frame. As shown iruFeg, the webs of the top and
intermediate beam are oriented parallel to theetHrthe frame. The column webs can

be oriented either perpendicular or parallel toglame of the frame.



Figure5. Schematic rendering of two-panel concentrically braced frame with (a) column webs
oriented parallel to the plane of the frame and (b) column webs oriented perpendicular to the plane
of the frame

These two-panel concentrically braced frames asegded to be part of the
lateral force resisting system of a hypotheticdlstrial warehouse facility. The facility
has a rectangular footprint with a length of 38&t fevidth of 200 feet, and floor to roof
height of 45 feet. The two-panel concentricallgded frames of the lateral force
resisting system are all located along the exterfidhe structure. In the north-south
direction, the lateral force resisting system cstssof two lines of three, two-panel
concentrically braced frames while in the east-wigsiction, the lateral force resisting
system consists of two lines of two, two-panel @ndcally braced frames. Locations
of the two-panel concentrically braced frames dnedbuilding’s column layout are
shown in Figure 6. Figure 7 shows a schematicesggtation of the two-panel

concentrically braced frames and the gravity loaldrons.
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Figure 6. Column layout showing locations of two-panel concentrically braced frames of lateral force
resisting system

Figure 7. Schematic representation of two-panel concentrically braced frameswith gravity load
columns



Each element of the frame is designed to resistfiieets induced by the loads
acting on the industrial facility. These loads gvdetermined using the provisions of
ASCE 7-05 Minimum Design Loads for Buildings and other Sructures (ASCE 2006).

The gravity loads acting on the structure resoitfroof dead load, roof live load, and
roof snow load. Table 1 summarizes the intensdfébe roof dead loads assumed to act
on the structure. Table 2 summarizes the intessdf the total dead load, roof live load,
and flat roof snow load acting on the structurée Toof live load was determined using
ASCE 7-05 Minimum Design Loads for Buildings and other Structures assuming the roof

is an ordinary, flat roof. Snow load was calculiatising the provisions &SCE 7-05
Minimum Design Loads for Buildings and other Structures assuming a ground snow load

of 30 psf and a flat roof.

Table 1. Roof dead loading intensities

Dead Loading Load Intensity
Metal Roof Deck (18 gage) 3 psf
Roofing System 6 psf
Mechanical Duct Allowance 4 psf
Structural Steel Self-Weight 5 psf

Table 2. Total gravity loading intensities

Gravity Load Type Load Intensity
Dead Load 18 psf
Roof Live Load 20 psf
Snow Load 21 psf

Wind pressures were calculated using the simplfietedure oASCE 7-05
Minimum Design Loads for Buildings and other Sructures. Two separate wind pressures
corresponding to an interior zone and corner zogiewalculated for each side of the

structure. The width of the corner zone is 18 faeich is equal to 40% of the building
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height. Figure 8 shows the locations of the coamef interior wind pressure zones as

well as the corresponding wind pressure intensitiesach zone.

Corner Zone: 14.34 psf

i 1 9.52 psf
Interior Zone: 9.52 psf Interior Zone: 9.52 ps

Corner Zone: 14.34 psf
Corner Zone: 14.34 psf

Corner Zone: 14.34 psf

Figure 8. Wind load diagram showing location of interior and corner wind pressure zones aswell as
interior and corner zone wind pressures

Figure 9 shows the roof framing plan which considtspen-web steel joists
spanning in the north-south direction between ggda column lines A and D and E and
H. The joists are spaced at approximately 10’-&een column lines 5 and 13.
Between column lines 1 and 2, 4 and 5, 13 andridi 1& and 17, the joists are space at
approximately 12’-4”. The joists in the bays wiltte two-panel concentrically braced
frames are spaced at 15 feet so that the joistsefidirectly into the columns of the two-

panel concentrically braced frames.
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Figure 9. Roof framing plan

Loads acting on the frame were determined basebeoframing plan for the
building. Gravity loading on the two-panel conceally braced frames on the north and
south faces of the structure is assumed to adi@frame as concentrated forces at the
columns’ top. The forces acting on the columnsrmatefrom the roof gravity loads
acting on the metal roof deck being distributetht® steel joists and then being
distributed along the joists to the columns. Gxaldading on the two-panel
concentrically braced frames on the east and vaestfof the structure is assumed to act
as a uniformly distributed load applied transverselthe top beam and a concentrated
force at the top of each column. This distributade acting on the beam emanates from
the roof gravity loads acting on the metal roofldbeing distributed directly to the top
beam of the frame at the exterior of the structuree concentrated forces emanate from

the roof gravity loads acting on the metal deckbalistributed to the edge roof beams
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and then being distributed to the columns of the-panel concentrically braced frames.
Figure 10 shows the load path for the gravity loadisitary to the two-panel
concentrically braced frames located in the stmectérigure 11 shows the resulting
forces on the two-panel concentrically braced fralme to gravity loading. Table 3
summarizes the unfactored gravity loads that a¢chertwo-panel concentrically braced

frames.

Figure 10. Load pathsfor gravity loadstributary to two-panel concentrically braced frames



(b)
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Figure 11. Forcesresulting from gravity loads acting on the two-panel concentrically braced frames
on (a) the north/south structurefaces and (b) the east/west structure faces

Table 3. Unfactored gravity loads acting on two-panel concentrically braced frames

Frames on North/South Frames on East/West
Building Face Building Face
Load Type Load Intensity (kip) Load Intensity (-kipfft}
Dead Load 12.5 0.22
Roof Live Load 13.9 0.25
Snow Load 14.6 0.26

Lateral load acting on the frames emanates fromwvthd pressures acting on the
exterior walls of the structure. Wind pressurergcon the top half of the exterior walls
is assumed to be distributed to the roof diaphradrareas the wind pressure acting on
the bottom half of the exterior walls is assumebtéedalistributed directly to the
foundation. The wind pressure distributed to thaf diaphragm is evenly distributed to
each line of two-panel concentrically braced framed then distributed evenly as a
concentrated force to each frame. Tributary logdireas on the building walls for each

frame are illustrated in Figure 12.



Distributed to Frames —
on Column Line 17

Distributed to Frames —
on Column Line H

— Distributed to Frames
on Column Line 1

Distributed to Frames —/
on Column Line A

Figure 12. Tributary areasfor lateral wind loads

The concentrated wind force is assumed to be aplaterally to the frame at its
top. Figure 13 shows the resulting forces onwwepanel concentrically braced frame
due to lateral wind loading. Table 4 summarizesuhfactored lateral wind loads that

act on the two-panel concentrically braced frames.

Figure 13. Force resulting from lateral wind loads acting on the two-panel concentrically braced
frames
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Table 4. Unfactored concentrated lateral loads acting on two-panel concentrically braced frames

Frames on North/South Frames on East/West

Building Face Building Face
Load Type Load Intensity (Kip) Load Intensity (kip)
[Wind Load 1.7 14.3

Each column member is designed for the effecte@tbncentrated force applied
to the tops of the columns of the two-panel conoeadty braced frames on the north and
south faces of the building. The concentratedganagnitude is obtained from LRFD
load combinations given IASCE 7-05 Minimum Design Loads for Buildings and other
Structures which is shown in Equation 1.

1.2D+1.6 Equation 1

where,
D =roof dead loa¢

S=roof snow loac

This concentrated force results in a constant darak of 38.3 kips throughout
the height of the member. The column is consergbtiassumed to have its web
oriented parallel to the plane of the frame. Tokimn is assumed to be braced in the
plane of the frame at mid-height due to the intehiaite beam resulting in an effective
length about the column’s strong axis of 22.5 fe@ut of the plane of the frame, the
column is assumed to be braced only at its endstirgg in an effective length about the
column’s weak axis of 45 feet. Figure 14 showsablemn assumed for design with its

loading and bracing conditions.
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.~ 38.3 kip Compressive Force

Lateral bracing provided —,
about weak and strong axis
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Figure 14. Column assumed for design purposes with loads and bracing conditions

Each beam member is designed for the combinedteftéthe concentrated
lateral force applied to the top of the column #meluniform distributed load applied to
the top beam of the two-panel concentrically brefcaches on the east and west faces of
the building. The controlling force magnitudes abtained from the LRFD load
combinations given iASCE 7-05 Minimum Design Loads for Buildings and other
Structures which is shown in Equation 2.

0.9D+ 1.6V Equation 2
where,

W = wind load
This load combination results in a concentratedlaoompressive force of 22.88 kips
from wind loading and a uniform distributed transeeforce of intensity 0.20 Kip/ft from

roof dead loading. The member was assumed todraedfective length for flexural

buckling of 7.5 feet about its major axis and 1&t fgbout its minor axis. These effective
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lengths were conservatively determined for the ggreeod when the metal roof deck is
not yet installed. Figure 15 shows the memberrassifor design with its loading and

bracing conditions.

0.20 kip/ft uniformly —,
distributed load

— 22.88 kip axial
compressive force

22.88 kip axial =
compressive force

/) 75— . Assumed pinned
/e L'. end condition
Assumed pinned — \ Bracing at midspan
end condition for flexural buckling
about major axis

Figure 15. Beam assumed for design pur poses with loads and bracing conditions

\ e
VAl 7____’|Jfl—f—"
\
\

Each bracing member is designed for the effecteetoncentrated lateral force
applied to the top of the two-panel concentricaligced frames on the east and west
faces of the building. The concentrated force ntage is obtained from LRFD load
combinations given iIASCE 7-05 Minimum Design Loads for Buildings and other
Structures which is shown in Equation 3.

1.env Equation 3
This concentrated force results in a constant a&radile or compressive force directed
along the member longitudinal axis of 72.1 kip®tighout the length of the member.
The member was conservatively assumed to havefertieé length equal to its actual
length of 23.7 feet. Figure 16 shows the membsuragd for design with its loading and

bracing conditions.
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Figure 16. Brace axial member assumed for design purposeswith loads

A W12x65 section of A992 steel was selected ferablumn members of each
two-panel concentrically braced frame. Using thevisions of AISC (2010a), the axial
capacity of the W12x65 was determined for the alivig limit state of flexural
buckling about the member’s weak axis. Assumingféective length of 45.0 feet, the
axial capacity of the W12x65 was calculated to 88 Rip using Equation 4.

Py =¢[0.87TF A Equation 4

where,
P, = design compressive strength (kip)

¢. = strength reduction factor (0.9)
F, = elastic buckling stress
A, =gross cross-sectional area of membe)(

A W18x35 section of A992 steel was selected fortid@m members of each two-
panel concentrically braced frame. Using the miovis of AISC (2010a), the axial
capacity of the W18x35 was determined for the aliviig limit state of flexural
buckling about the member’'s weak axis. Assumingféective length equal to 15 feet
and a net reduction factor equal to 0.84, the ad@phcity of the W18x35 was calculated

to be 106.9 kip using Equation 5.
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Py =¢.[Q0.87TF[IA, Equation 5

where,
Q = net reduction factor accounting for alénder elemen

Since the top beam member of the two-panel concaltyrbraced frames on the
east and west building faces are loaded transyebyed uniformly distributed load, the
W18x35 is also subjected to an internal bending erdmAs a result, the flexural
capacity of the W18x35 was determined using th&ipimans of AISC (2010a) for the
controlling limit state of yielding. Yielding comtls the flexural capacity of the W18x35
because it is assumed to be continuously lateba#lged along its length once the metal
roof deck is installed. With,~ 50 ksi, the flexural capacity of the W18x35 was
calculated to be 249 kip-ft using Equation 6.

M, =g,F[Z, Equation 6
where,

M, =design flexural (kip-in)

¢, = strength reduction factor (0.9)

F, = specificed minimum yield stress of matid (ksi)

Z = plastic section modulus about the ssafin®)

Since the top beam member was subject to combixiatifarce and flexure, the
provisions of AISC (2010a) were used to assessitbeaction of the combined forces on

the W18x35. The effect of this interaction wasedeiined using Equation 7.

i+§ M, <1.0 Equation 7
R 9(M,

where,
P =required axial strength (22.9 kip)

P. = available axial strength (106.9 kip)
M,, =required flexural strength about majoisa(67.2 kip-in)
M. = available flexural strength about magods (2988.0 kip-ih

The interaction equation result for the W18x35 @&3.
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A HSS 5-1/2x5-1/2x5/16 section of A500 Grade Clstexs selected for the
bracing members of each two-panel concentricabiedd frame. Using the provisions of
AISC (2010a), the axial capacity of the HSS 5-1/2X8x5/16 was determined for the
controlling limit state of flexural buckling. Sia@a square HSS section was selected, the
capacity of the member about its strong and weakisxequal. Assuming an effective
length equal to 23.7 feet, the axial capacity ef &S 5-1/2x5-1/2x5/16 was calculated
to be 72.6 kip using Equation 8.

Py =¢.[0.87TF[A, Equation 8

Table 5 summarizes the actual and required menapacities for the elements of

the two-panel concentrically braced frame.

Table 5. Member demand and capacity summary

Required | Required Actual Actual Interaction
Axial Flexural Axial Flexural Equation
Element Capacity | Capacity Capacity Capacity Result
Column (W12x65) 38.3 kip - 135 kip - -
Brace
(HSS 6-1/2x5-1/2x5/16) 721 Kip - 726 kip - -
Beam (W18x35) 2288kip | 56kpft | 106.0kip | 249 kipft | 0.23<1.0
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3. Critical Load Analyses

The present chapter outlines elastic and inelastical load analysis carried out
on the two-panel concentrically braced frame. fsiary of how the critical load
analyses are performed as well as the frame caatigns that are analyzed is discussed
first. The effects of applied lateral load on freame elastic critical loads are then
discussed. The effects of overall frame geomédtayr(e aspect ratio) are then evaluated.
A comparison of frame elastic critical loads farfres with column webs oriented
parallel to the plane of the frame and perpendidolahe plane of the frame is then
made. Inelastic critical load analyses are thenezhout and a summary of frame
inelastic critical loads and a comparison of tlafe inelastic critical loads to frame
elastic critical loads for corresponding frame aspatios and applied lateral to gravity
load ratios are provided. The effects of initiabgnetric imperfections on frame elastic
critical loads are then discussed. Finally, cosiduns of the important findings of the

critical load analyses are given.

3.1. Methodology

To assess the elastic stability response of thepaveel concentrically braced
frame, a series of critical load analyses were notedl with varying frame height-to-
width ratios and lateral loading levels. A referemravity load of 10 kips is applied at
the top of each column and a lateral load varyroghfO to 1.0 times the intensity of the
reference gravity load is applied at the top oflgfecolumn to assess the effect of lateral
load on the stability response of the frame. FadLif illustrates the loading scenarios

analyzed with the loads denoted by P symbolizimgli® kip concentrated gravity loads
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and thenP load symbolizing the varying concentrated latkradl applied to the frame.
The loads are proportionally applied through the afsan applied load ratio multiplier

(ALR) ranging from 0O to a value corresponding te thnitical load of the system.

ALR(P) ALR(P)

ALR(0P)——T— &=

Lateral load / ii
application point

Figure 17. Loading scenario for elastic critical load analyses

These analyses were performed on frames with h&aghidth ratios (H/W) of
2.0, 2.5, 3.0, and 3.5 to assess the effect ofdrslenderness on the stability of the
frame. Frame width was held constant at a distahd® feet while the total height of
the frame was adjusted to 30 feet, 37.5 feet, df #and 52.5 feet to achieve the height-
to-width ratios of 2.0, 2.5, 3.0, and 3.5, respesdyi. Two different column orientation
scenarios were also analyzed; one scenario witinaowebs oriented perpendicular to
the plane of the frame and one scenario with columips oriented parallel to the plane
of the frame. When the column webs are orienteggralicular to the plane of the
frame, weak axis column buckling corresponds tckig in the plane of the frame.
When the column webs are oriented parallel to taegpof the frame, weak axis column

buckling corresponds to buckling out of the plahéhe frame. The W12x65 columns
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were sized assuming the column webs were orierasgll@l to the plane of the frame.

Figure 18 shows the two column orientation sceisacamsidered.

W18x35 (TYP.)
r=

W12x65 (TYP.) m m
~

=

HSS 5 1/2x5 1/2x5/16 (TYP.) HSS 5 172x5 1/2x5/16 (TYP.)
(a) (b)

Figure 18. Frame scenarios analyzed with (a) column webs oriented perpendicular to the plane of the
frame and (b) column webs oriented parallel to the plane of the frame

In the MASTAN2 (MASTANZ2 2010) analytical model,a@astructural member is
divided into multiple discrete elements to bett@ptare behavior along the length of the
member. Each brace member and beam member istiliscrinto 4 equal length
elements and each column member is discretizedBietual length elements from the
base of the frame to its top. Figure 19 illussdtee member discretization scheme used

in the MASTAN2 analytical model for the elastic anélastic critical load analyses.
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Beam elements
divided into

four elements

< A X

Column elements
divided into <
eight elements

Brace elements
- divided into
four elements

Figure 19. Member discretization used in MASTANZ2 analytical model

For the elastic and inelastic critical load anasysbe connection of the columns
to the foundation is idealized as a pin connecoiith zero rotational stiffness about both
the columns’ major and minor axes and zero warpastraint. The end connections of
the brace elements are also idealized as pin ctinnsavith zero rotational stiffness
about both the major and minor axis of the memhbdrzero warping restraint. Beam-to-
column connections are modeled as semi-rigid witbtaional stiffness of 164,322 kip-
in/rad about the beams’ local z-axes (bending énptlane of the frame) and infinite
stiffness about the beams’ local y-axes (bendingbthe plane of the frame). The
rotational stiffness about the z-axis is equalE®/[2 of the beam members which is the
upper limit on the secant stiffness of a connecdti@t can be considered as a simple
connection (AISC 2010a). Global support conditioereain the same as introduced in
the previous frame design section. Figure 20 shbe$ocations of the pin and semi-

rigid connections in the MASTAN2 analytical model.
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| © Analytical pin connection
| < Semi-rigid connection

Figure 20. Connection summary for MASTANZ2 analytical model used in elastic and inélastic critical
load analyses

3.2. Effect of Applied Lateral L oad

Figure 21 illustrates the first mode elastic catimad capacity of the frames with
column webs oriented perpendicular to the plarnth@frame as illustrated in Figure 18a
for all lateral load levels and all height-to-wid#tios considered. The addition of lateral
load at the top of the frame reduces the elastica@rload capacity of the frame. As the
level of lateral load on the frame increases, itst fnode elastic critical load capacity of
the frame decreases. This is apparent in the dawhsloping nature of each of the
elastic critical load versus lateral load ratig ¢urves in Figure 21. Figure 21 also shows

the buckled shapes for each frame configurationlatedal loading scenario considered.
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Figure21. Elastic critical load vs. lateral load ratio curves and buckled shapesfor frame with column
webs oriented perpendicular to the plane of the frame

Table 6 illustrates numerically the decreasingtaasitical load trend in Figure
21 for the frames with column webs oriented perpaidr to the plane of the frame.
The values in Table 6 are the percent changesstielritical load at each lateral load
level measured with respect to the initial latévad ratio of O (O kip lateral load). First
mode elastic critical load capacity of the frame &dteral load ratio of 1.0 (10 kip lateral
load) is between 83.24% and 90.29% less than #stiekritical load capacity of the
frame at the initial lateral load level of O kipspnding on the frame height-to-width
ratio. As frame height-to-width ratio increasés percent decrease in elastic critical
load capacity at all lateral loading levels incesasxcept for the lateral load ratio of 0.1
(1 kip lateral load). At the 1 kip lateral load/é, the frame with a height-to-width ratio

of 2.5 experiences an 11.27% decrease in eladicattoad capacity from the initial O
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kip lateral load level while the frame with a hdigb-width ratio of 3.0 experiences only

a 9.47% decrease in elastic critical load capduaity the initial O kip lateral load level.

Table 6. Percent changein elastic critical load for varying lateral loads (Column webs per pendicular
to plane of frame)

a Hiw = 2.0 AW = 2.5 H/w =3.0 Aiw=35 |
0.0 = = = :
0.1 -9.18% 11.27% 9.47% -17.24%
0.2 ~18.80% ~37.02% ~49.49% “54.92%
0.4 -58.21% -66.94% 73.53% -76.40%
1.0 “83.04% “86.37% -89.10% “50.29%

The elastic critical load for the frame with a Heigo-width ratio of 2.0 decreases
by approximately the same amount from the init#tal load ratio of O to the lateral
load ratio of 0.1 as it does between the latewd l@atios of 0.1 and 0.2. A larger
decrease in elastic critical load between lateradi Iratios of 0.1 and 0.2 as compared to
the decrease in elastic critical load betweendhtead ratios of 0 and 0.1 is observed for
the frames with height-to-width ratios of 2.5, 3a@d 3.5. This is due to differences in
buckled geometry for the various height-to-widttias

For the frame with a height-to-width ratio of 2tBe first mode buckled shapes
show in-plane buckling of the outer quarter of tihye level and tier level beams and out-
of-plane reverse curvature of both the left an@itrgplumns with an inflection point
approximately halfway between the tier level argllevel beam at a lateral load ratio of
0.0. When the lateral load ratio is increased.1® 0in-plane buckling of the outer
guarter of the top level and tier level beamsilsmiesent, but the right column is now
buckling out of the plane of the frame in singlevature while the left column is nearly
straight. The frame exhibits out-of-plane bucklofghe top beam about its weak axis at

a lateral load ratio of 0.20.
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The frames with height-to-width ratios of 2.5 éh@ exhibits overall system
buckling in the form of out-of-plane buckling ofthocolumns at a lateral load ratio of
0.0 and out-of-plane buckling of the right colunmradateral load ratio of 0.10. At a
lateral load ratio of 0.20, the frames exhibit loo&@mber buckling rather than system
buckling in the form of out-of-plane buckling ofetlbottom panel compression brace.
This results in the larger decrease in elasticcatitoad between lateral load ratios of
0.10 and 0.20 as compared to the decrease incetagital load between lateral load
ratios of 0.0 and 0.10.

Similar to the frames with height-to-width ratiofs2.5 and 3.0, the frame with a
height-to-width ratio of 3.5 exhibits overall systéuckling in the form of out-of-plane
buckling of both columns at a lateral load ratiddd. Behavior transitions from system
buckling to local member buckling at a lateral lsatios of 0.10. The frame exhibits
local member buckling in the form of out-of-plangckling of the bottom panel
compression brace at lateral load ratios of 0.X0R0. This early transition results in a
percent decrease in elastic critical load betwagasradl load ratios of 0.0 and 0.10 nearly
double that of the frames that do not transitiamfrsystem buckling to local member
buckling until the lateral load ratio reaches 0.20.

Figure 22 illustrates the elastic critical load @eipy of the frames with column
webs oriented parallel to the plane of the framshasvn in Figure 18b for all lateral load
levels and all height-to-width ratios considerddhe same downward sloping trend of
each elastic critical load versus lateral loacbratirve present in Figure 21 is also present
in Figure 22 for the frames with column webs orgehparallel to the plane of the frame.

However, the decrease in elastic critical loadhéerdl load ratios increase is relatively
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linear across the entire range of lateral loadltev&his will be elaborated upon with

further discussion.
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Figure 22. Elastic critical load vs. lateral load ratio curves and buckled shapesfor frame with column
websoriented parallel to the plane of the frame

Table 7 illustrates numerically the decreasingtaasitical load trend in Figure
22 for the frames with column webs oriented pafratiehe plane of the frame. The
values in Table 7 represent the percent changelastic critical load at each lateral load
level measured with respect to the initial latéoald ratio,o. = 0.0. First mode elastic
critical load capacity of the frame with= 1.0 is between 62.94% and 70.62% less than
the elastic critical load capacity of the framehwit= 0.0 depending on the frame height-
to-width ratio. As frame height-to-width ratio me@ses, the percent decrease in elastic
critical load capacity at all lateral loading lev@hcreases except far= 1.0. Witha =

1.0, the frame with a height-to-width ratio of 2%periences a 70.62% decrease in elastic
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critical load capacity compared ¢o= 0.0. This is the largest percent decreaseaistiel
critical load while the frames with height-to-widtatios of 2.5, 3.0, and 3.5 experience a
62.94%, 67.04%, and 70.58% decrease in elasticairibad capacity from the = 0.0
loading condition. This different trend seen dox 1.0 occurs at the only lateral load

ratio that has brace and beam buckling occur.

Table 7. Percent changein elastic critical load for varying lateral loads (Column webs parallel to
plane of frame)

a Hiw=2.0 Hiw =25 Hiw =3.0 Hiw =35
0.0 = - - -
0.1 -5.41% -5.58% -5.69% -5.76%
0.2 -13.22% -14.06% -14.80% -15.39%
0.4 -27.85% -28.70% -30.24% -31.63%
1.0 -70.62% -62.94% -67.04% -70.58%

The nearly linear nature of the elastic criticaldoversus lateral load ratio curves
in Figure 22 is also expressed numerically in T&bl&'he percent decrease in elastic
critical load is proportional in an approximateilydar relationship to the lateral load ratio
across the range of lateral load ratios from_0d0<0.4 for each respective frame height-
to-width ratio. The percent decrease in elasittcat load between lateral load ratios 0.4
< a <1.0is slightly larger than the percent decreasdween the other lateral load
ratios. This nearly linear relationship is dudrtome buckled geometries exhibiting
system buckling behavior for all lateral load ratig to a lateral load ratw= 1.0.

The frame exhibits overall system buckling in tbenf of out-of-plane buckling
of both columns at a lateral load ratio of 0 antt@itplane buckling of the right column
at lateral load ratios of 0.1, 0.2, and 0.4. Adtaral load ratio of 1.0, the frame with a

height-to-width ratio of 2.0 transitions to locaémber buckling rather than system
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buckling in the form of in-plane and out-of-plangckling of the left half of the top level
beam. The frames with height-to-width ratios &, 3.0, and 3.5 transition from system
buckling to local member buckling in the form oftaf-plane buckling of the bottom
panel compression brace for frames with height-ttwratios of 2.5 and 3.5 and in-
plane buckling of the bottom panel compressiondfac frames with a height-to-width

ratio of 3.0.

3.3. Effect of Overall Frame Geometry

As shown in Figure 21 and Figure 22, the first meldestic critical load ratio for
the frame, in general, decreases as the frametheigtidth ratio increases at each
respective lateral load ratio. Table 8 shows #regnt change in first mode elastic
critical load ratio for frames with column websearted perpendicular to the plane of the
frame as illustrated in Figure 18a as height-totiwviétio changes at each lateral load
ratio. Each percent change value in Table 8 issomed with respect to the elastic

critical load ratio at the next lowest height-todin ratio.

Table 8. Percent changein elastic critical load for varying height-to-width ratios (Web per pendicular
to plane of frame)

a Hw=20]| Hw=25] Hw=30]| Hw=35|

0 - 0.43% | -22.69% | -26.27% |
0.1 -1.88% | -21.13% | -32.60%
0.2 2 -22.10% | -38.01% | -34.19%
0.4 2 20.55% | -38.10% | -34.28%

1 2 18.32% | -38.16% | -34.34%

At lateral load ratios of 0.0 and 0.1, the peradr@nge in elastic critical load ratio
between frames with height-to-width ratios of 2n@ 2.5 remains essentially unchanged.

Between frames with height-to-width ratios of 2rfsl&8.0 and 3.0 and 3.5, the percent
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change in elastic critical load ratio is -22.69% a26.27%, respectively, far = 0.0. As
seen in Figure 21, for a lateral load ratio of @h@, frame with a height-to-width ratio of
2.0 exhibits in-plane buckling of the outer quastef the top level and tier level beam
and reverse curvature out-of-plane buckling of atlumns while frames with height-to-
width ratios of 2.5, 3.0, and 3.5 exhibit out-o&pé buckling of both columns. As a
result, the percent change in elastic critical logttb between frames with height-to-
width ratios of 2.0 and 2.5 is a function of fraslenderness and buckled geometry
whereas the percent change in elastic critical tatid between frames with the
remaining height-to-width ratios is a function aflpframe slenderness and consequently
increases in column length.

At a lateral load ratio of 0.10, the frame witheidht-to-width ratio of 2.0
exhibits out-of-plane buckling of the outer quastef the top level and tier level beams
and out-of-plane single curvature buckling of tigdt column while frames with height-
to-width ratios of 2.5 and 3.0 exhibit only outjmiine buckling of the right column. The
frame with a height-to-width ratio of 3.5 exhibite€al member buckling in the form of
out-of-plane buckling of the bottom panel compresdirace. As a result, the percent
change in elastic critical load ratio between framgth height-to-width ratios of 2.0 and
2.5 is a function of changes in frame slendernadshaickled geometry whereas the
percent change in elastic critical load betweemé&sa with height-to-width ratios of 2.5
and 3.0 is simply a function of frame slenderness@nsequently increases in column
length. The larger percent change in elasticoaiiioad between frames with height-to-
width ratios of 3.0 and 3.5 is a function of bathrme slenderness and the transition from

system buckling to local member buckling behavior.
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At lateral load ratios of 0.2, 0.4, and 1.0 thecpet change in elastic critical load
ratio between frames with height-to-width ratio2d and 2.5 ranges between -18.32%
and -22.10%. Between frames with height-to-widttos of 2.5 and 3.0 and 3.0 and 3.5,
the percent change in elastic critical load ratioges between -38.01% and -38.16% and
-34.19% and -34.34% respectively. The larger pdrclkeanges between frames with
height-to-width ratios of 2.5 and 3.0 and 3.0 aridl¢éan be attributed to changes in frame
buckled configurations. As seen in Figure 21, ®earwith a height-to-width ratio of 2.0
exhibit local out-of-plane buckling of the top bearhile frames with height-to-width
ratios of 2.5, 3.0, and 3.5 exhibit local out-o&pé buckling of the bottom panel
compression brace. As a result, the percent chiangjastic critical load ratio between
frames with height-to-width ratios of 2.0 and Z&ifunction of changes in frame
slenderness and buckled geometry whereas the petwemge in elastic critical load ratio
between frames with the remaining height-to-widttias is a function of frame
slenderness and consequently increases in bragthlen

Table 9 shows the percent change in first modeielastical load ratio for
frames with column webs oriented parallel to trenpl of the frame as illustrated in
Figure 18b as height-to-width ratio changes at éateinal loading level. Each percent
change value in Table 9 is measured with respetietelastic critical load ratio at the

next lowest height-to-width ratio.
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Table 9. Percent changein elastic critical load for varying height-to-width ratios measured with
respect to next lowest height-to-width ratio (Web parallel to plane of frame)

a Hw=20] HWw=25] Hw=3.0 | Hw=35
0 2 -35.86% | -30.45% | -26.44%
0.1 - -35.98% | -30.53% | -26.50%
0.2 = -36.49% | -31.04% | -26.95%
0.4 - -36.63% | -31.95% | -27.91%
1 - -19.11% | -38.15% | -34.33%

As seen in Table 9, the percent changes in elastical load between frames
with varying height-to-width ratios follows a sirarltrend when 0.0 st < 0.4. When
frame height-to-width ratio changes from 2.0 to, 2lastic critical load ratio decreases
between 35.86% and 36.63%. As frame height-tolwidtio changes from 2.5 to 3.0,
elastic critical load ratios decrease between 38.46d 31.95%. As frame height-to-
width ratio changes from 3.0 to 3.5, elastic caltioad ratios decrease between 26.44%
and 27.91%.

As seen in Figure 22, the frame buckled shapeaddt eespective lateral load
ratio exhibit the same behavior as height-to-widiio changes. At a lateral load ratio of
0.0, frames at each height-to-width ratio exhipgtem buckling in the form of out-of-
plane buckling of both columns. At lateral loatlaa of 0.10, 0.20, and 0.40, frames at
each height-to-width ratio exhibit system bucklinghe form of out-of-plane buckling of
the right column. When > 0.10, the left column undergoes tension loadintpas
lateral loading is increased. This is why the rigblumn controls behavior. Since
overall system buckling dominates the buckling vereover the entire range of height-
to-width ratios, the changes in elastic criticaldaatio can be attributed to changes in

frame slenderness and the associated change imicdéungth.
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The percent change in elastic critical load ragtween frames with varying
height-to-width ratios witlw = 1.0 does not follow the trend exhibited by trenfes with
0.0 <. <0.40. When frame height-to-width ratio changes2.0 to 2.5, elastic critical
load ratio decreases only 19.11%. As frame heiguidth ratio changes from 2.5 to 3.0
and 3.0 to 3.5, elastic critical load ratio decesa38.15% and 34.33% respectively.

Whena = 1.0, the buckled shapes of the frame at a hegghtidth ratio of 2.0
exhibits local member buckling in the form of batkplane and out-of-plane buckling of
the left half of the top level beam. At heightwadth ratios of 2.5, 3.0, and 3.5, the
buckled shape of the frame transitions to locakbng of the bottom panel compression
brace. Buckling is out of the plane of the frameHeight-to-width ratios of 2.5 and 3.5
and in the plane of the frame for a height-to-widttio of 3.0. The change in buckled
shape behavior between height-to-width ratios 0faéhd 2.5 appears to decrease the
percent change in elastic critical load ratio betwéhe two height-to-width ratios. The
19.11% decrease in elastic critical load is appnately 52% of the same percent
decrease when lateral load ratios range between 0.4. Since the buckled shape
behavior remains of the same form for height-totviditios of 2.5, 3.0, and 3.5, only
frame slenderness affects the frame elastic critieal ratio as the percent decreases are
only 20% to 23% greater than the same percent dgesdor the frame with lateral load

ratios of O to 0.4.

3.4. Effect of Column Orientation

Figure 23 shows a comparison of the elastic stgb#isponse for frames with a

height-to-width ratio of 2.0 and column webs orehboth parallel and perpendicular to
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the plane of the frame. Out-of-plane bucklinghe# tolumns is the predominant
behavior driving the frame buckled shape when colwebs are oriented parallel to the
plane of the frame. For frames with column weherded perpendicular to the plane of
the frame, out-of-plane buckling of the top bearmawates behavior. As seen in Figure
23, the elastic critical load ratio is larger whemumn webs are oriented perpendicular to
the plane of the frame when 0.@x<x 0.2, but is nearly identical to the elastic catic

load ratio for the frames with column webs orienpadallel to the plane of the frame

whena > 0.4.
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Figure 23. Comparison of elastic critical loadsfor strong-axis and weak-axis column orientations for
a frame with a height-to-width ratio of 2.0

For the frame with a height-to-width ratio of 2dacolumn webs oriented
perpendicular to the plane of the frame, in-planekbing of the outer quarter of the top
level and tier level beams and out-of-plane revetseature of both the left and right

columns with an inflection point approximately hedfy between the tier level and top
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level beam at a lateral load ratio of 0.0. Whemnlthteral load ratio is increased to 0.10,
in-plane buckling of the outer quarter of the tepd| and tier level beams is still present,
but the right column is now buckling out of themeof the frame in single curvature
while the left column is nearly straight. Whenwuoh webs are oriented parallel to the
plane of the frame, however, only the columns beieklout their weak axis which is
laterally unsupported along its entire length.

At o = 0.2, out-of-plane buckling of the frame’s toabeis the predominant
feature of the elastic buckled shape for the frantle column webs oriented
perpendicular to the plane of the frame. As thaliad lateral load increases, the axial
force in the beam increases causing the top bedmmdkle. The top beam buckles before
the columns in this arrangement as the columnshgtaxes are laterally unsupported
along their entire length, but the weak axes aerddly supported at mid-height. Out-of-
plane buckling of the columns is still the dominbahavior exhibited by the frame with
column webs oriented parallel to the plane of taenk since the columns’ weak axes are
laterally unsupported along their entire length.

At a lateral load ratio of 0.4, out-of-plane bucakjiof the frame’s top beam is
again the predominant feature of the elastic bucklepe for the frame with column
webs oriented perpendicular to the plane of theaéra Out-of-plane buckling of the
columns is still the dominant behavior exhibitedthg frame with column webs oriented
parallel to the plane of the frame, but slight dintk of the top beam is also present due
to the increased axial force in the top beam.

At a lateral load ratio of 1.0, out-of-plane budkjiof the frame’s top beam is still

the predominant feature of the elastic buckled slapthe frame with column webs
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oriented perpendicular to the plane of the fratmeplane and out-of-plane buckling of
the left half of the top level beam is exhibitedtbg frame with column webs oriented
parallel to the plane of the frame.

Figure 24 shows a comparison of the elastic stalvdisponse of both the frame
with column webs oriented parallel and the fram#hwblumn webs oriented
perpendicular to the plane of the frame for a frawta a height-to-width ratio of 2.5.
Out-of-plane buckling about the columns’ weak aisebe predominant behavior
exhibited by the frames with column webs orientathflel to the plane of the frame for
0.0 <0 <0.40. For frames with column webs oriented pedp=rar to the plane of the
frame, small out-of-plane buckling of the colums®xhibited for 0.0 « < 0.10 and
out-of-plane buckling of the bottom panel bracitgngent is the predominant buckled
behavior for 0.20 «« < 1.0. As seen in Figure 24, the elastic critioald ratio is larger
when column webs are oriented perpendicular tgliuee of the frame with 0.0 <
0.40, but is nearly identical to the elastic catimad for the frames with column webs

oriented parallel to the plane of the frame when 1.0.
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Figure 24. Comparison of elastic critical loadsfor strong-axis and weak-axis column orientations for
a frame with a height-to-width ratio of 2.5

For frames with column webs oriented parallel ® pkane of the frame, the mid-
height deflection of both columns is equal wherlateral load is applied, but as lateral
load increases up to a lateral load ratio of thd,deflection of the column closest to the
applied lateral load decreases resulting from terigrces due to lateral loads while the
deflection of the other column remains the sammalSout-of-plane buckling of the top
beam is also exhibited in the frame with a heightvtdth ratio of 0.4. Figure 25 shows a
comparison of the buckled shapes for the frame avitkeight-to-width ratio of 2.5 and
column webs oriented parallel to the plane of thenk at lateral load ratios of 0, 0.1, and
0.2. Figure 25 also illustrates the interactiotn@m and column buckling behavior with
o >0.1. When lateral load is present, the windwandmn is subjected to tension
loading resulting in an out-of-plane warping-typekied shape of the tiered braced

frame.
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Figure 25. Buckled shape comparison for frame with height-to-width ratio of 2.5 at lateral load ratios
of 0,0.1,0.2, and 0.4

When the lateral load ratio is increased to 1.0 akial compressive force in the
bottom panel brace increases to the point wher@bplane buckling of that single
element is the predominant behavior of the fraBeckling of the bracing element is not
seen in the frame with a height-to-width ratio dd and column webs oriented parallel to
the plane of the frame since the length of thedrashort enough to allow buckling of
the top level beam to control the frame’s behavior.

With the column webs oriented perpendicular toptlame of the frame small out-
of-plane buckling of the columns is seen for a feamith a height-to-width ratio of 2.5
and lateral load ratios of 0.0 and 0.10. As thightteto-width ratio increases from 2.0 to
2.5, the laterally unsupported length of the colanmtreases and the column buckling
strength decreases. This decrease in column Imgcklrength results in column buckling
controlling the behavior of the frame with a heigpiwidth ratio of 2.5 whereas the same
lateral load ratios applied to the frame with aghéito-width ratio of 2.0 exhibited in-

plane buckling of the top level beam about its majas.
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For lateral load ratios of 0.20, 0.40, and 1.0 aright-to-width ratio of 2.5, out-
of-plane buckling of the bottom panel bracing elabhdominates the behavior of the
frame. The increase in the height-to-width-ratmni 2.0 to 2.5 increases the length of
the brace, but does not change the length of théeam. As a result, the buckling
capacity of the bracing element decreases anadrbes the element which drives the
buckled shape of the frame. The lateral load maitib.0 applied to the frame with a
height-to-width ratio of 2.5 results in both tharfre with column webs oriented parallel
and perpendicular to the plane of the frame to hlaeesame first mode buckled
geometry.

Figure 26 shows a comparison of the elastic stalvdisponse of both the frame
with column webs oriented parallel and the fram#hwblumn webs oriented
perpendicular to the plane of the frame for a frawita a height-to-width ratio of 3.0.
Similarly to the frames with a height-to-width @bf 2.5, out-of-plane buckling about
the columns’ weak axes is the predominant behaxhbibited by the frames with column
webs oriented parallel to the plane of the framddteral load ratios from 0.0 to 0.40.
For frames with column webs oriented perpendictiddhe plane of the frame, small out-
of-plane buckling of the columns is exhibited détal load ratios of 0.0 and 0.10 and
out-of-plane buckling of the bottom panel bracitgngent is the predominant buckled
behavior at lateral load ratios of 0.20, 0.40, &rftd This behavior is also identical to the
behavior seen in frames with a height-to-widthaati 2.5. As seen in Figure 26, the
elastic critical load is larger when column webs ariented perpendicular to the plane of

the frame at lateral load ratios of 0.0, 0.10, @r&d, but is nearly identical to the elastic
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critical load for the frames with column webs oteshparallel to the plane of the frame at

lateral load ratios of 0.40, and 1.0.

&0

—A— Hiw = 3.0 (Web Perpendicular)

—=-Hiw = 3.0 (Web Parallel)

N
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Figure 26. Comparison of elastic critical loadsfor strong-axisand weak-axis column orientations for
aframe with a height-to-width ratio of 3.0

Consistent with the behavior seen for the framek wolumn webs oriented
parallel to the plane of the frame and a heightdith ratio of 2.5, the mid-height
deflection of both columns is equal when no lateradl is applied, but as lateral load
increases up to a lateral load ratio of 0.40, #féedtion of the column closest to the
applied lateral load decreases while the defleaticihe other column remains the same.
When the lateral load ratio is increased to 1.0 akial compressive force in the bottom
panel brace again increases to the point wherefapiiane buckling of that single
element is the predominant buckled behavior ofitime.

With the column webs oriented perpendicular toplame of the frame small out-

of-plane buckling of the columns is again seerddtral load ratios of 0.0 and 0.10.
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This behavior is consistent with the behavior obséifor the frame with a height-to-
width ratio of 2.5 and column webs oriented perpeudr to the plane of the frame. As
the height-to-width ratio increases, the lateratgupported length of the columns
increases and the column buckling strength decseaBleis decrease in column buckling
strength results in column buckling controlling thehavior of the frame with a height-
to-width ratio of 3.0 as it did for the frame w#hheight-to-width ratio of 2.5.

For lateral load ratios of 0.20 and 0.40 out-ofrgldouckling of the bottom panel
compression brace is the dominant behavior ofrdi@é. In-plane buckling of the
bottom panel compression brace is the dominantheahaf the frame for a lateral load
ratio of 1.0. As seen in the frame with a heightsidth ratio of 2.5, the increase in the
height-to-width-ratio increases the length of thade, but does not change the length of
the top beam. As a result, the buckling capaditye bracing element decreases and it
becomes the element which controls the buckled\behaf the frame. The lateral load
ratio of 1.0 applied to the frame with a heightatwih ratio of 3.0 again results in both
the frame with column webs oriented parallel angbeedicular to the plane of the frame
to have the bottom panel compression brace buckiomginate behavior.

Figure 27 shows a comparison of the elastic stalsdisponse of both the frame
with column webs oriented parallel and the fram#hwblumn webs oriented
perpendicular to the plane of the frame for a frawta a height-to-width ratio of 3.5.
Out-of-plane buckling about the columns’ weak aisetie predominant behavior
exhibited by the frames with column webs orientacthflel to the plane of the frame for
lateral load ratios from 0.0 to 0.40. For framethwolumn webs oriented perpendicular

to the plane of the frame, small out-of-plane buntkbf the columns is exhibited at a
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lateral load ratio of 0.0 and out-of-plane bucklofghe bottom panel compression
bracing element is the predominant buckled behatitateral load ratios of 0.10, 0.20,
0.40, and 1.0. As seen in Figure 27, the elasitical load ratio is larger when column
webs are oriented perpendicular to the plane ofrthmee at lateral load ratios of 0.0,
0.10, and 0.20, but is nearly identical to thetedasgitical load for the frames with
column webs oriented parallel to the plane of thenk at lateral load ratios of 0.40, and

1.0.

——Hiw = 3.5 (Web Perpendicular)

—B-Hiw = 3.5 (Web Parallel)

Critical Load Ratio, ALR ical

04 0.5 0.6 07 0.8 0.9 1

Lateral Load Ratio, o

Figure 27. Comparison of elastic critical loadsfor strong-axis and weak-axis column orientations for
a frame with a height-to-width ratio of 3.5

The deflected shapes at the elastic critical |@aid for the frames with column
webs oriented parallel to the plane of the frangeidentical to the deflected shapes for
the frames with a height-to-width ratio of 3.0 @ahd same column orientation. With the
column webs oriented perpendicular to the plarth@frame, small out-of-plane

buckling of the columns is again seen at a lateea ratio of 0.0. At lateral load ratios
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of 0.1, 0.2, 0.4, and 1.0 out-of-plane bucklingre bottom panel bracing element is the
dominant buckled behavior of the frame. As oppdsdtie frames with height-to-width
ratios of 2.5 and 3.0, buckling of the bottom pamelcing element occurs at a lateral load
ratio of 0.10 due to the increase in the bracetletitat accompanies the increase in
height-to-width ratio. As a result, the bucklingpacity of the bracing element decreases
and it becomes the element which controls the leackEhavior of the frame. The lateral
load ratio of 1.0 applied to the frame with a heéighwidth ratio of 3.5 again results in
both the frame with column webs oriented paraliel perpendicular to the plane of the

frame to have the same first mode buckled geometry.

3.5. Inelastic Critical Load Analysis

To include the effect of material nonlinear behavieelastic critical load
analyses were also conducted on the suite of frgmeegously analyzed. Recognizing
that material stiffness is not completely elasbose some proportional limit,
MASTAN2Z applies a modified tangent modulus to thetenial in the model to obtain
agreement with complex plastic zone analyses whiéaligeometric imperfections are

present. Equation 9 gives the modified tangentuhuwdequation.
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1.0
»=7E with 7=min
= ((1+ 2p)1- (p+amy)]j
Equation 9
where,
E,, = modified tangent modulus
E = full elastic modulus of elasticity
p = B ratio of axial force to squash load
y

M . : . . .

m, = v Y = ratio of internal minor axis bending ment

Py
to minor @& plastic moment capacity

The factora is equal to 0.65 based on the work of Ziemian €@02) calibrating plastic
hinge analysis results to those of the plastic Zona moment-thrust-curvature response
of a W8x31 with a nominal yield stress of 36 kdbjgated to minor-axis bending and an
axial force of P/P=0.4. In the inelastic critical load analyses@xed on the suite of
frames considered, the steel was assumed to h@eklastress equal to 50 ksi and a full
elastic modulus of elasticity equal to 29,000 ksi.

In MASTAN2, an eigenvalue approach is used to stieeeigenvalue problem in

Equation 10 to determine the frame inelastic aitioads.

[[K, «(BP)] + A Ke «( SPIN A} 10}

Equation 10
where,
K, 4 =inelastic stiffness matrix for the

structure's unsupported degref freedorr
Ks.« =9geometric stiffness matrix for the

structure's unsupported dssy of freedor
£ = aplied load ratio
P = applied load vector
{A} = eigenvector corresponding to eigaive i
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The minimum value of that satisfies Equation 10 with and eigenvalug ofl is the
inelastic critical load ratio and when multiplied the applied load vector P gives the
frame inelastic critical load. The algorithm usedolve the eigenvalue problem in
Equation 10 uses an iterative nonlinear analysgetermine the force distribution for
calculating [K#] and [Ke #] and an interpolation scheme for predicting thedastic
critical load ratio”(Ziemian 1999).

Table 10 shows the elastic and inelastic criticatllratio magnitudes at varying
height-to-width ratios and lateral load ratios fi@mes with column webs oriented
perpendicular to the plane of the frame. The dash&able 10 represent frame height-
to-width ratio and lateral load ratio combinationsere the inelastic critical load ratio is

equal to the elastic critical load ratio.

Table 10. Elastic critical load ratio vs. inelastic critical load ratio comparison (Column webs oriented
perpendicular to plane of frame)

Elastic Critical Load Ratio / Inelastic Critical Load Ratio
a Hiw =2.0 Hw=25 Hiw = 3.0 H/w =35
0 67.1/66.8 67.3 1 65.7 52.1/ 52.0 38.4 / -
0.1 609/60.7 59.8/595 47.1/46.9 318/-
0.2 54.4/54.3 42.4/42.3 26.3 /- 17.3 /-
04 28.0/- 22.3/- 13.8 /- 9.0/-
1 11.2/- 9.2/- 57/- 37/-

The inelastic critical load ratio magnitudes areyvdose to the elastic critical
load ratio magnitudes at each respective heighiitidh ratio/lateral load ratio
combination. Inelastic critical load magnitudesga from 97.57% of the elastic critical
load ratio magnitude at a height-to-width rati®d and lateral load ratio of 0 to 99.85%

of the elastic critical load ratio magnitude ateagit-to-width ratio of 3.0 and lateral load
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ratio of 0. It can be concluded that for the set8izes used in the frames analyzed the
impact of inelastic behavior is very small.

At lateral load ratios of 0.4 and 1.0, the inelastitical load ratio is equal to the
elastic critical load ratio. As a result, eladiieckling controls frame stability behavior at
all height-to-width ratios when the lateral loatiogas 0.4 and 1.0. Elastic buckling also
controls frame stability behavior at a height-tadthi ratio of 3.5 for all lateral load ratios
and at a lateral load ratio of 0.2 and height-tdttviratio of 3.0. When column webs are
oriented parallel to the plane of the frame resglth weak axis bending of the column
out of the plane of the frame being unsupported@tbe entire column length, elastic
buckling controls frame stability behavior at adhebinations of height-to-width ratio and

lateral load ratio.

3.6. Initial Geometric Imperfections

Initial geometric imperfections were added to tfarfe to assess their effect on
the elastic stability response of the frame. Tits# imperfections considered were an in-
plane out-of-plumb of the columns equal to H/50@wehH is the total height of the
frame. This initial out-of-plumb magnitude repretsetihe maximum tolerance on column
out-of-plumb specified in the AISCode of Sandard Practice (AISC 2010b). A frame
with the given imperfections was created and threalastic critical load analysis was
conducted on the initially deformed frame. Theodefed frame configuration was
created in the MASTANZ2 model by moving the nodethattop of each column and the
nodes along the top beam a distance of H/500 isdhee direction in the plane of the

frame and keeping the nodes at the base of eaclmadh their original position. Nodes
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at elevations between the base and top of the freene moved by a distance equal to
y/500 where vy is the elevation of the node measfroed the base of the frame. Figure

28 represents the deformed frame geometry usdukialastic critical load analyses.

4 H/500

Figure 28. Defor med geometry used in MASTAN2 model based on AISC Code of Standard Practice
maximum tolerance on column plumb

The presence of initial geometric imperfectiond hanegligible effect on the
elastic critical load ratio of the frame as expdct@able 11 shows the percent change
between the elastic critical load ratios for thenfes with initial geometric imperfections
versus the elastic critical load ratios for therfes with initially perfect geometry with
column webs oriented perpendicular to the plarth@frame. The percent change in
elastic critical load ranges from -0.03% to -3.1@%h all but 4 scenarios exhibiting a
percent decrease less than 1%. At all lateral taids and height-to-width ratios, the
elastic critical load for the frames with initimhperfections is lower than the elastic
critical load for the frames with initially perfegeometry. As lateral load ratio increases,
the percent decrease in elastic critical load riattceases to a maximum at a lateral load
ratio of 0.2 and then decreases as lateral loaaliretreases to 1.0. This is true for all
height-to-width ratios except 3.5 where the perckarease in elastic critical load ratio

reaches a maximum value of -3.10% at a lateral tafd of 0.1.



Table 11. Percent changein elastic critical load between frames with column out-of-plumb vs.
initially perfect geometry (Column webs oriented perpendicular to plane of frame)

] Hw=20 Hiw=25 Hiw =3.0 Hw=135
0.0 -0.29% 0.3/% -0.03% -0.03%
0.1 -0.37% -0.45% -0.95% -3.10%
0.2 -0.896% -1.60% -1.63% -1.65%
0.4 -0.47% -0.76% 0.759% -0.81%
1.0 -0.1%% -0.21% -0.23% -0.25%
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Table 12 shows the percent change between thécatasital load ratios for the
frames with initial geometric imperfections vershs elastic critical load ratios for the
frames with initially perfect geometry with colunaebs oriented parallel to the plane of
the frame. The percent change in elastic critaad ratio ranges from -0.01% to -0.45%.
At all lateral load ratios and height-to-width caj the elastic critical load for the frames
with initial imperfections is lower than the elastritical load for the frames with
initially perfect geometry. As lateral load raimwreases, the percent decrease in elastic
critical load increases to a maximum at a latevatllratio of 0.2 and then decreases as
lateral load ratio increases to 1.0. This is farall height-to-width ratios except 2.0
where the percent decrease in elastic critical lafid reaches a maximum value of -
0.37% at a lateral load ratio of 0.4. Also, aggheto-width ratio increases, the percent
decrease in elastic critical load ratio remainsstamt or increases at all lateral load

ratios.

Table 12. Percent change in elastic critical load between frameswith column out-of-plumb vs.
initially perfect geometry (Column webs oriented parallel to plane of frame)

o Hw=20 Hiw=25 Hiw =30 Hw=35
0.0 0.01% -0.01% D.01% -0.01%
0.1 -0.33% -0.36% -0.38% -0.40%
0.2 0.35% 0.38% 0.42% -D.45%
0.4 -0:37% -0.35% -0.38% -0.40%
1.0 -0.18% -0.21% -0.24% -0.26%
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In-plane initial geometric imperfections causeddoit hole deformation at brace
connections were also considered. Extension obthee elements due to a %" bolt hole
deformation was considered. A Y4” deformation magte is selected as it is the
maximum deformation anticipated to occur when hole bearing strength limits in
Chapter J3.10 of the AISC Specification (AISC 201&& reached. The panel height
was assumed to remain unchanged, so the horiztispdhcement of the beams at the top
and tier level was calculated. Figure 29 showsragarison of the original and extended

brace configurations.

] _
L_ 90" _J ‘-_.(901-6)"__...|

(a) Original brace orientation (b) Extended brace orientation

Figure 29. Bracein (a) original configuration befor e extension and (b) extended configuration after
bolt hole defor mation

For height-to-width ratios of 2.0 and 2.5, the &ddihorizontal displacements
caused by bolt hole deformation at the brace endextions to the tier level and top
level beams cause a horizontal displacement abghef the frame equal to 1.12 inches
and 1.08 inches respectively. Both of these digpteents exceed the displacement

considered by a horizontal displacement equal §6l/ Figure 30 shows the horizontal
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displacement resulting from brace extension at é&aa and its effect on overall frame
geometry.

The presence of initial geometric imperfectionsseliby bolt hole deformation
also had a negligible effect on the elastic criticad ratio of the frame. Table 13 shows
the percent change between the elastic critical taios for the frames with initial
geometric imperfections versus the elastic critioa ratios for the frames with initially
perfect geometry with column webs oriented perparidr to the plane of the frame.

The percent change in elastic critical load ragioges from -0.25% to -1.90%.

Horizontal deflection
due to brace extension

Y an i

L
H/2 N
H
. \—Elrace after
Brace in extension
original position |
(a) Horizontal deflection (b) Overall frame deflections

due to brace extension

Figure 30. (a) Horizontal deflection at each level dueto brace extension and (b) effect of brace
extension on overall frame geometry

Table 13. Percent change in elastic critical load between frameswith geometric imperfections dueto
bolt hole defor mation vs. initially perfect geometry (Column webs oriented per pendicular to plane of

frame)

o Hw=20 Hw=25
0.0 051% 047%
0.1 0.57% -0.54%
0.2 -1.34% -1.90%
04 0.73% -0.90%
1.0 -0:29% -0.25%
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Table 14 shows the percent change between thécetatital load ratios for the
frames with initial geometric imperfections vershs elastic critical load ratios for the
frames with initially perfect geometry with colunarebs oriented parallel to the plane of

the frame. The percent change in elastic critaad ratio ranges from -0.02% to -0.54%.

Table 14. Percent change in elastic critical load between frameswith geometric imperfections dueto
bolt hole defor mation vs. initially perfect geometry (Column webs oriented parallel to plane of

frame)

i Hw=20 Hw=25
0.0 -0.04% -0.02%
0.1 0.51% -0.43%
0.2 -0.54% -0.46%
0.4 0.57% 0.42%
1.0 0.28% -0.25%

As seen in the frames with geometric imperfectidns to column out-of-plumb,
the percent decrease in elastic critical load Hatidrames with geometric imperfections
due to bolt hole deformation increases to a maximatimlateral load ratio of 0.2 and
then decreases as lateral load ratio increase® toAlso, a comparison of the percent
decreases in elastic critical load in Table 11 &alle 13 indicates that geometric
imperfections due to bolt hole deformation haseatgr influence on elastic critical load
for frames with column webs oriented perpendictdahe plane of the frame. This same
conclusion can be made for frames with column vegleated parallel to the plane of the
frame by comparing the percent decreases in eladiical load in Table 12 and Table
14.

Elastic critical load analyses were also conduoctefframes with initial out-of-
plane geometric imperfections. An out-of-planeucoh out-of-plumb equal to H/500
where H is the total height of the frame was ajgpleeeach column in the frame. This

initial out-of-plumb magnitude represents the maximtolerance on column out-of-
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plumb specified in the AISCode of Sandard Practice (AISC 2010b). The deformed
frame configuration was created in the MASTANZ2 mddemoving the nodes at the top
of each column a distance of H/500 in oppositectimas out of the plane of the frame
and keeping the nodes at the base of each colutheimoriginal position. Columns
were deformed in opposite directions to simulatemheations that will occur due to
racking of the roof diaphragm. Column nodes atalens between the base and top of
the frame were moved by a distance equal to y/a@®@fothe plane of the frame where y
is the elevation of the node measured from the bbtdee frame. After the imperfections
were applied, the top of each deformed columnrgtitlains braced out of the plane of
the frame. Figure 31 shows the linearly slopedmmol geometry used in the MASTAN2

model.

Other column deformed
out of plane in opposite
direction

Plane of initially
undeformed frame

Figure 31. Column geometry for frame model with out-of-plane geometric imperfections

Nodes for both the top and tier level beams wereedapecified distances out of the
plane of the frame to form an element that spahsdsn the columns in a linear fashion
with the midpoint of each beam remaining in thenplaf the original undeformed frame.

Figure 32 shows the typical beam orientation.
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Plane of initially
undeformed frame

Out of plane
column deflection T e T
Figure 32. Typical beam geometry in frame model with out-of-plane geometric imper fections

Nodes for the top panel brace elements were mgpedified distances out of the
plane of the frame to form elements that span bextwiee tier level beam column
intersection and the midpoint of the top beam lin@ar fashion. Nodes for the bottom
panel brace elements remain in the plane of tliggnali undeformed frame since the
bottom panel braces span between the base of eAshrcand the midpoint of the tier
level beam which are all located in the plane efdhginal undeformed frame. Figure
33 shows the twisting nature of the initially imfesmt frame geometry as viewed from the

side of the frame.

HIBOO: :I—HJSDU

‘ Top level beam
‘ Top panel brace

Tier level beam

Plane of initially
v undeformed frame

Figure 33. Side view of frame with initial out-of-plane geometric imperfections
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Table 15 shows the percent change between thicetatical load ratio for the
frames with out-of-plane geometric imperfectiond amtially perfect geometry with
column webs oriented perpendicular to the plan@®frame. Table 16 shows the same
data for frames with column webs oriented paratighe plane of the frame. Initial out-
of-plane geometric imperfections have very littiieet on elastic critical load ratio as all
of the percent changes in elastic critical loadsanaller than the corresponding percent

changes for in plane geometric imperfections bytortevo orders of magnitude.

Table 15. Percent change in elastic critical load between frames with out-of-plane geometric
imperfectionsvs. initially perfect geometry (Column webs oriented perpendicular to plane of frame)

a Hw =20 Hiw =25 Hiw=3.0 Hiw =35
0.0 -0.001% -0.001% -0.006% -0.008%
0.1 -0.001% -0.001% -0.001% -0.001%
0.2 -0.006% -0.001% -0.001% -0.001%
0.4 -0.005% -0.001% -0.001% -0.001%
1.0 -0.004% -0.001% -0.002% -0.003%

Table 16. Percent changein elastic critical load between frames with out-of-plane geometric
imperfectionsvs. initially perfect geometry (Column webs oriented parallel to plane of frame)

cl Hw=20 Hiw=25 Hiw =3.0 Hiw =35
0.0 0.002% 0.003% 0.005% 0.006%

0.1 0.006% 0.006% 0.009% 0.012%
0.2 0.008% 0.008% 0.012% 0.017%
0.4 0.005% 0.010% 0.015% 0.021%

1.0 -0.001% -0.008% -0.011% -0.013%

3.7. Conclusions

In the critical load analysis section, elastic arelastic critical load analyses
were performed on a suite of two-panel tiered cotraally braced frames. To
determine the effect of frame aspect ratio on franteal load capacity, frames with

height-to-width ratios of 2.0, 2.5, 3.0, and 3.5evanalyzed. To evaluate the effect of
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lateral load on frame critical load capacity, efeme was analyzed with an applied
lateral load to gravity load ratio of 0.0, 0.1,,0024, and 1.0. The effect of initial
geometric imperfections on the critical load capacf each frame was evaluated by
performing elastic critical load analyses afterbiotplane and out-of-plane initial
geometric were applied to the frame. In additiba@alyses were performed on frames
with column webs oriented both parallel and perparidr to the plane of the frame.

The results of the elastic and inelastic criticalgses yield the following
conclusions:

e As applied lateral load ratio increases, the aelasttical load ratio decreases.

e As applied lateral load ratio increases, stabbiavior of the frame tends to be
driven by buckling of brace elements as opposegldioal buckling of the entire
frame system.

e As height-to-width ratio increases, the frame @tagttical load ratio decreases.

e When the columns’ webs are oriented perpendicul#ne plane of the frame,
stability behavior tends to be driven by bucklifdoace elements. When the
columns’ webs are oriented parallel to the planthefframe, stability behavior
tends to be driven by out-of-plane buckling of tedumns.

¢ Inelastic critical load ratios are slightly smaltean elastic critical load ratios for
all frames where elastic buckling does not corfiahe behavior. This is true
only for the members used in the frame analyzeslm&mbers with strengths
closer to the required capacity are used, the itngfaoelastic behavior may be

greater.
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e Initial in-plane and out-of-plane geometric impetfens have a negligible effect

on frame elastic critical loads.
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4. Inelastic Analysis of Systems

In this chapter, the inelastic response of theesfiframes analyzed previously is
evaluated. The results of these analyses aredateto determine the effect of aspect
ratio and applied lateral load on the limit stasponse of the frame when material
nonlinearity is considered. Section 4.1 — Methodgldescribes the distributed plasticity
analysis scheme and the concentrated plasticitysisa&cheme used to evaluate the
inelastic response of the frames. Section 4.2kastic Analysis Results presents applied
load ratio versus top of frame horizontal displaeabresponse curves, deflected shape
diagrams, and force point traces for each framéguamation analyzed. Section 4.3 —

Conclusions summarizes the major findings and tesilthe inelastic analyses.

4.1. Methodology

Inelastic analyses were performed using MASTAN2ualuate the inelastic
response of the two-panel concentrically bracechéra The inelastic analysis conducted
utilized a distributed plasticity analysis schemthim MASTAN2 with the ability to
perform distributed plasticity analysis and positistate modeling (FE++ 2012;
Alemdar 2001).

The FE++ analysis scheme uses a distributed plgstiodel which explicitly
models the gradual spread of yielding across tbeaseand along the element (Alemdar
2001). Fiber-type discretization is applied tossr@ections in the FE++ analytical model
which results in cross-sections being divided mtny smaller sections which when put
together constitute the entire cross-section (Alen2d01). Figure 34 shows a typical

discretized beam element bent about its weak andgbaxes. As seen in Figure 34, a
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single fiber is also placed at each fillet locatidio aid in computational efficiency
during analysis, member cross-sections are divigidfibers only when yielding is

observed at a point in the cross-section.

.Y e
a2z
[ [—] O F
= -
ol I =
- H | F
X = "_"
I r
I Fr111
L | I |
fillet area
steel baam
(a) (b)

Figure 34. Member discretization models used in the FE++ distributed plasticity analysisfor wide
flange sections bent about their (a) minor axisand (b) major axis (Alemdar 2001)

To account for residual stresses, the FE++ anadgsieme uses the classic Ketter
residual stress pattern for wide flange sectidased on the fiber location in the cross-
section and the residual stress pattern, residigsses are calculated for each fiber in the

cross-section (Alemdar 2001). Figure 35 showKhiter residual stress pattern.
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Figure 35. Ketter residual stress pattern (Alemdar 2001)
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Throughout the presentation of the inelastic anglyesults, force point traces are

presented with the MASTANZ2 concentrated plastighigield surface model illustrated

in Figure 36. This stress resultant yield surfaceounts for axial force and both major-

and minor-axis bending given by Equation 11.

where,

®= p2+rrf+m;+3.5p2mf+ 3p6my2+ 4.Em;r‘ny2= :

p = FP = ratio of axial force to squash load
y
m, = I\I;/lz = ratio of internal major axis bending ment
pz
to major axis plastic momeapacity
m, = I\I\/I/Iy = ratio of internal minor axis beimg momen

py
to minor axis plastic momeapacity

Equation 11
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MASTAN2Z uses this yield surface to develop nonlmmaterial behavior when
calculating limit state responses for two- andéhtdénensional steel frames under static
loads (Ziemian and McGuire 2002). When the stresslting from interaction of axial
force and major- and minor-axis bending reacheyittld surface, a zero-length plastic
hinge is inserted at the end of the element. A®seed to the distributed plasticity
approach of FE++, the insertion of the zero-lemg#stic hinge results in an elastic-
plastic model that accounts for complete yieldifthe cross-section at the end of the

element.
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Figure 36. MASTAN2 concentrated plastic hinge yield surface model

To assess the inelastic response of the two-panekatrically braced frame, a
series of nonlinear inelastic analyses were comdimith varying frame geometry and

lateral loading levels. A reference gravity lodd.0 kips is applied at the top of each
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column and a lateral load of 0.25, 0.5, and 1.@#siitine intensity of the reference gravity
load is applied at the top of the left column teess the effect of lateral load on the
inelastic response of the frame. Figure 37 ilatss the loading scenarios analyzed with
the loads denoted by P symbolizing the 10 kip cotraéed gravity loads and tla® load

symbolizing the varying concentrated lateral lopdlid to the frame.

ALR(P) ALR(P)

Ty ¥

ALR(aP)—»

Lateral load / i
application point

Figure 37. Loading scenario for inelastic analyses

These analyses were performed on frames with he&gividth ratios of 2.0, 2.5,
3.0, and 3.5 to assess the effect of frame sleedsron the inelastic response of the
frame. Frame width was held constant at a distahd® feet while the total height of
the frame was adjusted to 30 feet, 37.5 feet, df #nd 52.5 feet to achieve the height-
to-width ratios of 2.0, 2.5, 3.0, and 3.5 respestiv For all analyses, column webs were
oriented perpendicular to the plane of the frame

In the MASTAN2Z analytical model, each structuralmier is divided into
multiple discrete elements to better capture beiralong the length of the member.

Each brace member and beam member is discretite8 gqual length elements and
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each column member is discretized into 16 equathlealements from the base of the
frame to its top. Figure 38 illustrates the mentdiscretization scheme used in the

MASTAN2Z analytical model for the nonlinear inelastinalyses.

Beam elements

divided into

eight elements
'.ﬁ.

u’.

Column elements

divided into <J
. \

sixteen elements

_- Brace elements
divided into
eight elements

./’

Figure 38. Member discretization used in MASTANZ2 analytical model

Due to limitations in the distributed plasticityadysis scheme, all member
connections are considered to have infinite fleikstiéness about the members’ local
minor and major axes and zero warping restrainso Ahe distributed plasticity analysis
scheme is only programmed for wide-flange shapealldrace elements were taken as
W8x28 members with webs oriented parallel to tlemelof the frame. A W8x28
member was chosen because it had a minor axis maherwrtia of 25.9 iftwhich is
very similar to the minor axis moment of inertiatle HSS 5-1/2x5-1/2x5/16 which is
21.7 irf. Globally, translation is restrained at the togath column out of the plane of
the frame with translation in the global x-, y-danrdirections restrained at the bottom of
each column. At the bottom of each column, rotatibout the columns’ longitudinal

axis is restrained. Global support conditionsilustrated in Figure 39.
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Figure 39. (a) Global support conditions and (b) member sectionsin MASTANZ2 nonlinear inelastic
analysis analytical model

Initial sinusoidal out-of-straightness with maximamplitude of 1/1000 of the
frame height was applied to both column membens.inkial sinusoidal out-of-
straightness with maximum amplitude of 1/1000 ef timsupported member length was
applied to each bracing member. These are consistth allowable out-of-straightness
allowed in steel buildings (AISC 2011b). These-olistraightness quantities were all
applied in the same direction out of the planehefftrame causing members to deform in
a half sine wave between their ends. All steel tvensiin the model were given a yield

strength of 50 ksi and a modulus of elasticity ®f0®0 ksi.

4.2. Inelastic Analysis Results

Figure 40 shows applied load ratio versus top ariig horizontal displacement

curves for frames with a height-to-width ratio 0% &nd lateral load ratios of 0.25, 0.50,
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and 1.00. The distributed plasticity analysis scb®f FE++ was used to analyze the
frame with a height-to-width ratio of 3.5. Tablé grovides a summary of the distributed
plasticity analysis peak applied load ratios ardted critical load ratios for frames with
height-to-width ratios of 3.5 and lateral load @atof 0.25, 0.5, and 1.0. Figure 41 shows
the typical deflected shape of the frame with @hteto-width ratio of 3.5 and lateral

load ratios of 0.25, 0.5, and 1.0 at location LFigure 40. Figure 42, Figure 43, and
Figure 44 show both two-dimensional and three-dsieeral force point traces for the
right column and bottom panel compression bradeeframe with a height-to-width

ratio of 3.5 at a lateral load ratio of 1.0, 0.Bd®.25 respectively. These force point
traces show the progression of internal major b&rsding moment, minor axis bending
moment, and axial force from the beginning of thalgsis to the peak applied load ratio.
Figure 45 shows both two-dimensional and three-dsimmal force point traces for the
right column and bottom panel compression bradeeframe with a height-to-width

ratio of 3.5 and a lateral load ratio of 0.5. Tiuce point trace shows the progression of
internal major axis bending moment, minor axis egdnoment, and axial force from

the beginning of the analysis to a top of frameaZumtal displacement of 8.2 inches.
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Figure 40. Applied load ratio versustop of frame horizontal displacement curvesfor frameswith
height-to-width ratios of H/W = 3.5 and varying lateral load ratios

Table 17. Distributed plasticity analysis peak applied load ratio and elastic critical load ratio

Lateral | Top of Frame Horizontal Peak Elastic
Load Displacement at Peak Applied Critical
Ratio Applied Load Ratio (in.) | Load Ratio | Load Ratio
0.25 1.9752 22.5339 25.8245
0.50 1.7731 13.1765 16.0699

1.00 1.8219 6.9943 8.5914
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Figure 41. Typical displaced shape of frame with H/W = 3.5 at the peak applied load ratio (Level L1)
with lateral load ratios of 1.0, 0.5, and 0.25: (a) Front view, (b) side view, and (c) isometric view of
deflected frame geometry
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Figure 42. Axial, major axis bending, and minor axis bending force point tracesfor theright column
and bottom panel compression brace at the peak applied load ratio for a frame with a height-to-
width ratio of 3.5 and a lateral load ratio of 1.0
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Figure 43. Axial, major axis bending, and minor axis bending force point tracesfor theright column
and bottom panel compression brace at the peak applied load ratio for a frame with a height-to-
width ratio of 3.5 and a lateral load ratio of 0.5
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Figure 45. Axial, major axis bending, and minor axis bending force point traces for the right column
and bottom panel compression brace at atop of frame horizontal displacement of 8.2 inchesfor a
frame with a height-to-width ratio of 3.5 and a lateral load ratio of 0.5

The applied load ratio initially increases in a manthat is essentially linear to
the limit loading. The rate of increase in theleggpload ratio decreases with additional
horizontal displacements until the applied loatbregaches its peak value. The peak
applied load ratio occurs at location L1 on eagbliad load ratio curve. The peak
applied load ratio for all three lateral load rat@nditions occurs at essentially the same
top of frame horizontal displacement which indisagesimilar deformation demand
resulting in the load limit for the frame.

When the lateral load ratio is equal to 1.0, therall capacity of the frame is
significantly lower than the capacity for the otlvwo frames as the force in the brace is
greater when the lateral load ratio increaseserAfe peak applied load ratio is reached,

the applied load ratio plateaus and then gradatyeases as top of frame horizontal
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displacement increases. A significant change stesy stiffness occurs for the frame
subjected to a lateral load ratio of 0.25 at larati3 in Figure 40 caused by significant
deformations out of the plane of the frame. Applead ratio decreases more for
equivalent increases in top of frame horizontgbldisement for displacements larger
than 4.0 inches as compared to displacementsiassitO inches. All three lateral load
ratio conditions result in applied load ratio vexr$wrizontal displacement response that
is very ductile in behavior and can be classifiedligplacement-controlled response.

Table 17 illustrates that for all lateral load oatithe distributed plasticity analysis
peak applied load ratio is slightly less than tlaestec critical load ratio. The second
order inelastic analysis peak applied load rat®7is3%, 82.0%, and 81.4% of the elastic
critical load ratio for frames with a lateral loeatio of 0.25, 0.5, and 1.0 respectively.

Figure 41 shows the typical deflected shape ofrdrae with a height-to-width
ratio of 3.5 and lateral load ratio of 0.25, 0.5gd.0 at location L1 in Figure 40. The
deflected shapes for all lateral load ratio condii are essentially the same which
supports the lateral sway-type instability (displaent-controlled) failure instigated by a
brace out-of-plane buckling interacting with themgyession column.

When Figure 41 is viewed with the front elevatidribee frame in mind, there is
overall lateral deflection at the top of the frami¢h little noticeable in-plane column
curvature. When viewed from the side, out-of-planekling of the bottom panel
compression brace about its minor axis is evidentell as slight out-of-plane, single
curvature bowing of the right column about its majwis. It should be noted that these

displaced shapes are scaled.
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In Figure 42, the force point traces show the pgegion of internal axial force,
internal major axis bending moment, and internalonaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 40. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 42, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.205 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesapkt0.303 times the yield load of
the W8x28 member. At the peak applied load rdfie internal major axis bending
moment in the right column is 0.107 times the ptastoment capacity of the W12x65
member while the internal minor axis bending momeithe right column is only 0.030
times the plastic moment capacity of the W12x65 im&m The low level of minor axis
bending moment in the right column is the resullatéral forces being carried to the
frame’s base by the bracing elements. As a résetle is very little in-plane column
curvature in the right column as illustrated indigg41. The slightly larger internal
major axis bending moment in the right column carattributed to B-effects resulting
from the initial out-of-plane, sinusoidal geomeirntperfections applied to the column.
This internal major axis bending moment is seethéndeformed frame geometry of
Figure 41 in the form of out-of-plane bowing of tight column.

The internal major axis bending moment in the botfanel compression brace is

very small as compared to its plastic moment céypachereas, the internal minor axis
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bending moment is 0.541 times the plastic momepaasy of the W8x28 member. The
high internal minor axis bending moment is causg®¥b effects resulting from the
initial out-of-plane, sinusoidal geometric impetieas applied to the brace. The effect
of this large internal minor axis bending momergaen in the deformed frame geometry
of Figure 41 in the form of out-of-plane bowingtbé bottom panel compression brace
whereas there is very little in-plane bowing of brace. While neither the right column
or bottom panel compression brace force point tcacees close to reaching the
MASTAN?Z yield surface, the bottom panel compresdicace force point trace extends
farther from the origin which leads to the conatusthat the ductile instability behavior
of the frame with a height-to-width ratio of 3.5daa lateral load ratio of 1.0 is driven by
out-of-plane buckling of the bottom panel compressdirace.

In Figure 43, the force point traces show the pgegion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 40. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehém

As illustrated in Figure 43, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.260 times the
yield load of the W12x65 member. The internal béaece in the bottom panel
compression brace also increases and reachesapktt0.294 times the yield load of
the W8x28 member. At the peak applied load rdiie,internal minor axis bending

moment in the right column and the internal mapas #ending moment in the bottom
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panel compression brace are nearly equal to ZEne.low level of minor axis bending
moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 41.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.163 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.548 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.
This internal major axis bending moment in the owoius seen in the deformed frame
geometry of Figure 41 in the form of out-of-plar@ming of the right column. The large
internal minor axis bending moment in the bottomgda@ompression brace is seen in the
deformed frame geometry of Figure 41 in the fornowtfof-plane bowing of the bottom
panel compression brace whereas there is vewyilittplane bowing of the brace. While
neither the right column or bottom panel comprassi@ace force point trace comes close
to reaching the MASTAN?2 yield surface, the bottoam@l compression brace force point
trace extends farther from the origin which leawthe conclusion that the ductile
instability behavior of the frame with a heightwadth ratio of 3.5 and a lateral load ratio
of 0.5 is driven by out-of-plane buckling of thettmmn panel compression brace.

In Figure 44, the force point traces show the pegion of internal axial force,

internal major axis bending moment, and internadoniaxis bending moment from the
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beginning of the analysis to location L1 on thelegabload ratio curve in Figure 40. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 44, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.340 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.258 times the yield load of
the W8x28 member. The axial force in the righuooh is higher than the axial forces in
the right column for frames with a height-to-widttio of 3.5 and lateral load ratios of
1.0 and 0.5. This higher axial force is the reetith higher peak applied load ratio being
reached when the lateral load ratio is equal t6.02t the peak applied load ratio, the
internal minor axis bending moment in the righturnh and the internal major axis
bending moment in the bottom panel compressiorebaae nearly equal to zero. The
low level of minor axis bending moment in the rigbtumn is again the result of lateral
forces being carried to the frame base by the bgagilements. As a result there is very
little in-plane column curvature in the right coloras illustrated in Figure 41.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.411 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.681 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending

moment in the right column and the internal minasdending moment in the bottom
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panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.

The internal major axis bending moment in the righlumn is nearly three times
the level of the internal major axis bending momiarthe right column of the frame with
a height-to-width ratio of 3.5 and a lateral loatlo of 0.5. This larger internal major
axis bending moment in the column results fromRReeffects of the larger axial force
and slightly larger out-of-plane bowing of the figlolumn. The large internal minor
axis bending moment in the bottom panel compredsiace is seen in the deformed
frame geometry of Figure 41 in the form of out-ddise bowing of the bottom panel
compression brace whereas there is very littldamg bowing of the brace. In contrast
to the frames with a height-to-width ratio of 3riddateral load ratios of 1.0 and 0.5, the
bottom panel compression brace force point tracerigint column force point trace
extend approximately the same distance from thggrowhich leads to the conclusion
that the ductile instability behavior of the frammdyile still driven by local buckling at a
lateral load ratio of 0.25, moves toward globalkegsbuckling as the lateral load ratio
decreases.

In Figure 45, the force point traces show the pgegiion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L2 on thelegabload ratio curve in Figure 40. This
force point trace illustrates the post limit ststieength of the frame. The right column
force point trace shows internal member forceslatation 6.56 feet below the tier level
beam and the bottom panel compression brace faio¢ pace shows internal member

forces at midspan of the brace element.
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As illustrated in Figure 45, as deformation demaatleases from location L1 to
location L2, the internal axial force in the bott@anel compression brace gradually
decreases as from its plateau seen in Figure #exsal minor axis bending moment
continues to increase. When the internal minos Bending moment reaches
approximately 0.97 times the plastic moment cagaxdithe W8x28 member, the axial
force in the bottom panel compression brace deesesisddenly. This sudden decrease
occurs just inside the MASTAN?Z yield surface. Tiherease in internal minor axis
bending moment is caused by Rffects resulting from the continually increasmg-of-
plane bowing of the bottom panel compression br&xespite the gradual decrease in
axial force in the bottom panel compression bradernal major axis bending moment
increases slightly in the bottom panel compresbrace. When the brace starts to
exhibit in-plane bowing, B-effects from the member midspan displacement laad t
remaining axial force in the member cause the as®en internal major axis bending
moment in the bottom panel compression brace.

As deformation demand is increased from locatiorid_bcation L2 on the
applied load ratio curve in Figure 40, the interavakl force in the right column remains
nearly constant as illustrated by the force paetés in Figure 45. Internal minor axis
bending moment, however, increases significantly.5%8 times the plastic moment
capacity of the W12x65 member. This significartr@gase can be attributed to load
being diverted from the bottom panel compressi@tdto the right column. The
horizontal component of this load formerly carrigdthe bottom panel compression
brace is therefore being transferred to the fraaselthrough internal bending moment

about the minor axis of the right column. While tight column force point trace still
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does not come close to reaching the MASTAN?2 vyieldexe, the bottom panel
compression brace’s force point trace extends elese to the MASTANZ yield surface
where the internal axial force in the brace sudgdetcreases. This sudden decrease in
axial force very close to the assumed yield suréagan leads to the conclusion that the
ductile instability behavior for frames with a hleigo-width ratio of 3.5 is driven by out-
of-plane buckling of the bottom panel compressiace.

Figure 46 shows applied load ratio versus top arhie horizontal displacement
curves for frames with a height-to-width ratio 0@ &nd lateral load ratios of 0.25, 0.50,
and 1.00. The distributed plasticity analysis scb®f FE++ was used to analyze the
frame with a height-to-width ratio of 3.0. Tabl@ grovides a summary of the distributed
plasticity analysis peak applied load ratios ardted critical load ratios for frames with
height-to-width ratios of 3.0 and lateral load @atof 0.25, 0.5, and 1.0. Figure 47,
shows the typical deflected shape of the frame witieight-to-width ratio of 3.0 and
lateral load ratios of 0.25, 0.5, and 1.0 at lawatil in Figure 46. Figure 48, Figure 49,
and Figure 50 show both two-dimensional and thigesdsional force point traces for
the right column and bottom panel compression bo&tkee frame with a height-to-width
ratio of 3.0 at a lateral load ratio of 1.0, 0.Bd&.25 respectively. These force point
traces show the progression of internal major b&rsding moment, minor axis bending

moment, and axial force from the beginning of thalgsis to the peak applied load ratio.
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height-to-width ratios H/W = 3.0 and varying lateral load ratios

ratio comparison

Lateral | Top of Frame Horizontal Peak Elastic Inelastic
Load Displacement at Peak Applied Critical Critical
Ratio Applied Load Ratio (in.) | Load Ratio | Load Ratio | Load Ratio
025 1.4303 31.2813 36 8446 36.8695
0.50 1.4955 16.431 2'1.8699 -

1.00 1.5403 9.8039 11.1692 -

Figure 46. Applied load ratio versustop of frame horizontal displacement curvesfor frameswith

Table 18. Distributed plasticity analysis peak applied load ratio and elastic and inelastic critical load
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Figure 47. Typical displaced shape of frame with H/W = 3.0 at the peak applied load ratio (Level L1)
with lateral load ratios of 1.0, 0.5, and 0.25: (a) Front view, (b) side view, and (c) isometric view of
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and bottom panel compression brace at the peak applied load ratio for a frame with a height-to-
width ratio of 3.0 and a lateral load ratio of 1.0
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The applied load ratio initially increases in a manthat is essentially linear to
the limit loading. The rate of increase in theleggpload ratio decreases with additional
horizontal displacements until the applied loatbregaches its peak value. The peak
applied load ratio occurs at location L1 on eagbliad load ratio curve. The peak
applied load ratio for all three lateral load rat@nditions occurs at essentially the same
top of frame horizontal displacement which indisagesimilar deformation demand
resulting in the load limit for the frame.

When the lateral load ratio is equal to 1.0, therall capacity of the frame is
significantly lower than the capacity for the otlvwo frames as the force in the brace is
greater when the lateral load ratio increasesloédtion L1 on the applied load ratio
curves in Figure 46, there is slight pinching af turve about the peak applied load ratio
magnitude. After the applied load ratio reachepéak, it decreases more suddenly as
compared to the plateau and gradual decrease @efgarhes with a height-to-width ratio
of 3.5 in Figure 40. This behavior indicates thhame stability for this configuration is
approaching force-controlled behavior driven bykdng within the frame. Also, a
significant change in system stiffness occurslierftame subjected to a lateral load ratio
of 0.25 at location L3 in Figure 46. Applied loadio decreases more for equivalent
increases in top of frame horizontal displacementfsplacements larger than 2.7 inches
as compared to displacements less than 2.7 inches.

Table 18 illustrates that for all lateral load oatithe distributed plasticity analysis
peak applied load ratio is slightly less than tlaestec critical load ratio. The distributed
plasticity analysis peak applied load ratio is 84,84.3%, and 87.8% of the elastic

critical load ratio for frames with a lateral loeatio of 0.25, 0.5, and 1.0 respectively.
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Figure 47 shows the typical deflected shape ofrdrae with a height-to-width
ratio of 3.0 and lateral load ratios of 0.25, @#&d 1.0 at location L1 in Figure 46. The
deflected shapes for all lateral load ratio condii are essentially the same which
supports the force-controlled behavior instigatgabt-of-plane buckling of the bottom
panel compression brace and right column.

When Figure 47 is viewed with the front elevatidrihee frame in mind, there is
overall lateral deflection at the top of the frami¢h little noticeable in plane column
curvature. When viewed from the side, out-of-planekling of the bottom panel
compression brace about its minor axis is evidentell as slight out-of-plane, single
curvature bowing of the right column about its majwis. It should be noted that these
displaced shapes are scaled.

In Figure 48, the force point traces show the pgegion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 46. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 48, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.255 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesapkt0.380 times the yield load of
the W8x28 member. At the peak applied load rdiieinternal minor axis bending

moment in the right column and the internal mapas #ending moment in the bottom
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panel compression brace are nearly equal to ZEne.low level of minor axis bending
moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 47.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.085 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.377 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.
This internal major axis bending moment in the owoius seen in the deformed frame
geometry of Figure 47 in the form of out-of-plar@ming of the right column. The large
internal minor axis bending moment in the bottomgda@ompression brace is seen in the
deformed frame geometry of Figure 47 in the fornowtf-of-plane bowing of the bottom
panel compression brace whereas there is vewyilittplane bowing of the brace. While
neither the right column or bottom panel comprassi@ace force point trace comes close
to reaching the MASTAN?2 yield surface, the bottoam@l compression brace force point
trace extends farther from the origin which leawthe conclusion that the stability
behavior of the frame with a height-to-width rabio3.0 and a lateral load ratio of 1.0 is
driven by local member buckling of the bottom paswhpression brace.

In Figure 49, the force point traces show the pgegion of internal axial force,

internal major axis bending moment, and internadoniaxis bending moment from the
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beginning of the analysis to location L1 on thelegabload ratio curve in Figure 46. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 49, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.335 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.368 times the yield load of
the W8x28 member. At the peak applied load rafie,internal minor axis bending
moment in the right column and the internal mapas #ending moment in the bottom
panel compression brace are nearly equal to ZEne.low level of minor axis bending
moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 47.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.148 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.454 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.
This internal major axis bending moment in the owoius seen in the deformed frame

geometry of Figure 47 in the form of out-of-plar@ing of the right column. The large
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internal minor axis bending moment in the bottomgda@ompression brace is seen in the
deformed frame geometry of Figure 47 in the fornowifof-plane bowing of the bottom
panel compression brace whereas there is vewsyilittplane bowing of the brace. While
neither the right column or bottom panel comprassiace force point trace comes close
to reaching the MASTAN?2Z vyield surface, the bottoam@l compression brace force point
trace extends farther from the origin which leawthe conclusion that the stability
behavior of the frame with a height-to-width rabio3.0 and a lateral load ratio of 0.5 is
driven by local member buckling of the bottom pat@mhpression brace.

In Figure 50, the force point traces show the pgegiion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 46. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 50, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.444 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.328 times the yield load of
the W8x28 member. The axial force in the righuooh is higher than the axial forces in
the right column for frames with a height-to-widttio of 3.0 and lateral load ratios of
1.0 and 0.5. This higher axial force is the restih higher peak applied load ratio being
reached when the lateral load ratio is equal t6.0&t the peak applied load ratio, the

internal minor axis bending moment in the righturnh and the internal major axis
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bending moment in the bottom panel compressiorebaae nearly equal to zero. The
low level of minor axis bending moment in the rigbtumn is again the result of lateral
forces being carried to the frame base by the bgagilements. As a result there is very
little in-plane column curvature in the right coloras illustrated in Figure 47.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.353 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgion brace is 0.517 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.

The internal major axis bending moment in the righlumn is nearly 2.4 times
the level of the internal minor axis bending momierthe right column of the frame with
a height-to-width ratio of 3.0 and a lateral loatla of 0.5. This larger internal major
axis bending moment in the column results fromRReeffects of the larger axial force
in the right column. The large internal minor alxending moment in the bottom panel
compression brace is seen in the deformed frammeiey of Figure 47 in the form of
out-of-plane bowing of the bottom panel compres$i@te whereas there is very little
in-plane bowing of the brace. In contrast to tfaerfes with a height-to-width ratio of 3.0
and lateral load ratios of 1.0 and 0.5, the botp@mel compression brace force point
trace and right column force point trace extendapmately the same distance from the

origin which leads to the conclusion that the ditgthhehavior of the frame, while still
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driven by local member buckling, moves toward gladystem buckling as the lateral
load ratio decreases.

Figure 51 shows applied load ratio versus top & horizontal displacement
curves for frames with a height-to-width ratio 0% 2nd lateral load ratios of 0.25, 0.50,
and 1.00. The distributed plasticity analysis scb®f FE++ was used to analyze the
frames with a height-to-width ratio of 2.5. Tali® provides a summary of the
distributed plasticity analysis peak applied loatias and elastic critical load ratios for
frames with a height-to-width ratio of 2.5 and tatdoad ratios of 0.25, 0.5, and 1.0.
Figure 52 shows the typical deflected shape ofrdmae with a height-to-width ratio of
2.5 and lateral load ratios of 0.25, 0.5, and 110@ation L1 in Figure 51. Figure 53,
Figure 54, and Figure 55 show both two-dimensiamal three-dimensional force point
traces for the right column and bottom panel cosgioa brace of the frame with a
height-to-width ratio of 2.5 at a lateral load oatif 1.0, 0.5, and 0.25 respectively. These
force point traces show the progression of intenmajor axis bending moment, minor
axis bending moment, and axial force from the beigim of the analysis to the peak

applied load ratio.
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Figure51. Applied load ratio versustop of frame horizontal displacement curvesfor frameswith

height-to-width ratios H/W = 2.5 and varying lateral load ratios

Table 19. Distributed plasticity analysis peak applied load ratio and elastic and inelastic critical load

ratio comparison

Top of Frame
. 1st Mode .
Lateral Horizontal Peak : : p Inelastic
: - Elastic Higher Mode Elastic e
Load Displacement at Applied Critical Critical Laad Ratio Critical
Ratio Peak Applied Load | Load Ratio = Load Ratio
i Load Ratio
Ratio (in.)
0.25 1.0839 43.2319 42 4974 45.487 (4th Mode) 421817
0.50 1.3576 266152 222315 36.5481 (4th Mode) -
1.00 1.3974 141224 11.2261 19.4193 (2nd Mode) -




90

Overall lateral
deflection of
7/ top of frame

Out-of-
plane brace
buckling

(b) (c)

Figure52. Typical displaced shape of framewith H/W = 2.5 at the peak applied load ratio (Level L1)
with lateral load ratios of 1.0, 0.5, and 0.25: (a) Front view, (b) side view, and (c) isometric view of
deflected frame geometry
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The applied load ratio initially increases in a manthat is essentially linear to
the limit loading. The rate of increase in theleggpload ratio decreases with additional
horizontal displacements until the applied loatbregaches its peak value. The peak
applied load ratio occurs at location L1 on eagbliad load ratio curve. The peak
applied load ratio for all three lateral load rat@nditions occurs at essentially the same
top of frame horizontal displacement which indisagesimilar deformation demand
resulting in the load limit for the frame.

When the lateral load ratio is equal to 1.0, therall capacity of the frame is
significantly lower than the capacity for the otltvwo frames as the force in the brace is
greater when the lateral load ratio increasesloésdtion L1 on the applied load ratio
curves in Figure 51, there is significant pinchofdhe curve about the peak applied load
ratio magnitude. After the applied load ratio teeits peak, it decreases suddenly as
compared to the plateau and gradual decrease @efgarhes with a height-to-width ratio
of 3.5 in Figure 40. This behavior indicates thaine stability for this configuration is a
force-controlled behavior driven by local buckliwghin the frame.

Table 19 illustrates that for all lateral load oatithe distributed plasticity analysis
peak applied load ratio is slightly higher than fine&t mode elastic critical load ratio.

The distributed plasticity analysis peak applieadoatio is 1.7%, 19.7%, and 25.8%
greater than the first mode elastic critical loatilor for frames with a lateral load ratio of
0.25, 0.5, and 1.0 respectively. The first higmede elastic critical load ratio that is
larger than the distributed plasticity analysiskpapplied load ratio is the fourth mode
elastic critical load ratio for lateral load ratio0.25 and 0.5 and the second mode elastic

critical load ratio for a lateral load ratio of 1.0
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Figure 52 shows the typical deflected shape ofrdrae with a height-to-width
ratio of 2.5 and lateral load ratios of 0.25, @id 1.0 at location L1 in Figure 51. The
typical frame deflected shape indicates a forcarotlad type instability failure. The
deflected shapes for all lateral load ratio condii are essentially the same which
supports the force-controlled behavior instigatgabt-of-plane buckling of the bottom
panel compression brace and right column.

When Figure 52 is viewed with the front elevatidribee frame in mind, there is
overall lateral deflection at the top of the frami¢h little noticeable in plane column
curvature. When viewed from the side, out-of-planekling of the bottom panel
compression brace about its minor axis is evidentell as slight out-of-plane, single
curvature bowing of the right column about its majwis. It should be noted that these
displaced shapes are scaled.

In Figure 53, the force point traces show the pgegiion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 51. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 53, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.331 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.471 times the yield load of

the W8x28 member. At the peak applied load rdiieinternal minor axis bending
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moment in the right column and the internal mapas #ending moment in the bottom
panel compression brace are nearly equal to ZEne.low level of minor axis bending
moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 52.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.088 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.378 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.
This internal major axis bending moment in the owoius seen in the deformed frame
geometry of Figure 52 in the form of slight outy&ne bowing of the right column. The
large internal minor axis bending moment in thedmtpanel compression brace is seen
in the deformed frame geometry of Figure 52 inftren of out-of-plane bowing of the
bottom panel compression brace whereas there yditté in-plane bowing of the brace.
While neither the right column or bottom panel coegsion brace force point trace
comes close to reaching the MASTANZ yield surfalee,bottom panel compression
brace force point trace extends farther from thgmmhich leads to the conclusion that
the stability behavior of the frame with a heigbiwidth ratio of 2.5 and a lateral load

ratio of 1.0 is driven by member buckling of theétbam panel compression brace.
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In Figure 54, the force point traces show the pgegion of internal axial force,
internal major axis bending moment, and internalonaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 51. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 54, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.448 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.457 times the yield load of
the W8x28 member. At the peak applied load rdiieinternal minor axis bending
moment in the right column and the internal mapas #ending moment in the bottom
panel compression brace are nearly equal to ZEne.low level of minor axis bending
moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 52.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.150 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgion brace is 0.445 times the
plastic moment capacity of the W8x28 member. Bb#hinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-

plane, sinusoidal geometric imperfections appleethe column and brace members.
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This internal major axis bending moment in the oolus seen in the deformed frame
geometry of Figure 52 in the form of slight outydéne bowing of the right column. The
large internal minor axis bending moment in thedmtpanel compression brace is seen
in the deformed frame geometry of Figure 52 inftren of out-of-plane bowing of the
bottom panel compression brace whereas there yditté in-plane bowing of the brace.
While neither the right column or bottom panel coegsion brace force point trace
comes close to reaching the MASTAN?2 vyield surféloe,bottom panel compression
brace force point trace extends farther from thgmmhich leads to the conclusion that
the stability behavior of the frame with a heigbiwtidth ratio of 2.5 and a lateral load
ratio of 0.5 is driven by local member bucklingtbé bottom panel compression brace.

In Figure 55, the force point traces show the pgegiion of internal axial force,
internal major axis bending moment, and internaloniaxis bending moment from the
beginning of the analysis to location L1 on theleggpload ratio curve in Figure 51. The
right column force point trace shows internal menfbeces at a location 6.56 feet below
the tier level beam and the bottom panel compradsiace force point trace shows
internal member forces at midspan of the brace ehem

As illustrated in Figure 55, as the applied loaibrancreases to its peak, the
internal axial force in the right column increasesl reaches a plateau at 0.583 times the
yield load of the W12x65 member. The internal bfaece in the bottom panel
compression brace also increases and reachesalpkt0.395 times the yield load of
the W8x28 member. At the peak applied load rdfieinternal minor axis bending
moment in the right column and the internal mapas #ending moment in the bottom

panel compression brace are nearly equal to ZEne.low level of minor axis bending
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moment in the right column is again the resultadétal forces being carried to the frame
base by the bracing elements. As a result thererislittle in-plane column curvature in
the right column as illustrated in Figure 52.

At the peak applied load ratio, the internal majgis bending moment in the right
column is 0.260 times the plastic moment capadith® W12x65 member. The internal
minor axis bending moment in the bottom panel casgfion brace is 0.312 times the
plastic moment capacity of the W8x28 member. Bbéhinternal major axis bending
moment in the right column and the internal minasdending moment in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members.
This internal major axis bending moment in the owoius seen in the deformed frame
geometry of Figure 52 in the form of out-of-plar@ing of the right column. The large
internal minor axis bending moment in the bottomgdaompression brace is seen in the
deformed frame geometry of Figure 52 in the fornowtf-of-plane bowing of the bottom
panel compression brace whereas there is vewyilittplane bowing of the brace.

In contrast to the frames with a height-to-widthaaf 2.5 and lateral load ratios
of 1.0 and 0.5, the bottom panel compression bi@ce point trace and right column
force point trace extend approximately the sam&dce from the origin. In particular,
the axial force in the right column is approximgtél3 times higher than it is for frames
with a height-to-width ratio of 2.5 and lateral dbeatios of 1.0 and 0.5. This increase in
internal axial force and distance traveled by tgbtrcolumn force point trace leads to the

conclusion that the stability behavior of the fraimériven by local buckling for a lateral
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load ratio of 0.25 and moves toward global systeickling as lateral load ratio
decreases.

The frames with a height-to-width ratio of 2.0 wea analyzed using the FE++
distributed plasticity analysis scheme. When &émalysis was executed, the applied load
ratio versus top of frame horizontal displacememves would reach a peak applied load
ratio value and then immediately double back toatfigin along their original path. As a
result, the concentrated plasticity analysis schemMASTAN2 was used to evaluate the
inelastic response of the frames with a height-tditwratio of 2.0. As previously
discussed, this analysis procedure uses a mod#regent modulus to model material
nonlinear behavior and does not model post linaitestesponse.

Figure 56 shows applied load ratio versus top & horizontal displacement
curves for frames with a height-to-width ratio o® 2nd lateral load ratios of 0.25, 0.50,
and 1.00. Table 20 provides a summary of theidigd plasticity analysis peak applied
load ratios and elastic critical load ratios farfres with height-to-width ratio of 2.0 and
lateral load ratios of 0.25, 0.50, and 1.0. Fidhifeshows the typical deflected shape of
the frame with a height-to-width ratio of 2.0 amateral load ratios of 0.25, 0.50, and 1.0
at location L1 in Figure 56. Figure 58, Figure &8d Figure 60 show both two-
dimensional and three-dimensional force point sdoe the right column and bottom
panel compression brace of the frame with a hdighidth ratio of 2.0 at a lateral load
ratio 1.0, 0.5, and 0.25 respectively. These fpaat traces show the progression of
internal major axis bending moment, minor axis egdnoment, and axial force from

the beginning of the analysis to the peak apphbed Iratio.
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Figure56. Applied load ratio versustop of frame horizontal displacement curvesfor frameswith
height-to-width ratios H/W = 2.0 and varying lateral load ratios

Table 20. Second order inelastic analysis peak applied load ratio and elastic and inelastic critical load

ratio comparison

Top gf Frame 1st Mode
Lateral Horizontal Peak i ] i
. : Elastic Inelastic Critical
Load Displacement at Applied m -
b ’ i Critical Load Ratio
Ratio Peak Applied Load | Load Ratio .
oy Load Ratio
Ratio (in.)
0.25 0.6137 45,6000 44,0056 43.9100
0.50 0.595 22.5000 22.4999 -
1.00 0.5953 11.3000 11.2803 -
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Figure57. Typical displaced shape of frame with H/W = 2.0 at the peak applied load ratio (Level L1)

with lateral load ratios of 1.0, 0.5, and 0.25: (a) Front view, (b) side view, and (c) isometric view of
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Figure59. Axial, major axis bending, and minor axis bending force point traces for the right column
and bottom panel compression brace at the peak applied load ratio for a frame with a height-to-
width ratio of 2.0 and a lateral load ratio of 0.5

1 1
_Dbsf _ 08
g i b
ol ] e 2 o6
s .
2 gl i E
= [ ¥ R z 04
O i
o ¥ : ! a
(15| SRR T PR 02
D .‘ H i ; 1 U 1 1 ¥ T
o 02z 04 085 08 1 o 02 04 08 08
MzMpz (Major Axls Bending) My Mpy (Minor Axis Bending)

) Right
Column
[~ Bim. Panei
Comp. Brace
P Right Calumn —_—
oA /. T
MM, 08 A e 0B Bottorn Fanel
Minor Ads — gg o M MM Comp. Brace
Bending 1 0 Major Axis
Bending

Figure 60. Axial, major axis bending, and minor axis bending force point traces for the right column
and bottom panel compression brace at the peak applied load ratio for a frame with a height-to-
width ratio of 2.0 and a lateral load ratio of 0.25
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The applied load ratio increases in a linear mannél the applied load ratio
reaches its peak value. The peak applied load oaturs at location L1 on each applied
load ratio curve. The peak applied load ratiodibthree lateral load ratio conditions
occurs at essentially the same top of frame hotaahsplacement which indicates a
similar deformation demand resulting in the loawitifor the frame. When the lateral
load ratio is equal to 1.0, the overall capacityhaf frame is significantly lower than the
capacity for the other two frames as the forcénelirace is greater when the lateral load
ratio increases.

Table 20 illustrates that for all lateral load oatithe second order inelastic
analysis peak applied load ratio is nearly idehticdhe first mode elastic critical load
ratio. This, as well as the linear nature of thplied load ratio response curves suggests
that the stability behavior of the frame with adigtto-width ratio of 2.0 at all lateral
load ratio levels is controlled by local members@tabuckling. The axial force in the
bottom panel compression brace at the peak aplpleetratio is 142.9 kip, 133.1 kip, and
129.6 kip for lateral load ratios of 0.25, 0.50ddn0 respectively. The Euler critical
buckling load for a W8x28 bending about its mingisavith an unsupported length equal
to 16.8 feet is 153.4 kip when the member is assuimée pinned at both ends. In
reality, at the intersection of the brace andlgeel beam, the brace has rotation fixed
and is free to translate while its opposite enukiarly fixed at the connection to the
bottom of the right column. This results in areetive length factor slightly greater than
1.0 (AISC 2010a). As aresult it can be concluthed out-of-plane buckling of the
bottom panel compression brace controls the behaVite frame with a height-to-width

ratio of 2.0 at each lateral load ratio considered.
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Figure 57 shows the typical deflected shape ofrdrae with a height-to-width
ratio of 2.0 and lateral load ratios of 0.25, @&d 1.0 at location L1 in Figure 56. The
deflected shapes for all lateral load ratio condsiare essentially the same. When
Figure 57 is viewed with the front elevation of fh@me in mind, there is overall lateral
deflection at the top of the frame with little reable in plane column curvature. When
viewed from the side, slight out-of-plane bucklimigooth the top and bottom panel
compression brace about their minor axes is evidéhtvery little noticeable out-of-
plane right column bowing. It should be noted thatse displaced shapes are scaled.

In Figure 58, Figure 59, and Figure 60 the forcmpimaces show the progression
of internal axial force, internal major axis bergimoment, and internal minor axis
bending moment from the beginning of the analysi®tation L1 on the applied load
ratio curve in Figure 56. The right column fore@mni trace shows internal member
forces at a location 6.56 feet below the tier lddem and the bottom panel compression
brace force point trace shows internal member fatenidspan of the brace element.

As illustrated in Figure 58, Figure 59, and Figa@as the applied load ratio
increases to its peak, the internal axial forctenright column and bottom panel
compression brace increases. At the peak apmaatiriatio, the internal minor axis
bending moment in the right column and the intemajor axis bending moment in the
bottom panel compression brace are nearly equadrtm The low level of minor axis
bending moment in the right column is again thelltesf lateral forces being carried to
the frame base by the bracing elements. As atrémrk is very little in-plane column

curvature in the right column as illustrated inug57.
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At the peak applied load ratio, the internal magis bending moment in the right
column is less than 0.1 times the plastic momepacigy of the W12x65 member at each
lateral load ratio level. The internal minor akending moment in the bottom panel
compression brace is also less than 0.1 timesl#s#iggmoment capacity of the W8x28
member at each lateral load ratio level. Thesdlsmarnal major axis bending
moments in the right column and internal minor &eading moments in the bottom
panel compression brace can be attributed deefects resulting from initial out-of-
plane, sinusoidal geometric imperfections appleethe column and brace members. The
small internal major axis bending moment in theuowt is seen in the deformed frame
geometry of Figure 57 in the form of very slight-@fi-plane bowing of the right column.
The internal minor axis bending moment in the botfwanel compression brace is seen
in the deformed frame geometry of Figure 57 infdren of out-of-plane bowing of the
bottom panel compression brace whereas there yditté in-plane bowing of the brace.
Neither the right column nor bottom panel compi@s&irace force point trace comes
close to reaching the MASTAN?2Z yield surface whidpports the conclusion that frame
behavior at a height-to-width ratio of 2.0 is dnvey elastic buckling of the bottom panel

compression brace.

4.3. Conclusions

A distributed plasticity analysis approach was useelvaluate the inelastic response of a
suite of frames with height-to-width ratios of 2205, 3.0, and 3.5 and lateral load ratios
of 0.25, 0.5, and 1.0. From this analysis, apdleed ratio versus top of frame horizontal

displacement response curves were plotted, deflédene geometries were observed,
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and force point traces showing the progressiomtefmal axial force, internal major axis

bending moment, and internal minor axis bending er@nm the bottom panel

compression brace and right column were developde. results from these distributed

plasticity analyses yield the following conclusions

For a frame with a given height-to-width ratio, {heak applied load ratio
increases as lateral load ratio decreases.

For a frame with a given height-to-width ratio, tog of frame horizontal
displacement is essentially the same at each ladacratio condition indicating

a similar deformation demand resulting in the lbaut for the system.

As frame height-to-width decreases, the applied la¢io versus top of frame
horizontal displacement response curves exhibibeerdefined peak when the
peak applied load ratio is reached. After the i@pdbad ratio reaches its peak for
a frame with a height-to-width ratio of 3.0 and,dt%lecreases suddenly as
compared to the plateau and gradual decrease aetarhes with a height-to-
width ratio of 3.5.

At a height-to-width ratio of 3.5, behavior is gealey a ductile instability,
deformation-controlled failure. At height-to-widtatios of 3.0 and 2.5, behavior
transitions to a more force-controlled failure wheuggests local buckling within
the frame leads to the limit capacity of the franAd.a height-to-width ratio of

2.0, out-of-plane elastic buckling of the bottorm@lacompression brace about its
minor axis controls frame behavior.

For a frame with a given height-to-width ratio, klieg of the compression

column becomes more defined at lower lateral |@dids.
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For a given lateral load ratio, the peak appliedilcatio increases as frame
height-to-width ratio decreases from 3.5 to 2.5.

For frames with height-to-width ratios of 3.5 an@,3he nonlinear inelastic peak
applied load ratio is smaller than the first motiesec critical load ratio. For
frames with a height-to-width ratio of 2.5, the hoear inelastic peak applied
load ratio is larger than the first mode elastitiaal load ratio. For frames with a
height-to-width ratio of 2.0, the nonlinear inelagieak applied load ratio is
nearly identical to the first mode elastic critit@hd ratio since behavior is

controlled by elastic buckling of the bottom pacempression brace.
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5. Conclusions and Recommendationsfor Future Research

The conclusions presented represent conclusiaedbanly on the results of
analyses performed on a two-panel concentricaligdxt frame with equal panel heights
and the member sizes given. With this qualifiaaiomind, the findings of this thesis
can be used to as a starting point to begin tauatallocal and global instability behavior
in multi-pane braced frame systems as well as lityati the collapse behavior of these
systems.

By performing elastic and inelastic critical loanlalyses, the effect of frame
height-to-width ratio, applied lateral load to gtgtoad ratio, column orientation, and
initial geometric imperfections on frame stabilégd critical load capacity was
evaluated. The results of the elastic and inelasiiical analyses yield the following
conclusions:

e As applied lateral load ratio increases, the aelasitical load ratio decreases.

e As applied lateral load ratio increases, stabb#yavior of the frame tends to be
driven by buckling of brace elements as opposegldioal buckling of the entire
frame system.

e As height-to-width ratio increases, the elastiticai load ratio decreases.

¢ When the columns’ webs are oriented perpendicuolénd plane of the frame,
stability behavior tends to be driven by bucklirfgpace elements. When the
columns’ webs are oriented parallel to the planthefframe, stability behavior
tends to be driven by global buckling of the entieane system.

e Inelastic critical load ratios are slightly smaltkat elastic critical load ratios for

all frames where elastic buckling does not corftahe behavior.
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Initial in-plane and out-of-plane geometric impetfens have a negligible effect

on frame elastic critical loads.

By utilizing a distributed plasticity analysis appch, the inelastic response of the

frame was analyzed. Specifically, the effect afie height-to-width ratio and applied

lateral load to gravity load ratio on frame inelasesponse was evaluated. The results

from these distributed plasticity analyses yield thilowing conclusions.

For a frame with a given height-to-width ratio, {heak applied load ratio
increases as lateral load ratio decreases.

For a frame with a given height-to-width ratio, to@ of frame horizontal
displacement is essentially the same at each lddachratio condition indicating
a similar deformation demand resulting in the lbaut for the system.

As frame height-to-width decreases, the applied adéio versus top of frame
horizontal displacement response curves exhibibeerdefined peak when the
peak applied load ratio is reached. After the i@ddbad ratio reaches its peak for
a frame with a height-to-width ratio of 3.0 and,dt%lecreases suddenly as
compared to the plateau and gradual decrease @efarhes with a height-to-
width ratio of 3.5.

At a height-to-width ratio of 3.5, behavior is gealy a ductile instability,
deformation-controlled failure. At height-to-widtatios of 3.0 and 2.5, behavior
transitions to a more force-controlled failure wheuggests buckling within the
frame leads to the limit capacity of the frame. aAteight-to-width ratio of 2.0,
out-of-plane elastic buckling of the bottom pananpression brace about its

minor axis controls frame behavior.
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For a frame with a given height-to-width ratio, klieg of the compression
column becomes more defined at lower lateral |@&ids.

For a given lateral load ratio, the peak appliedtiicatio increases as frame
height-to-width ratio decreases from 3.5 to 2.5.

For frames with height-to-width ratios of 3.5 an@,3he nonlinear inelastic peak
applied load ratio is smaller than the first motiestc critical load ratio. For
frames with a height-to-width ratio of 2.5, the fioear inelastic peak applied
load ratio is larger than the first mode elastitiaal load ratio. For frames with a
height-to-width ratio of 2.0, the nonlinear inelagieak applied load ratio is
nearly identical to the first mode elastic critit@hd ratio since behavior is
controlled by elastic buckling of the bottom pacempression brace.

The frames analyzed in this thesis contained mesnlibich were designed for

the geometric characteristics of a frame with ghieto-width ratio of 3.0 and equal

panel heights as well as the loads expected toraatframe with a height-to-width ratio

of 3.0. Designing the frame for other aspect gaéind panel heights may alter some

results.

The results and knowledge generated through tesditan be extended through

future research by doing the following:

Distributed plasticity analyses should be perforrmedrames with HSS and
double-angle bracing members.
Distributed plasticity analyses should be perforrmaedrames with member-to-

member connections with realistic semi-rigid flesduzonnections.
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Distributed plasticity analyses should be perforragadhitially applying gravity
load on the frame and then applying lateral loatthout simultaneously
increasing the gravity load to gain a better repmégtion of frame response
during ground motion.

Evaluate the effect that changing individual mengizes has on the performance

of the frame.
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