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Chapter

Introduction

1.1 BACKGROUND

The design of industrial steel storage racks presents several challenges to the
structural engineer. Presently, the design in the United States is carried out according
to the 1997 edition of the Specification published by the Rack Manufacturers’ Institute
(RMI). The RMI published its first “Minimum Engineering Standards for Industrial
Storage Racks” in 1964.

The work that resulted in the first edition of the Specification was initiated by
the RMI in 1972 at Cornell University. Several editions of the Specification have been
prepared based on the work by the RMI Specification Advisory Committee and the
researchers at Cornell University under the supervision of Professors George Winter
and Teoman Pekoz until 1979 and under the supervision of Teoman Pekdz since 1979.
The RMI (1997) Specification is tied closely to the AISI (1996) Specification for the

provisions on Cold-Formed Steel Design.



1.2 OBJECTIVES AND SCOPE

The design of cold-formed steel frames and beam-columns used in industrial
storage racks is complex because of the significant perforations in the columns, and
the semi-rigid nature of the beam to column connections and column bases.
In addition, the columns usually have open cross-sections, making it vulnerable to
torsional-flexural buckling. Many assumptions are made in the current design
specification to simplify the design procedures, and as a result the design becomes
quite conservative. The objective of this research was to make improvements in the
RMI (1997) Specification and the AISI (1996) Specification.

Numerical methods were used to carry out studies at both the component and
the frame level, to verify or modify the current design provisions. At the component
level, the topics focused upon are the column base fixity, the beam to column
connection test procedure, and the design of perforated members. At the frame level,
studies were carried out to evaluate the current effective length approach, and to
examine the notional load approach as an alternative design procedure; as well as to
use numerical methods for structural analysis, such as elastic buckling analysis and
second-order elastic analysis considering semi-rigid connections. Studies are presented
in this thesis for each of these components, and then followed by a study on cold-

formed steel frames.



1.3 RELATED LITERATURE

The work presented in this thesis would not be possible without studying
previous works of other researchers. The following are some of the works which the
author studied and referred to extensively throughout this research project.

Textbooks written by Galambos (1988), Hancock (1998), Pekéz (1987),
Rhodes (1991), Salmon and Johnson (1996), Timoshenko and Gere (1961), and
Yu (2000) provided in depth explanations of the fundamental basis for the design of
cold-formed steel and metal structures.

Studies given by Galambos (1960), and Salmon, Schenker and Johnston (1955)
were the basis for the column base fixity equation used in the RMI specification.
The author referred to the following solid mechanic textbooks: Gurtin (1981), Malvern
(1969), Sokolnikoff (1983), Timoshenko and Goodier (1969) to solve column base
fixity problems.

Beam-to-column connection test procedures given in the commentary section
of the RMI specification were reviewed and used to develop a new alternative test
procedure. These beam to column connection tests had been carried out extensively by
Markazi, Beale, and Godley (1997), and Harris and Hancock (2002).

Journal papers by Stuto (1993), and White and Clarke (1997) thoroughly give
the historical background, philosophies, and comparison between different standards
for the design of steel beam-columns. And discussion by Pekdz and Winter (1973)
provide background information on the development of the RMI specification.

The influence that the semi-rigid nature of the beam to column joints and
column bases have on the pallet racks stability were investigated by Baldassino and
Bernuzzi (2000), Cheng (1973), and Lewis (1991). Salmon, Welch and Longinow
(1973), and Godley (2002) investigated the behavior of drive-in and drive-thru storage

racks; Olsson, Sandberg and Austrell (1999) investigated the influence of damage on



the load carrying capacity of storage rack columns; and Teh, Hancock and Clarke
(2001) investigated the buckling behavior of high-rise storage rack structures.

Torsional-flexural buckling and moment magnification factor studies carried
out in the thesis were based primarily on Pekdz (1967), Pekéz and Celebi (1969), and
Salmon and Johnson (1996).

Comparison between the effective length approach and notional load approach
for assessing frame stability has been and is continuously being studied by the ASCE
Task Committee on Effective Length. The author has referred to their ASCE (1997)
report and is very grateful for their collaboration making the study on Effective Length
Approach and Notional Load Approach for Cold-Formed Steel Frame and Beam-
Column Design in this research project possible.

Previous researchers at Cornell University have studied the finite element
modeling assumptions of cold-formed steel members extensively. The analytical
studies carried out in this research project would not be possible without reference to
the finite element studies conducted by Schafer and Pekoz (1998), and Schafer (1997).

The several computer programs that the author developed for this research
project were based on the theory of structural analysis given by Chen and Atsuta
(1976), Gattass and Abel (1987), Huebner, Thornton and Byrom (1995), Gotluru
(1998), McGuire, Gallagher and Ziemian (2000), Timoshenko and Gere (1961), Yang
(1986), as well as the cold-formed steel design approaches given by AISI (1996),
Schafer (1997), and Schafer and Pekoz (1999).

The author is certain that many more researchers other than those mentioned
here contributed to the research and development of cold-formed steel frame and
beam-column design. These omissions are either for the sake of brevity or because

they were unknown to the author.



Chapter

Column Bases

2.1 INTRODUCTION

Storage rack stability depends significantly on the conditions of the column
bases. The RMI specification uses the following base fixity expression, for the ratio of
the moment with respect to the corresponding rotation of the base to account for the
semi-rigid nature of the connection of the column to the floor as

M _bd’E,
0 12

2.1)

where b is the width of the column parallel to the flexural axis, d is the depth of the
column perpendicular to the flexural axis, and E, is the modulus of elasticity of the
floor, which is assumed to be concrete. The expression above is based on an analytical
approximation developed by Salmon, Schenker and Johnston (1955) for the case
where the footing does not rotate in soil, which is the case for the storage racks in this
study. Rotation takes place between the column ends and the floor due to the
deformation of the base plate, the anchor bolts, and the concrete. Salmon, Schenker

and Johnston (1955) also developed a method for finding the moment-rotation



relationship by analyzing the behavior of such anchorages in five different stages
starting with a trapezoidal stress distribution in the concrete floor under the base plate
and ending at the failure of the anchor bolts. The RMI specification considered only
the first stage.

The connection between the column and the floor could be represented in an
analytic frame model either by a torsional spring or by inserting an equivalent floor
beam between the column bases. The stiffness of the equivalent floor beam that would
provide the same restraints as Eq. (2.1) could be found from basic structural analysis.
Consider a beam element shown in Fig. 2.1a with its two ends identified as a and b.

The bending moments at the two ends are

M, = 7 0, + 7 6?b+L2 u"_]f u, (2.2)
2E] 4E1 6E] 6E]
M, = 7 6, + 7 6, + i u“_L2 u, (2.3)

where u, and u, are the translation degrees of freedom, €, and 6, are the rotational
degrees of freedom, L is the length, / is the moment of inertia, and E is the modulus
of elasticity of the beam element. To determine the stiffness of the equivalent floor
beam for rack not braced against sidesway, consider a frame that has its column bases
rotate equally because of the sidesway as shown in Fig. 2.1b, the boundary conditions
of segment ab in this case are M, =0, u, =0, and u, =0. Using Egs. (2.2) and (2.3)
with these boundary conditions M, is obtained as follows:

6F I,
—_ 579

a a
Lf

the resisting moment that is developed in the interior column base from the two ends

of the equivalent floor beam is M =2M , that is
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Figure 2.1 (a) Beam element (b) Equivalent floor beam for rack not braced against
sidesway (c) Equivalent floor beam for rack braced against sidesway



2B,

L,

6 (2.4)

where 6 is the angle of rotation of the column base which is equal to 8,. Inserting the
above equation in Eq. (2.1) and assuming E /E =10 we have the stiffness of the
equivalent floor beam for rack not braced against sidesway as given in the RMI

specification.

I, _bd’

L, 1440

(2.5)

To determine the stiffness of the equivalent floor beam for a rack braced against
sidesway the same procedure is used, however, as shown in Fig. 2.1¢ the boundary
conditions of segment ab in this case are M, =—M_, u, =0, and 6, =0. Using Eqgs.
(2.2) and (2.3) with these boundary conditions M, is obtained as follows:

2E 1,
Sy

a a
Lf

the resisting moment that is developed in the interior column base at the two ends of
the equivalent floor beam is M =2M , that is

4E1,
M= 0

L

(2.6)

Inserting the above equation in Eq. (2.1) and assuming E,/E, =10 we have the
stiffness of the equivalent floor beam for rack braced against sidesway as given in the

RMI specification.

1 2
L _bd (2.7)

L, 480

The effective length factor for the portion of the column from the floor to the first

beam level could then be found from the alignment chart with the following:



[c
Lf

where 7, is the column moment of inertia and L, the distance from the floor to the
first beam level.

Several analytical models of the base fixity problem were studied. Details of
their derivation can be found in Appendix A. The first model shown in Fig. 2.2
consists of a series of springs to represent the concrete floor. If the stiffness of these
springs is set to k=E_ /d the base fixity is found to be the same as in Eq. (2.1).
The second model shown in Fig. 2.3 is similar to the first model, that is considering
only the concrete block under the base plate, but instead of springs the second model
uses the beam theory approach with the same result obtained if @ =d where « is the
depth of the concrete block. A third model uses a basic solid mechanic approach to
understand better how the concrete block in the first two models deforms. Starting
from a defined stress field and boundary conditions, the displacement field could be
found for the concrete block as shown in Fig. 2.4.

Considering only the concrete block under the base plate, however, results in a
lower stiffness than what the actual floor could develop; this is because the
confinement from the surrounding material was neglected. The concrete floor should
instead be represented with a half-space material. Based on this idea a fourth model
was studied where it is a two-dimensional elastostatic problem with normal loads on
the boundary of half-space. By superimposing some combinations of Figs. 2.5a and
2.5b, a bending load distribution indicated in Fig. 2.5¢ can be obtained. Once the
applied load is defined the displacement field can be found. The deformation of the
concrete surface under the applied load region is shown in Fig. 2.6. Although the

fourth model is only a plane strain problem and may not represent the actual three
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Figure 2.2 Model 1: Concrete springs

Figure 2.4 Model 3: Deformation shape of the concrete block under the base plate
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Figure 2.5 Model 4: (a) Load extends indefinitely to the left (b) Linearly increasing
load extending indefinitely to the left (¢) Linear bending load under the base plate
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Figure 2.6 Model 4: Surface deformation under the base plate

(@) Concrete surface deformation

Linear bending load (b) Concrete surface deformation

Figure 2.7 Model 5 (a) Square base plate (b) 2 by 1 Rectangular base plate
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dimensional base fixity problem, it can be seen that the surrounding concrete does
affect the surface displacement thus differing from the previous models.

Finally, the fifth model not only considered the half-space nature of the floor,
but it also considered the three-dimensional aspect of the problem. This model is
considered to be better than all the previous models to represent the base fixity
problem. Normal loads were applied on the boundary of the concrete floor and the
resulting displacement was determined. When a square base plate was considered in
this model, normal load distribution p was applied and the surface deformation was
obtained as shown in Fig. 2.7a. The resulting base fixity was 4.05 times higher than
Eq. (2.1). For a 2 by 1 rectangular base plate, the results showed that the stiffness was
5.128 times higher than Eq. (2.1). This confirms that the current base fixity equation
may be underestimating the actual stiffness. However, defining contact pressure
between the base plate and concrete surface as a linear bending load distribution must
be justified. This motivated the study described in Section 2.2. By using the fifth
model approach but with improvement in defining the normal load, a new base fixity

equation was developed.

2.2 DEVELOPMENT OF A BASE FIXITY EQUATION

2.2.1 Contact Stresses Between Base Plate and Floor

The objective here was to study how the load is transferred from the column to
the floor. Once the load distribution on the concrete surface is known, the surface
deformation can be found by an approach similar to the fifth model approach and thus
the base fixity can be obtained. The load distribution on the concrete surface must be
solved from a contact simulation between the base plate and the floor. The finite

element method was used to solve this problem. Since the columns in consideration
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are thin-walled sections, namely, the column wall thickness ¢, and base plate
thickness #, both are relatively small compared to the width or depth of the column,
the problem was simplified by solving each wall section separately with a plane strain
analysis. Two cases were considered, one when the column wall section is positioned
at the edges of the base plate as shown in Fig. 2.8 and the other when it is at the center
as shown in Fig. 2.9.

Finite element assumptions are as follows: The four node plane strain elements
were used to model. Contact surfaces were defined between the base plate and the
concrete to simulate their interaction. However, in this study no friction was
considered between the two surfaces. In addition, since the floor was assumed to be a
half-space and only a small region of the base plate was considered, plane strain
infinite elements were needed to model the far-field region of the concrete and base
plate. For the case when the column wall section is positioned at the middle, because it
is a symmetric problem only a half model is needed as shown in Fig. 2.9. The material
model used for the column wall and base plate was elastic with £, =29500 ksi and
v=0.3 while the concrete was assumed elastic with £ =2950ksi and v=0.2.
A uniform compression stress was applied at the top of the column wall.

A parametric study was carried out for the two cases to find out how the
contact stress distribution changes as the base plate to column wall thickness ratio,
t,/t, is varied from 1 to 3. The normal load distribution on the concrete surface was
obtained and plotted as shown in Figs. 2.10 and 2.11. The vertical axis represents the

stress intensity factor o, /o

W

where o, is the stress on the concrete surface, and o,
is the applied stress on the column wall. The horizontal axis represents the normalized
position across the concrete surface. As seen in both cases as the #, /¢, increases the
load distribution expands. The load distribution was then further simplified by

representing it with an equivalent load block, which will give the same total force and
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moment respect to the vertical axis. The relationship between the load block intensity
factor o, /o, and the f /tw can be plotted as in Fig. 2.12 with the following
expression obtained for the case where the column wall section is positioned at the

edges of the plate:

O-C

t
=1.162-0.191-% (2.9)
o t

w w

and for when the column wall section is positioned at the center of the plate:

O-C

- 0.2584:1 (2.10)

o, ,

The width of the equivalent load block ¢, was found by imposing the condition that
the total force of the equivalent load block is equal to the total force applied on the

column wall.

ot =0t 2.11)

cc wow

2.2.2 Normal Loads on the Boundary of Half-Space

Finite element studies of the base fixity problem, have shown that contact
pressures between the base plate and concrete surface, are concentrated around the
column wall section, rather than having a linear bending load distribution as assumed
in Eq. (2.1). This is because the column wall thickness and base plate thickness in
study are relatively thin, compared to the width or depth of the column.
The distribution of the normal loads on the concrete surface depends on these
thicknesses, and the location of the column wall section on the base plate. Once the
normal load distribution on the concrete surface for a certain amount of bending
moment is known, deformation can be obtained by solving the problem of normal

loads on the boundary of the half-space, using solid mechanic approaches as suggested
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in Sokolnikoff (1983). The column base rotation was found from the floor surface
deformation, and then the base fixity was computed.

With the relationship between the load block intensity factor o, /o, and ¢, /t,
known, different types of base plate configurations could then be studied. Four types
of base plates were considered as shown in Fig. 2.13. The column load was assumed
to be a combination of an axial and bending force. However, only the bending force
contributes to the rotation of the base. The force in the column is transferred through
the base plate and then onto the floor. The intensity of the normal load distribution
was found by using either Eq. (2.9) or Eq. (2.10) depending on the location of the
column wall section. The width of the load distribution was then found by using
Eq. (2.11).

Type A has the base plate the same size as the column. Because all the column
wall sections are located at the edges of the base plate, only Eq. (2.9) is needed to
approximate the normal load distribution. Type B has the base plate extended out from
the opening of the column, thus Eq. (2.10) must be used at the stiffeners. For type C
the column is placed on a large base plate so only Eq. (2.10) is needed. For Type D the
base plate is extended out from both sides of the flanges. For this base plate type
Eq. (2.10) is used for the flanges and Eq. (2.9) is used at the web and stiffeners.
Examples of the resulting normal load distribution for a 3 in. square C-section with
c=d/2, t, = t,=0.10 in., for the different base plate types are shown in Fig. 2.14.

Once the load distribution on the concrete surface for a certain moment force is
known, deformation of the concrete can be obtained by solving the problem of normal
loads on the boundary of the half-space. Concrete surface deformation for the
C-section example is shown in Fig. 2.14. The rotation was then found from the surface
deformation, and the base fixity was calculated. A parametric study was carried out for

a wide range of column base configurations to develop a new base fixity equation.
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The parameters included are summarized in Table 2.1. Combinations of these
parameters yielded a total of 500 models for each base plate type. Results for the
different base plate types are shown in Figs. 2.15 through 2.18. It can be seen that the
results of base plate type A are similar to type B while the results of base plate type C
are similar to type D. This is mainly because the load at the stiffener and web is rather
low. Most of the rotation takes place due to the loads from flanges.

New base fixity equations were obtained by fitting a regression line through

the data results. For use with base plate type A or B, the equation is

% =2lsbd2Ec (2.12)

For use with base plate type C or D, the equation is

% :%bdzEc (2.13)

For practical purposes it is recommended that a single base fixity equation, Eq. (2.12),
be used for all types of base plates. As can be seen Figs. 2.17 and 2.18, the design will
simply be slightly more conservative when Eq. (2.12) is used for base plate type C
or D. The stiffness of the equivalent floor beam corresponding to Eq. (2.12) for rack

not braced against sidesway is

Lo pg (2.14)

for rack braced against sidesway is

o T g (2.15)

The base fixity equations presented here are suggested only for the initial

stiffness of the connection, namely, only the first stage of the behavior as defined by
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Table 2.1 Column and Base Plate Dimensions in Study
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Salmon, Schenker and Johnston (1955) where the base plate is still in full contact
with the concrete surface, having trapezoidal compression stress distribution.
By considering the axial force P and bending moment M, to prevent tension stresses
from occurring on the concrete surface, an upper bound limit of the equations can be

found as

A
x|

(2.16)

v | K

This upper bound limit when used for columns with thick base plates as shown in
Fig 2.19a, the contact stress area A4, would be equal to bd, and S the elastic section
modulus of the rectangular area about the axis of bending wound equal to bd 2/ 6,

therefore Eq. (2.16) becomes

<

M
- (2.17)

o |

However, when used for design columns with thin base plates as shown in Fig 2.195b,
A would instead equal to 2t(a’ +b), where ¢ is the thickness of the contact area, and
S would be equal to #d (d/3+Db), therefore in this case Eq. (2.16) becomes

M _d(d+3b)

For practical purposes it is recommended that a single upper bound limit, Eq. (2.17),
should be used for all types of base plate because it is always more conservative than
using Eq. (2.18).

Once the upper bound limitation has been reached, the stiffness of the
connection is expected to decrease. The RMI specification does not explicitly give an
upper bound limit for its base fixity equation but expects that the limit will not be

reached for gravity load design.
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2.2.3 Base Fixity Charts

The proposed base fixity equation provides a rough estimate of the connection
stiffness approximated from a wide range of column base configurations. To obtain a
more accurate value for a particular column base, charts given in Appendix B should
be used. The charts were developed by using the data points given in Figs. 2.15
through 2.18, then rearranged and curved to fit them such that the data could be read
directly from these charts. The charts are given for all base plate types with box
column sections. Two column wall thicknesses were provided, ¢, =0.051in. and
t,=0.10 in. with the column dimension ranging from a square section to a 2 by 1
rectangular section. In all cases there are a group of five solid lines where the top line
refers to base plate thickness of 7, =3¢, , the second line 7, =2.5¢,, the third line
t, =2t,, the fourth line 7, =1.5¢ , and the bottom line 7, =7,,.

The base fixity values given here assume the column and base plate material to
be E =29500ksi and v=0.3 while for the concrete floor E, =2950ksi and
v =0.2. For other concrete material properties, assuming that Eq. (2.9) and Eq. (2.10)

still hold, the base fixity can be found by modifying the obtained chart value as

follows:
M__G (Mj (2.19)
9 Gchart 0 chart

where G, . 1s equal to 1229 ksi, and G is the shear modulus of elasticity of the

concrete material of interest.

29



2.3 FINITE ELEMENT ANALYSIS VERIFICATION

Non-linear finite element analyses of the column to floor connection were
performed using ABAQUS in order to verify the proposed base fixity equation.
The geometry and boundary condition of the finite element model were made to best
simulate the A-LDR column with base plate type B connection (columns
3CS1.625x90). The finite element model of the column base is shown in Fig. 2.20.

Finite element assumptions are as follows: The vertical and lateral loads
transferred from the frame to the isolated column were modeled by nodal forces
applied at the centroid of the column on the top plate as shown in Fig. 2.20. The ratio
of the lateral load with respect to the vertical load is maintained at 0.015 throughout
the analysis. The top plate has been thickened to avoid large deformation and localized
failure due to the concentrated loads, and lateral bracing is also provided at the top
plate to prevent the column from twisting. In addition, because only one anchorage
bolt on the left was chosen for this model, it was expected that the placement of the
bolts would affect the behavior of the column. Therefore, both directions of the lateral
load were considered. Positive and negative signs of the direction are given in
Fig. 2.20. An idealization of the boundary conditions of the anchorage bolts
connection was made by the matching displacements of the base plate nodes and the
concrete nodes.

The four node general purpose shell element was used to model the column
and base plate while an eight node brick element was used to model the concrete floor.
Contact surfaces were defined between the base plate and the concrete to simulate
their interaction. No friction was considered between the two surfaces. In addition,
since the floor was assumed to be a half-space, eight node infinite elements were used
to model the far-field region. The material model used for the column and base plate

was elastic-plastic with strain hardening F, =45ksi, F, =59 ksi, £ =29500 ksi,
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E,=E/45, v=0.3, and e, was 15 times the maximum elastic strain, while the
concrete was assumed elastic with E, =2950 ksi and v =0.2. Using these finite
element modeling assumptions a parametric study was carried out by varying ¢, / t,
from 1 to 3. Deformation and stress distribution resulted from the finite element
analysis for the case of loading in the positive direction is as shown in Fig. 2.21.
The rotation of the base plate was obtained and plotted against the applied moment to
compare with the RMI and the proposed base fixity equation as shown in Fig. 2.22.
As can be seen in this figure the proposed equation agrees better with the finite

element results than the RMI equation does.

2.4 CONCLUSIONS

It was shown in this chapter that the current RMI base fixity equation
underestimates the stiffness. Several analytical models of the column base were
studied. The base fixity was found by solving a normal load on the boundary of the
half-space problem. With this approach a parametric study was carried out for a wide
range of base configurations to develop a new base fixity equation. Unless actual tests
are conducted to obtain the base fixity, the proposed base fixity equation, Eq. (2.12),
along with the upper bound limits, Eq. (2.17), of the base fixity behavior should be
used. Finite element studies were used to verify the proposed equation. The proposed
equation agrees well with the finite element solution. Some errors do occur from the
assumptions in the approach, such as neglecting the flexibility of the base plate and

using an approximate load block for the load distribution on the concrete surface.
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Chapter

Beam to Column Connections

3.1 INTRODUCTION

In storage racks, beam end connectors are used to make beam to column
connections. The semi-rigid nature of this connection is primarily due to the distortion
of the column walls, tearing of the column perforation, and distortion of the beam end
connector. The storage rack stability depends significantly on the behavior of this
connection, thus it is important to have the means for predicting it. Designs of these
connections vary widely; making it is impossible to develop a general analytic model.
Instead, beam to column connection tests are usually done to determine the
relationship of the moment at the joint M and the change in angle between the

column and the connecting beam 6.



3.2 BEAM TO COLUMN CONNECTION TESTS

The RMI specification recommends the use of a cantilever test or a portal test.
Schematics of these test setups are shown in Figs. 3.1 and 3.2. The result from the
cantilever test is normally used to design beams and connections; while the result from
the portal test is used as connection stiffness in sidesway analyses. The following is a
review of these tests. In the cantilever test the constant connection stiffness F relating

the moment to the rotation as

is determined by using the known applied vertical load P and deflection of the free

end of the cantilever J in the following expression

5=PL L L1 (3.2)
16EI.  3EI, F

where E is the modulus of elasticity, L, and L,  are the length of the beam and
column segment, /, and /, are the moments of inertia of the beam and column

segment, respectively. Solving Eq. (3.2) for F, the following is obtained:

1
Fe—s—rF T (3.3)

c

PL: 16EI. 3EI

With M =PL, and F known, @ can then be determined from Eq. (3.1) for each load
step. Plots such as Fig. 3.3 giving the moment and rotation relationship may then be
developed. Instantaneous stiffness AF can be found by connecting the resulting data
points or by substituting AP for P, and Ao for 6 into Eq. (3.3) where AP is the
load increment, and A¢ is the deflection increment due to AP . The RMI specification

recommends that the connection stiffness to be used in linear analyses can be given as
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the /' determined from Eq. (3.3) with P equal to 0.85 times the ultimate load and &
equal to the deflection at that load.

In the portal test, a certain amount of vertical load is applied before the
connection stiffness is determined. By applying an additional horizontal load and
measuring the corresponding lateral deflection, F can be computed from the

following expression:

2
sHf b L 1 (3.4)
2 \3EI, 6El, F

where H is the horizontal load per beam. Two beams are required in this test
assembly; therefore, a horizontal load of 2H is applied in the test, ¢ is the lateral
deflection corresponding to a horizontal load of 2H, # is the distance from the floor
to top of the beam, and L is the distance between the centroid of the two columns

parallel with the shelf beam. Solving Eq. (3.4) for F, o '
the following is obtained:

1
F= 25 ; 7 (3.5)

HKW 3EI 6EI,

The RMI specification recommends that F' determined from Eq. (3.5) be used as the
connection stiffness in sidesways analyses. Tests for /° with vertical loads at both the
design load and the ultimate load levels should be conducted since the behavior at
both of these loads are of interest.

If the vertical load is applied such that it is equally distributed over the entire
bay then the vertical force on each shelf beam can be assumed to be a uniform
distribution load w, (force per length). The pre-existing moments in the joints due to

this load, before the horizontal load is applied can be determined as follows:



3
M= wi (3.6)

24EI, L+L+l
3EI. 2EI, F

As the horizontal load is applied to the right as in Fig. 3.2, the left joint will loosen

and the right joint will tighten up, meaning the pre-existing moment in the joints from
Eq. (3.6) will decrease by HA/2 in the left joint and increase by HA/2 in the right
joint. This, however, assumes that both joints have the same stiffness, but generally
this may not be the case, for example if the pre-existing moment in the joints is equal
to M, as shown in Fig. 3.3. As the horizontal load is applied, the stiftness of the left

and right joints will instead be approximately AF, and AF,,, respectively. The lateral

+1°

displacement in this case can be found as:

h L 1 h L 1
+ + + +
5o Hr* |\ 3B, 2El, AF, | 3EI, 2EI, AF,, L 3.7)
2 h L AF+AF,, 3EI, '
3EI, 2ElI, 2AFAF

n+l

By equating Eq. (3.4) and Eq. (3.7) it can be found that the constant connection
stiffness determined from Eq. (3.5) is actually a combination of these different joint

stiffnesses AF, and AF, ., as follows:

AF, +AF, | +2AFAF, (32] + 2;}
c b

2+(AF, +AF"“)(3£1 +2£1 j
c b

The connection stiffness of the individual joints is not obtained from the portal test but

F =

(3.8)

is instead an approximate average value of the connection stiffness as the tightening
up and the loosening process is obtained. The loosening process may not be as simple
as assumed in the above example where the unloading stiffness is same as the loading

stiffness AF, . If the connections were loaded beyond the elastic range, permanent

10



deformation would occur in the joint, resulting in different moment and rotation

relationships in the loading and unloading process.

3.3 PROPOSED PORTAL TEST

An alternative beam to column test presented here is to be used instead of the
cantilever test. In the cantilever test the shear to moment ratio of the actual frames
may not be well represented. For some connections the behavior may depend
significantly on this ratio. Namely, if the cantilever test is conducted for different L,
values, the moment and rotation relationships obtained from each of these tests will be
different. To solve this problem, a proposed connection test where the entire bay is
assembled the same as in the portal test is to be used. This proposed procedure shown
in Fig. 3.4 will be referred to in this study as the proposed portal test. This test is
similar to the previous portal test but instead of applying the horizontal loads, vertical
loads are applied incrementally and the corresponding mid-span beam deflection ¢ is
measured. The vertical load applied must be equally distributed over the entire bay so
that the vertical force on each shelf beam can be assumed to be a uniformly
distribution load w. The developing moment in each joint will be the same in this test
and the expression for the maximum beam deflection at mid-span can be found as

follows:

4
5o wL 5_ 4 +th (3.9)
384EI, 1+2E1b( h 1) 2AE

L \3El F
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h=241n.

|l

Vertical Load

Vertical Load

]

j
Deflection Measuring

Device

[e]

-

Figure 3.4 Proposed portal test
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Solving Eq. (3.9) for F, the following is obtained:

F= ! (3.10)

L 4wl h
2EI,

Swi' —384EI, (5-“’7) 3EL,
24FE

with M the same as given in Eq. (3.6) and ' known, & can then be determined from
Eq. (3.1) for each vertical load step. Plots such as in Fig. 3.3 giving the moment and
rotation relationship may then be developed. The load carrying capacity of the entire
bay may also be determined from this test whether failure is due to the connection or
the shelf beam. However, if the load carrying capacity is not of interest, the proposed
portal test could be conducted prior to the portal test. The mid-span deflection o
could be measured in the vertical loading process. The connection stiffness from the
proposed portal test can then be used in designing beams while the connection

stiffness from the portal test can be used in sidesway analyses.

3.4 FINITE ELEMENT SIMULATION OF THE CANTILEVER TEST

A cantilever test of a light duty rack connection was conduced by
Pekoz (1975). The vertical load was applied by a jack until failure took place at the
connection. Results showed that the failure took place with tearing of the column
perforation by the upper hex stud. The load-deflection relationship and the
determination of the moment-rotation relationship from the test results are
summarized in Table 3.1. A finite element simulation of this test is presented in this
study. The objective is to develop a finite element model that best represents the
behavior of the connection so that the modeling assumptions can later be implemented

into the beam to column connections in the frame analysis study in Chapter 5.
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In order to study the behavior of the connection, nonlinear finite element
analyses were performed using ABAQUS. The geometry, boundary and loading
conditions of the finite element model were made to best simulate the cantilever test as
shown in Fig. 3.5. A 30 in. length column was fixed in all degrees of freedom at both
ends to represent the ends of the column that were welded to immovable supports.
A 26 in. beam with an end plate was connected at mid height of the column.
Contact surfaces were defined between the end plate and the column to simulate their
interaction as shown in Fig. 3.6. The lower hex stud was modeled by the use of
multipoint constraints to provide a pinned joint between the node on the end plate and
the column, while the upper hex stud was modeled by the use of multipoint constraints
and non-linear axial springs as shown in Fig. 3.7. The non-linear axial spring was used
to capture the initial looseness behavior of the joint. The stiffness of the spring was
calibrated to best match initial looseness behavior of the test result.

The concentrated load was applied 24 in. from the connection to simulate the
jack load. The material model used was elastic-plastic with strain hardening
F,=45ksi, F,=59ksi, E=29500ksi, E,=E/45, v=0.3, and e, was 15 times
the maximum elastic strain. Failure mode at ultimate load is shown in Fig. 3.8.
The connection rotation was determined by monitoring node P, and P, as shown in
Fig. 3.9 to find the angle of rotation of the beam and node F, and P, to find the
movement of the column to correct the connection rotation. A moment-rotation curve
resulting from the finite element simulation and the physical test are compared in
Fig. 3.10. The beam to column stiffness obtained from 85% of the joint moment
capacity as suggested by the RMI specification used in linear frame analyses was also

plotted for comparison.
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Table 3.1 Beam to Column Connection Test Results

P, kips 8, in. F, kip-in./rad M, kip-in. 0, rad
0.10 0.266 227 24 0.0106
0.20 0.406 302 4.8 0.0159
0.30 0.498 374 72 0.0192
0.40 0.641 389 9.6 0.0247
0.45 0.71 395 10.8 0.0273
0.50 0.794 393 12.0 0.0306
0.55 0.941 362 13.2 0.0364
0.60 1.063 349 14.4 0.0413
0.65 1.247 320 15.6 0.0487
0.70 1.585 269 16.8 0.0625
0.75 2.033 222 18.0 0.0809
0.80 2.646 181 19.2 0.1062

T~

30 in.

<— Fixed

Laterally Supported

Figure 3.5 Finite element model of the cantilever test
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Figure 3.9 Four nodes monitored to determine the rotation
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Figure 3.10 Comparison of the cantilever test and the finite element simulation
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3.5 CONCLUSIONS

A new beam to column connection test to be used instead of the cantilever test
has been presented in this study. The shear to moment ratio in an actual frame is better
represented by this proposed portal test than the cantilever test. For some designs, the
connection behavior may depend significantly on this ratio. Therefore it is
recommended that in addition to current beam to column connection tests, this
proposed portal test should be included as a possible means of determining the
moment to rotation relationship of the connection.

The beam to column connection stiffness obtained from the finite element
cantilever test simulation agrees well with the test results. However, the finite element
model was not able to capture the failure mode which was observed in the test. In the
test the failure took place with tearing of the column perforation by the upper hex stud.
Thus the connection ultimate moment capacity obtained from the finite element model
was higher than obtained from the test. Improvement in the finite element result can be
made with better modeling details of the connection stud and considering fracture

mechanics.
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Chapter

Members

4.1 INTRODUCTION

The current RMI design provision for cold-formed steel members is similar to
the AISI specification. Both specifications consist of the following general steps.
First, the overall stability of the member is considered. Once the overall buckling
stress 1s known, then the design equations are used to determine the nominal failure
stress, whether the member will fail from elastic buckling, inelastic buckling, or
yielding. With the nominal failure stress known, the corresponding effective section
properties can then be computed. Effective section properties are used to account for
the local buckling of thin-walled sections. The nominal member strength is determined
based on the governing nominal failure stress and the effective section properties.
Finally, the design member strength is obtained by multiplying the nominal member
strength by a resistance factor in the case of LRFD or dividing it by a safety factor in
the case of ASD. However, special considerations must be given to members subject
to a combined compressive axial load and bending. Additional steps must also be

taken to account for various possible modes of failure and the presence of second-



order moments. Based on the general design steps discussed above, studies were
carried out in this chapter to verify or modify the current design provisions for

member design.

4.2 ELASTIC BUCKLING STRENGTH OF PERFORATED MEMBERS

The column sections in storage racks are perforated for the purpose of easy
assembly of the beam end connector. It is well known that the presence of such
perforation reduces the local buckling strength of the individual component element
and the overall buckling strength of the section. The significance of this reduction will
however depend on the geometry and material properties of the member and the
boundary conditions. The RMI specification currently allows the use of unperforated
section properties to predict the overall elastic buckling strength of perforated
members, thus assuming that the presence of such perforation does not have
significant influence on the reduction of the overall elastic buckling strength.
The objective of this study is to check this assumption. Two finite element buckling
analyses studies were carried out to investigate how the perforations affect the local
and overall buckling strength.

The first study considered a rectangular plate with two rows of perforations as
shown in Fig. 4.1. The plate was modeled to represent the web of a Section A-LDR
shown in Fig. 4.2a. The actual holes in the web are irregular shapes. Here they are
simplified by an approximate equivalent rectangular hole. The plate is subject to a
uniform compression stress in the longitudinal direction. Two boundary condition
cases were considered as shown in Fig. 4.1. The actual boundary condition along the
longitudinal edges lies between these two extreme cases because the web to flange

junction provides some rotational stiffness. The elastic critical buckling stress was



(a) (b)

Figure 4.1 Perforated plate buckling modes (a) Case I (b) Case II

Table 4.1 Values of Plate Buckling Coefficients

Case Boundary Condition Value of k
Unperforated Plate Perforated Plate

L 5 S.S. -«

I || S SS.| ] 4.0 2.61
> S.S. «
_; Fixed ;_

I | Ss . S5 | 6.97 4.03
> Fixed <«




solved by using the computer program CU-PBF shown in Appendix H. The program
uses the finite element method with four-node rectangular thin plate elements to solve
this eigenvalue problem. With the critical buckling stress known, the plate-buckling
coefficient k& was calculated and then compared with the unperforated long plate
values given by the AISI specification. Table 4.1 summarizes the results. Results show
that the presence of such perforations significantly reduces the & value in both cases.
The second study was carried out to compare the buckling strengths of
perforated and unperforated sections. Three C-sections were considered: A-LDR,
A-LDR-2, and A-HDR. Their cross sectional geometry is given in Fig. 4.2 and section
properties are summarized in Tables 4.2, 4.3, and 4.4. The cross sectional geometry of
Sections A-LDR and A-LDR-2 are similar but their section thicknesses are different.
The elements of Section A-LDR are thick making it locally stable, while the elements
of Section A-LDR-2 are thin making it locally unstable under uniform compressive
yield stress. All three sections were studied as both a concentrically loaded
compression member and a flexural member subject to bending about the strong axis.
Boundary conditions at the ends of the member for both cases were pined condition
such that the effective length for flexural buckling of both the strong and weak axis
and torsion were equal to the length of the member. The critical buckling load was
found for different length members. Two approaches were used to solve the buckling
problem and then compared: the first approach is using finite element method using
the ABAQUS computer program where the four node general purpose shell element
was used to model the member, and second approach is using the theoretical overall
buckling equations as given in the AISI specification. The theoretical overall buckling
equations were solved for arbitrary open thin-walled sections by using the computer
program CU-TWP shown in Appendix H. The finite element method is considered to

give more accurate results.
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Table 4.2 Section A-LDR Dimensions and Properties

FULL UNREDUCED GROSS SECTION

Node Data: Segment Data: - :
¥ x-coord., y—coord. node-i, -j, thickness Section Propertles
| Laes 18| 23 oloer | B = 068614
E o 15 3 4 o0.091 | Ix = 1.01988
; 0 -1.5 4 5 0.091 Iy = 0.285177
R _x 1.565 -1.5 5 6 0.091 | Ixy = 0
; 1:563 70795 J = 0.00189398
i C.G. = (0.61749, 0)
! S.C. (-0.902084, 0)
Cw = 0.784752
NET SECTION I - PERFORATED WEB
Node Data: Segment Data: . .
y ki x-coord., y—coord. node-i, -j, thickness Section Propertles
| 1.565 0.795 1 2 0.091 [ A = 0.592956
: 1.565 1.5 2 3 0.091
| . 1. s 2 ooer | Ix = 0.972709
. 0 0.952 4 5 0 Iy = 0.244062
,,,,, - ,,:e,,,,,,,,x 0 0.44 5 6 0.091 | Ixy = 0
! 0 -0.44 6 7 0
i 0 -0.952 7 8 0.091 C.G. = (0.71453, 0)
[ 0o -1.5 8 9 0.091
I 1.565 -1.5 9 10 0.091
i 1.565 -0.795
NET SECTION II - PERFORATED FLANGES
Node Data: Segment Data: . .
¥ x-coord., y—coord. node-i, -j, thickness Section Propertles
| 1.565 0.795 1 2 0.091 | A = 0.589498
! 1.565 1.5 2 3 0.091
3 1.094 1.5 3 4 o | Ix = 0.80244
. 0.563 1.5 4 5 0.091 Iy = 0.277897
R | _.:e ....... —x 0 1.5 5 6 0.091 | Ixy = 0
! 0o -1.5 6 7 0.091
i 0.563 15 7 8 o C.G. = (0.582897, 0)
[ 1.094 -1.5 8 9 0.091
I 1.565 -1.5 9 10 0.091
] 1.565 -0.795
WEIGHTED SECTION
Node Data: Segment Data: Section Properties
x-coord., y—coord. node-i, -j, thickness p
ﬁ 1.565 0.795 1 2 0.091 | A - 0.620432
| 1.565 1.5 2 3 0.091
i 1.094 1.5 3 4 o0.073 | Ix = 0.953286
| 0.563 1.5 4 5 0.091 Iy = 0.265125
S s okn| D tlen|Dy-o
! 0 0.a4 7 8 0.001 | J = 0.00153986
. 0 -0.44 8 9 0.0455 | C.G. = (0.65736, 0)
E g ’0-i5§ 13 12 g~g§i S.C. (-0.927725, 0)
T 0.563 -1.5 11 12 o0.073 | CW = 0.763688
1.094 -1.5 12 13 0.091
1.565 -1.5 13 14 0.091
1.565 -0.795
AVERAGE SECTION
Node Data: Segment Data: . p
Y x-coord., y—coord. node-i, -j, thickness Section Propertles
| Lses 1.8 | 2 3o.0se | B T 0-620542
E o 15 3 4 o0.0823 | Ix = 0.922379
- 0 -1.5 4 5 0.0823 Iy = 0.257912
- —{e 7777777 -x 1.565 -1.5 5 60.0823 | Ixy = 0
; 1565 -0.795 J = 0.00140104
i C.G. = (0.61749, 0)
! S.C. = (-0.902084, 0)
Cw = 0.709727
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Table 4.3 Section A-LDR-2 Dimensions and Properties

FULL UNREDUCED GROSS SECTION

Node Data: Segment Data: - :
¥ x-coord., y—coord. node-i, -j, thickness Section Propertles
i 1.565 0.795 1 2 0.045 | A = 0.3393
: 1.565 1.5 2 3 0.045
E o 1 3 24 0.045 Ix = 0.504339
0 -1.5 4 5 0.045 Iy = 0.141021
I ,{e ,,,,,,, _x 1.565 -1.5 5 6 0.045 | Ixy = 0
; 1:563 70795 J = 0.000229027
! C.G. = (0.61749, 0)
! s.c. (-0.902084, 0)
Cw = 0.388064
NET SECTION I - PERFORATED WEB
Node Data: Segment Data: . .
; il x-coord., y—coord. node-i, -j, thickness Section Propertles
i 1.565 0.795 1 2 0.045 | A = 0.29322
: 1.565 1.5 2 3 0.045
3 0 1.5 3 4 o0.045 | IX = 0.48101
; 0 0.952 4 5 0 Iy 0.12069
***** o ol | e 7 | xw=0
f 0 -0.952 7 8 o0.045 | €-G. = (0.71453, 0)
I 0o -1.5 8 9 0.045
I 1.565 -1.5 9 10 0.045
T 1.565 -0.795
NET SECTION II - PERFORATED FLANGES
Node Data: Segment Data: . .
¥ x-coord., y—coord. node-i, -j, thickness Section Propertles
| 1.565 0.795 1 2 0.045 | A = 0.29151
: 1.565 1.5 2 3 0.045
3 1.004 1.5 3 4 o | Ix = 0.396811
. 0.563 1.5 4 5 0.045 Iy = 0.137422
. | ,,:e ,,,,,,, o 0 1.5 5 6 0.045 | ITxy = 0
! 0o -1.5 6 7 0.045
| 0.563 15 7 8 o C.G. = (0.582897, 0)
[ 1.094 -1.5 8 9 0.045
I 1.565 -1.5 9 10 0.045
] 1.565 -0.795
WEIGHTED SECTION
Node Data: Segr.“‘?m Data: Section Properties
x-coord., y—coord. node-i, -j, thickness
ﬁév—w 1-525 0-195 2 § g~g45 A = 0.306808
| .565 .5 .045
i 1.094 1.5 3 40.0361 | 1X = 0.471408
H 0.563 1.5 4 5 0.045 Iy = 0.131106
. ;e . 0 1.5 5 6 0.045 | Ixy = 0
R - 0 0.952 6 7 0.0225
! 0 0.44 7 8 0.045 J = 0.000186207
! 0 -0.44 g 9 0.0225 | C.G. = (0.65736, 0)
E 8'0 552 13 12 g~gii S.C. = (-0.927724, 0)
; 0.563  -1.5 11 12 0.0361 | CW = 0.377648
1.094 -1.5 12 13 0.045
1.565 -1.5 13 14 0.045
1.565 -0.795
AVERAGE SECTION
Node Data: Segment Data: . .
¥ x-coord., y—coord. node-i, -j, thickness Section Propertles
| | 1.565 0.795 1 20.0407 | A = 0.306878
; 1.565 1.5 2 3 0.0407
E 0o 1.5 3 4o0.0407 | 1¥ = 0.456146
: 0 ~-1.5 4 5 0.0407 | Iy = 0.127546
-5 - —{e rrrrrrr - X 1.565 -1.5 5 6 0.0407 Ixy =0
; 1:365 -0.795 J = 0.000169447
i C.G. = (0.61749, 0)
! S.C. = (-0.902084, 0)

Cw = 0.350983
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Table 4.4 Section A-HDR Dimensions and Properties

FULL UNREDUCED GROSS SECTION

Node Data:

x-coord., y—coord.

Segment Data:
node-i, -j, thickness

Section Properties

ﬁ 2.91 0.7325 1 2 0.091 | A = 0.919555
: 2.91 1.4375 2 3 0.091
! 0 1.4375 3 4 o0.091 | Ix = 1.43098
1 0 -1.4375 4 5 0.091 | Iy = 1.15832
.5 e Lo « 2.91 -1.4375 5 6 0.091 | Ixy = 0
| -
; 291 -0.7323 J = 0.00253828
i C.G. = (1.24406, 0)
i S.C. = (-1.60873, 0)
Cw = 2.91218
NET SECTION I — PERFORATED WEB
Node Data: Segment Data: Section Properties
v x-coord., y—coord. node-i, -j, thickness p
ﬁ 2.91 0.7325 1 2 0.091 [ A = 0.826371
: 2.91 1.4375 2 3 0.091
! 0 1.4375 3 4 o0.001 | IX = 1.38381
3 0 0.952 4 5 o | Iy = 0.997843
g S —— x o oaa| &7 o lx=0
i 0 -0.952 7 8 0.091 C.G. = (1.38434, 0)
I 0 -1.4375 8 9 0.091
| m 2.91 -1.4375 9 10 0.091
: 2.91 -0.7325
NET SECTION II - PERFORATED FLANGES
Node Data: Segment Data: Section Properties
oy x-coord., y—coord. node-i, -j, thickness p
E—ﬁ 2.91 0.7325 1 2 0.091 | A = 0.822913
: 2.91 1.4375 2 3 0.091
3 1.094 1.4375 3 4 o | Ix = 1.23128
; 0.563 1.4375 4 5 0.091 Iy 1.1374
e — S| E s Dy - 0
f 0.563 -1.4375 7 8 o | C-G. = (1.29286, 0)
I 1.094 -1.4375 8 9 0.091
| 2.91 -1.4375 9 10 0.091
2.91 -0.7325
WEIGHTED SECTION
Node Data: Segment Data: Section Properties
x-coord., y—coord. node-i, -j, thickness p
a 2.91 0.7325 1 2 0.091 [ A = 0.853847
[ 2.91 1.4375 2 3 0.091 _
| m 1.094 1.4375 3 4 o.073 | I¥ = 1.36789
i 0.563 1.4375 4 5 o0.091 | Iy = 1.07738
. ;C . 0 1.4375 5 6 0.091 [ Ixy = 0
. = Lo 0 0.952 6 7 0.0455
! o o as 2 s 6.0o1 | O = 0.00218416
. 0 -0.44 8 9 0.0a55 | C.G. = (1.32125, 0)
| o 1vims | 1011 olom | o€ = (°1-659,0)
; 0.563 -1.4375 1112 o0.073 | €W = 2.8227
1.094 -1.4375 12 13 0.091
2.91 -1.4375 13 14 0.091
2.91 -0.7325
AVERAGE SECTION
Node Data: Segment Data: Section Properties
v x-coord., y—coord. node-i, -j, thickness p
— ] sh T | L 2ot B - 0.8
! "0 1.4375 3 4 0.08s5 | IX = 1.32877
! 0 -1.4375 4 5 0.0845 | Iy 1.07559
.5 N | te . X 2.91 -1.4375 5 60.0845 | Ixy = 0
| -
; 2.91 70,7325 J = 0.00203229
| m C.G. = (1.24406, 0)
| S.C. = (-1.60873, 0)
Cw = 2.70417
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Finite element models range from a member length of 12 to 120 in. with a 6 in.
increment between models. The theoretical values were obtained for the unperforated
section, weighted section, average section, and in addition the net moment of inertia
section for the flexural buckling mode. A weighted section as shown in Tables 4.2,
4.3, and 4.4, refers to a section that uses an average thickness in the perforated
segment of the section to account for the absence of the material from the holes along
the length of the section. An average section as also shown in Tables 4.2, 4.3, and 4.4,
refers to a section that uses a uniform average thickness to account for the absence of
the material from the holes in the section. The material volume of the weighted section
and the average section is the same, and is equal to the perforated section. The cross
sectional area of a weighted section is the same as an average section despite the fact
that the weighted section has varying element thicknesses while the average section
does not. The different possible overall buckling modes of these open thin-walled
sections involve torsional-flexural buckling and flexural buckling for the
concentrically loaded compression member, and lateral buckling for the flexural
member as shown in Figs. 4.3 and 4.4.

The results are given in Figs. 4.5 and 4.6 for Section A-LDR, Figs. 4.7 and 4.8
for Section A-LDR-2, and Figs. 4.9 and 4.10 for Section A-HDR. The vertical axes in
the figures are the elastic axial buckling load P, divided by the axial load causing the
yield of the full unreduced gross section P, = AF,, and the elastic flexural buckling
moment M, divided by the moment causing initial yield at the extreme compression
fiber of the full unreduced gross section M =S F .

Results indicated that increasing the presence of perforations in the section will
reduce the buckling strength. To take this into account, instead of using the
unperforated section properties to predict the buckling strength of perforated sections,

as assumed in the current design specification, better results can be obtained by using

13



AN A ,
A
T

R o A L

LAy SYEFLELEEEEIEIE

S A e e H
T L T -an-n.-ﬂw--n\\\\\um.-m..w_w ---Mwnwnﬁ&tﬂﬁﬁﬁ-ﬁnﬂn—
i

T

AT
aﬂuﬂﬁhﬁ”ﬂﬂfaSﬁﬁﬂﬁﬂuﬁiﬁﬁﬁﬁa e
AR dd‘ﬂﬂﬂ’a’”’ﬂﬁhﬂ.—’

7

AERS
.

S s
A

Section A-LDR

14

Section A-HDR

ically loaded compression member buckling modes (a) Local

istortional (¢) Torsional-flexural (d) Flexural

Figure 4.3 Concentr

(b)D



T R T,

4

o
b,

e
SRS
T

e
=

(a) (b) (c)

Section A-LDR

(a) (b) (c)

Section A-HDR

Figure 4.4 Flexural member buckling modes (a) Local (b) Distortional (c) Lateral

15



3.5 N Ry-Net Section I
P@ - Unperforated Section
3F ® e 0.4 . o P, - Unperforated Section|
“ol'®
\ *01;
25 : 02 / oo ER-
W\ ’ P, - Weighted & N
WL Average Section
2 F o o o
P ! 0 '
P 4 100 150 200
Py 1.5 f N
P, - Unperforated Section
1 | B, - Weighted & ’ P -Net Section I
Average Section .
N Ry - Unperforated Section
0-5 T« FEM Unperforated Section 8518 S
o FEM Perforated Section ~~o%
0 1 1 1
0 50 100 150 200
KL/ r,
Figure 4.5 Elastic buckling axial load for Section A-LDR
7 2
Weighted Section
6 k o 08 Unperforated Section
. ' /'
°
5 F 04 F Average Section
° o
M, * 0 :
M 100 150 200
vy 3 F
Average Section / Weighted Section
2r Unperforated Section
I I o FEM Unperforated Section
o FEM Perforated Section
0 1 1 1
0 50 100 150 200

KL/ ,

Figure 4.6 Elastic buckling moment for Section A-LDR
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Figure 4.7 Elastic buckling axial load for Section A-LDR-2
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Figure 4.8 Elastic buckling moment for Section A-LDR-2
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Figure 4.9 Elastic buckling axial load for Section A-HDR
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Figure 4.10 Elastic buckling moment for Section A-HDR
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Table 4.5 Concentrically Loaded Compression Member Buckling Modes

Case Member Length, in.
Local | Distortional | Torsional-Flexural | Flexural
Unperforated Section A-LDR - 12-18 24-96 102-120
Perforated Section A-LDR 12 18-24 30-96 102-120
Unperforated Section A-LDR-2 12-42 - 48-120
Perforated Section A-LDR-2 12-54 - 60-120
Unperforated Section A-HDR - 12-24 30-120 -
Perforated Section A-HDR 12 18-24 30-120 -
Table 4.6 Flexural Member Buckling Modes
Case Member Length, in
Local Distortional Lateral
Unperforated Section A-LDR - 12-24 30-120
Perforated Section A-LDR - 12-24 30-120
Unperforated Section A-LDR-2 12-36 - 42-120
Perforated Section A-LDR-2 12 18-36 42-120
Unperforated Section A-HDR - 12-48 54-120
Perforated Section A-HDR 12 18-48 54-120
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the weighted section, or the average section properties for torsional-flexural buckling,
the average section properties for lateral buckling, and the net moment of inertia
section properties for flexural buckling. The torsional-flexural buckling could be
computed either by using the weighted section or the average section because their
results are almost the same. It is however more convenient to use the average section
because its section properties are easier to compute.

The critical modes of the finite element models are summarized in Tables 4.5
and 4.6. It should be noted, however, that although some of the models are indicated
as having instability by the torsional-flexural buckling or lateral buckling it is possible
that the buckling strength may be much lower than the theoretical values. This is
because they are still in transition, switching between the different buckling modes,
thus the cross section deforms as a combination of distortional and torsional-flexural
buckling or distortional and lateral buckling, which contradicts the theoretical

buckling equations that assume that the cross section does not deform.

4.3 TORSIONAL-FLEXURAL BUCKLING

Torsional-flexural buckling is usually the governing critical buckling mode for
columns having an open-cross section. Generally the torsional-flexural buckling
equation of the AISI specification is used to determine the buckling load.
This equation, however, imposes several boundary condition assumptions, which often
do not represent the actual bracings of the member, making the buckling load
prediction sometimes inaccurate. Finite element buckling analysis studies were carried
out to evaluate this equation. An open-section 3-node quadratic beam element was
used to solve the problem in study. Open-section beam elements have a warping

magnitude as an additional degree of freedom at each node. Five studies were carried
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out, all of which used the Column Section-C1 shown in Table 4.7, and local axis
definitions as shown in Table 4.8.

Study I: is a convergence study for a simply supported torsional-flexural
buckling problem. As shown in Fig. 4.11 using 2 elements is sufficient to solve this
problem. In the following studies, where additional interior braces are given;
30 elements were used to ensure the accuracy of the result.

Study II: is a torsional-flexural buckling problem of a simply supported
column with two additional interior braces that constrain the column from twisting as
shown in Fig. 4.12. The buckling load was obtained from the finite element analysis
and compared to those values calculated from the buckling equation. To use the
torsional-flexural buckling equation K L and K,L must be known. In this study
K L 1is 60 in. and K,L was determined using two different approaches, for which
their results are also compared in this study. The first approach, which is commonly
used in current practice, was to assume the effective length factor K, for torsional
buckling to be 0.8, and the unbraced length against twisting L, to be the maximum
distance between adjacent braces. The second approach, which is considered to give a
more accurate result than the first approach, was to determine K,L, from a torsional
buckling analysis. Torsional buckling or flexural buckling analyses were performed by
constraining certain degrees of freedom of the member as given in Table 4.8. As seen
in Fig. 4.12 and Table 4.9 the torsional-flexural buckling equation can become quite
conservative, in some cases over 25 percent.

Study III: is similar to Study II but with only one interior brace. The results
shown in Fig 4.13 and Table 4.10 again suggest that the torsional-flexural buckling
equation is conservative.

Study IV: shown in Table 4.11 looks at the torsional-flexural buckling

problem for certain effective lengths K L and K,L,. For example when the torsional-
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Table 4.7 Section Dimensions and Properties

COLUMN SECTION - C1

Node Data: Segment Data: . .
Y x-coord., y—coord. node-i, -j, thickness Section Propemes
[ 2.917 0.663 1 2 0.08 A = 0.81936
I 2.917 1.4335 2 3 0.08
i 0 1.4335 3 4 o0.08 Ix = 1.25774
i 0 -1.4335 4 5 0.08 Iy = 1.05187
-5 - R X 2.917 -1.4335 5 6 0.08 Ixy = 0
| 2.917 -0.663 J = 0.00174797
! C.G. = (1.26967, 0)
: S.C. = (-1.64311, 0)
Cw = 2.84629
COLUMN SECTION - C2
Node Data: Segment Data: . .
hd x-coord., y—coord. node-i, -j, thickness Section Propemes
! 1.417 0.663 1 2 0.078 A = 0.564876
I 1.417 1.4335 2 3 0.078
i 0 1.4335 3 4 0.078 Ix = 0.745446
i 0 -1.4335 4 5 0.078 Iy = 0.200071
—E X 1.417 -1.4335 5 6 0.078 Ixy = 0
| 1417 -0.663 J = 0.00114557
1 C.G. = (0.578775, 0)
T S.C. = (-0.856028, 0)
Cw = 0.568044
HORIZONTAL AND DIAGONAL BRACES - Bl
Node Data: Segment Data: . .
L x-coord., y—coord. node-i, -j, thickness Section Propemes
! 1 1.125 1 2 0.064 A= 0.272
! 0 1.125 2 3 0.064
i 0 -1.125 3 4 0.064 Ix = 0.22275
D] VS x 1 -1.125 Iy = 0.0276078
i Ixy = 0
! J = 0.000371371
C.G. = (0.235294, 0)
S.C. = (-0.363636, 0)
Cw = 0.0245455
HORIZONTAL AND DIAGONAL BRACES - B2
Node Data: Segment Data: Section Properties
x-coord., y—coord. node-i, -j, thickness P
- 1.25 1.125 1 2 0.083 A = 0.39425
! 0 1.125 2 3 0.083
i 0 -1.125 3 4 0.083 Ix = 0.341402
1 1.25 -1.125 Iy = 0.0654126
Bk i # Ixy = 0
! J = 0.000905329
! C.G. = (0.328947, 0)
S.C. = (-0.480769, 0)
Cw = 0.0578684
SHELF BEAMS
Node Data: Segment Data: Section Properties
VY x-coord., y—coord. node-i, -j, thickness p
0 -2.899 1 2 0.083 A = 1.40106
2.417 -2.899 2 3 0.083
2.417 1.393 3 4 0.083 Ix = 5.94383
1.417 1.393 4 5 0.083 Iy = 1.43828
1.617 3.018 5 6 0.083 Ixy = -0.343469
0 3.018 6 1 0.083 I1 = 5.96986
! I2 = 1.41224
R _ 719—7 ) oy theta = 0.0756498
[ J = 3.24201
| C.G. = (1.12574, -0)
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Table 4.8 Boundary Conditions of the Open-section Beam Element for Elastic
Buckling Problems

. ‘ Active degrees of freedom |
Buckling Mode
g ux uy uz ¢x ¢y ¢z W !
|
P, X| v | N v | X X|X |
R — - %
F, vV X VX | VXX :
F, VAN X X N !
[
P VI[NV |
\ - free
X - constrained Local axis definition
W - warping amplitude
1.4
o \
1 F & A A A
P u =0,
0.8 B . — (4— )(_,L¢ :O
~4H z
(Pe)FEM
(f)e)Theory 0.6
L =60 in.
04
02 F — Cleu =0,
sl 2=0
O 1 1 1 1 1
0 1 2 3 4 5 6

Number of Elements

Figure 4.11 Convergence study for the simply supported torsional-flexural buckling
problem using open-section beam finite element - Study I
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Figure 4.12 Evaluation of the torsional-flexural buckling equation - Study II

Table 4.9 Evaluation of the Torsional-Flexural Buckling Equation - Study II

K =08 K, from torsional
' buckling analysis
X Lt (Pe)FEM K (Pe)A1s1 K (Pe)AISI
t t
(in.) (in.) (kips) (P.) s () s
4 52 56.29 0.8 0.579 0.548 0.920
6 48 61.61 0.8 0.590 0.559 0.893
8 44 67.00 0.8 0.606 0.577 0.865
10 40 72.68 0.8 0.627 0.601 0.837
12 36 78.58 0.8 0.652 0.633 0.808
14 32 84.47 0.8 0.681 0.679 0.781
16 28 89.81 0.8 0.717 0.746 0.755
18 24 93.77 0.8 0.765 0.849 0.736
20 20 95.48 0.8 0.829 1 0.732
22 22 94.88 0.8 0.796 0.924 0.729
24 24 92.80 0.8 0.773 0.859 0.738
26 26 90.31 0.8 0.753 0.805 0.750
28 28 88.25 0.8 0.730 0.770 0.751
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Figure 4.13 Evaluation of the torsional-flexural buckling equation - Study III

Table 4.10 Evaluation of the Torsional-Flexural Buckling Equation - Study III

K =08 K, from torsional
' buckling analysis
X Lt (Pe)FEM K (Pe)A1s1 K (Pe)AISI
t t

(in.) (in.) (kips) (P.) s () s
4 56 35.06 0.8 0.837 0.730 0.952
6 54 37.00 0.8 0.835 0.735 0.939
8 52 38.95 0.8 0.837 0.743 0.926
10 50 41.01 0.8 0.839 0.752 0911
12 48 43.23 0.8 0.840 0.762 0.895
14 46 45.65 0.8 0.841 0.774 0.878
16 44 48.29 0.8 0.842 0.787 0.859
18 42 51.19 0.8 0.840 0.802 0.838
20 40 54.38 0.8 0.838 0.820 0.814
22 38 57.87 0.8 0.835 0.842 0.788
24 36 61.66 0.8 0.830 0.868 0.760
26 34 65.64 0.8 0.827 0.902 0.729
28 32 69.33 0.8 0.829 0.946 0.700
30 30 71.14 0.8 0.856 1 0.689
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Table 4.11 Evaluation of the Torsional-Flexural Buckling Equation - Study IV

CASE 1: K L =60,K L =60

Pl u =0, Pl Pl
— (i:)("‘ 9. =0 - Aleu, =0 — e u, =0
X
I LU 2=0 L/2
9.=0,
L =60 in. L T = =0
i 9.=0 L/2
i
1 <+u —O . <tu =0 — Jeu =0
pT PT PT
(Pl’)AISI = ( F)FEM (P?)AISI = (PL‘)FEM (PH)A[S[ = (Pl')FEM
A B C
Finite element analysis result: A=B=C
CASE2: K L =30,K L =30
—EID, o | T EPe =0 -—(&_54;3(? —3 &< 4. =(§>,
g w
w=0 1/ L/2 L/2
u =0, _
el T8 = a=0 ] = e =0
u =0, L/2 L/2 L/2 o
=0, ) _ ol Loy
1 @(Z;_O, —EDeu =0 11— }(p 0 ¢ =0,
T ¢.=0 T w=0
PT P : P P
(PL‘)AISI :(PH)FEM (Pe)AISI :(PL‘)FEM (PH)A[SI/(PL‘)FEM =093 (PF)A]S[/(PE)FEM =0.56
D E F G
Finite element analysis result: D=E#F# G
CASE3: KL =60,K L =30
Pl‘ u, =0, Pl “, = 0,
— Q&;:"‘ ¢ =0, — @<« ¢ =0
w=0
L/2
L ( )Alsl — 0 94 1T Qf__) ¢z = 0 ((Pe))AISl — 069
P
( ) L/2 e J FEM
u =0,
-y =0, L ey =0,
PT =0 PT ¢.=0
H I

Finite element analysis result: H # [
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Table 4.12 Evaluation of the Torsional-Flexural Buckling Equation - Study V

/ (Pe)A1s1 /(PG)FEM
r Case A B C D E F
, I 1| 0998 | 0.869 | 0.751 | 0.763 | 0.894
48 in. I | 0989 0982 | 0.900 | 0.883 | 0.771 | 0.660
L /i17 I | 0913 | 0873 | 0.644 | 0.751 | 0.787 | 0.894
- IV | 0426 | 0501 | 0930 | 1 | 0.895 | 0.808
AT
P
ol " 7| l
I ) 0o - E".F'.E A ?{3 __zg\f{
// I' ! \\
/ ]
// ,', 1: \\\
’I //I l’ \||
60 in. / 60 in. / 60 in. ! 60 in. !
II /I II ’,
1 / 1
/ i J
/ /
B § T A A
p pl i i
P P
KL =120 KL =60 KL =120 KL =60
I 1 i v
—_— A - A —_— A
12 in.
e =0
. 48 in.
60 in. 48 in.
L be=0
¢ =0 12 in.
—&G3 ) —ET 9 =0 -9 =0
KL =120 KL =104.7 KL =634
A B C
— ey 4.=0 — P ¢.=0 e e.=0
12 in.
L bye =0
48 in. .
60 in. 36 in.
1 e =0 1 dlbe=0
12 in. 12 in.
—&D g =0 D9 =0 LD =
KL =60 KL =36.6 KL =228
D E F
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flexural buckling equation is wused, the results are obviously A=B=C,
D=E=F=G, and H=1, but finite element results suggested that A=B=C,
D=E#F=#G, and H# 1. The buckling load determined from the AISI equation for
cases F, G, H, and I is conservative compared with finite element results.

Study V: shown in Table 4.12 looks at the torsional-flexural buckling problem

for different combinations of the effective lengths K L and K, L , to represent pallet

Ly
rack bottom story columns. In this study K,L, was determined from a torsional
buckling analysis. For example, case E has the column base, and at elevations 12 and
60 in., constrained against twisting. Combinations such as I+E, I[I+E, or Il +E may
represent the columns of a sidesway uninhibited frame. In these cases, the torsional-
flexural buckling equation is over 20 percent conservative compared with the finite
element results.

Studies II through V have shown that the buckling load obtained from using
the AISI torsional-flexural buckling equation can be quite conservative compared to
the finite element solution. There are two particular reasons for this. First, the buckling
equation assumes that the buckled shape maximum deflection and maximum rotation
coincide; however, depending on the boundary conditions of the member this may not
always be the case. Second, the buckling equation assumes that the translation support,
u, =0, is about the shear center but the finite element analysis boundary conditions
are imposed at the cross-section centroid. The AISI torsional-flexural buckling
equation has proved to be a source of the conservatism in the current design

provisions.
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4.4 EFFECTIVE LENGTHS

The AISI, AISC and RMI specifications use the effective length approach for
assessing frame stability. The approach relies significantly on the prediction of the
effective lengths and critical buckling load of the member. For pallet racks, the value
of K, for column flexural buckling in the direction perpendicular to the upright
frames is usually determined from the alignment charts, elastic buckling analysis, or
simply assumed to be 1.7 as suggested by the RMI specification. The RMI
specification also recommends that K for column flexural buckling in the plane of
the upright frame can be taken as one, and K, for column torsional buckling
can be taken as 0.8, providing that the upright frame has adequate braces.
These recommended K values, are approximated from numerous typical rack
assemblies. Structural frame elastic buckling analysis is needed if the exact K values
are to be computed. The objective of this study was to evaluate the RMI recommended
values of K and K, for column buckling.

Finite element elastic buckling analyses of upright frames were performed to
obtain K, and K, for column buckling, and evaluate the AISI torsional-flexural
buckling equation. A parametric study was carried out for different types of upright
frame configurations. The parameters included: two load cases as shown in Fig. 4.14,
two types of column sections as shown in Table 4.7, two types of braces also shown in
Table 4.7, and six types of bracing patterns as shown in Tables 4.13 through 4.15.
The finite element assumptions were as follows: The joint connection between the
braces and columns were considered to be continuous except for the warping degree of
freedom. The warping degree of freedom was constrained only at the ends of the
braces. Column base fixity for both the strong and weak axis bending of the column

was modeled by torsional springs with the stiffnesses determined from the proposed
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Figure 4.15 Upright frame elastic critical buckling modes (upright frame B1-C1-B1)
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Table 4.13 Values of Column K y

412

4 26 412

40

38

52

38

52

38

12
12

42

42

416 12

66

66

12

42

and K, for Upright Frame A & B

12

44 26

38

38

44

38

40

52

44

52

16 12

66

44

66

12

42

12

42

12

42

(A1) (A2) (A3) (B1) (B2) (B3)
Load Case I Load Case II
Upri *
pright Frame 1.)ey K, }.)et K }.jey K, }.)et K
(kips) (kips) (kips) (kips)
A1-C1-Bl 230.19 0960 | 75.51 0.830 212.77 0.998 | 69.87 0.863
A1-C1-B2 241.29 0938 80.70  0.802 227.84 0.965 | 7429  0.837
A2-C1-Bl 166.26  0.825 | 51.75  0.736 140.53 0.898 | 43.27 0.808
A2-C1-B2 174.18  0.806 | 54.58 0.716 148.48 0.873 | 45.75 0.785
A3-C1-Bl 88.02 0.894 | 40.15 0.662 62.17 1.063 33.21 0.731
A3-C1-B2 105.65 0.816 | 41.94 0.647 76.04 0.962 | 3480 0.714
A1-C2-B1 51.43 0.886 | 63.96 0.712 48.96 0.908 | 5842 0.747
A1-C2-B2 60.47 0.817 | 70.42  0.677 57.59 0.837 | 60.38 0.734
A2-C2-Bl 36.76 0.766 | 41.63  0.655 31.86 0.822 | 36.89 0.700
A2-C2-B2 42.86 0.709 | 44.83  0.629 38.00 0.753 | 40.21 0.668
A3-C2-Bl 25.63 0.722 | 31.54  0.602 19.56 0.827 | 26.71 0.662
A3-C2-B2 32.32 0.643 3347  0.582 27.02 0.704 | 28.52  0.637
B1-C1-Bl1 227.04 0967 | 7532  0.831 207.61 1.011 69.93  0.863
B1-C1-B2 240.03 0940 | 79.69  0.807 223.68 0.974 | 74.01 0.838
B2-C1-Bl1 165.86  0.826 | 52.07 0.734 136.40 0911 43.74  0.804
B2-C1-B2 17430 0.806 | 5538  0.711 145.70 0.882 | 46.24  0.781
B3-C1-B1 88.13 0.893 | 40.53  0.659 62.29 1.062 | 33.86 0.724
B3-C1-B2 105.69 0.816 | 44.13  0.630 76.14 0.961 3590 0.702
BI1-C2-B1 51.64 0.884 | 56.89  0.758 49.00 0.907 | 53.28  0.785
B1-C2-B2 60.70 0.815 | 59.57  0.740 57.76 0.836 | 5594 0.765
B2-C2-B1 36.87 0.764 | 39.62 0.673 31.84 0.822 | 34.19 0.730
B2-C2-B2 42.85 0.709 | 42.14 0.651 38.23 0.751 36.05  0.709
B3-C2-B1 25.64 0.722 | 3036  0.615 19.57 0.827 | 25.41 0.681
B3-C2-B2 32.27 0.644 | 33.26 0.584 26.92 0.705 | 26.84  0.660

*Upright frames are named as: A1-C1-B1

i

upright frame - A1, A2, A3, Bl, B2, or B3

column section - C1 or C2
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12

30

42

42

42

12

Table 4.14 Values of Column K )

12

44

56

56

12

16 12

70

70

12

and K, for Upright Frame C & D

12

12

30

)

4

D)

44

56

56

16 12

70

70

12

12

12

4 34 4 34 4 4 34 4 38 4 38 38 4

(C1) (C2) (C3) (D1) (D2) (D3)
Load Case I Load Case II
Upright Frame I'Zy K, ]?_,t K ?ey K, ]?_,t K,
(kips) (kips) (kips) (kips)

C1-C1-B1 255,56  0.824 | 7138 0.773 | 22837 0.872 | 66.14  0.803
C1-C1-B2 280.59 0.787 | 7576  0.749 | 26841 0.804 | 69.53 0.783
C2-C1-Bl 174.07 0.749 | 5147 0.686 | 152.55 0.800 | 42.01 0.762
C2-C1-B2 202.60  0.694 | 5523  0.661 17528 0.746 | 4437 0.741
C3-C1-Bl 97.05 0.803 | 41.95 0.610 70.28 0.943 | 33.84 0.683
C3-C1-B2 118.89  0.725 | 4568 0.584 86.69 0.849 | 36.59 0.655
C1-C2-Bl 59.28 0.746 | 49.64 0.738 56.64 0.764 | 4577 0.771
C1-C2-B2 72.35 0.676 | 52.59 0.715 69.51 0.689 | 48.19 0.750
C2-C2-Bl 42.07 0.664 | 37.21  0.647 37.47 0.704 | 3044 0.724
C2-C2-B2 51.49 0.601 | 4031 0.619 47.26 0.627 | 3246  0.698
C3-C2-Bl 28.60 0.645 | 31.15 0.572 21.82 0.738 | 25.07 0.647
C3-C2-B2 39.09 0.551 | 3424  0.542 32.29 0.607 | 27.30 0.616
DI1-C1-B1 233.75 0.862 | 6621 0.803 | 221.79 0.885 | 61.35 0.835
DI1-C1-B2 24739  0.838 | 6696 0.798 | 236.11 0.858 | 61.77 0.832
D2-C1-Bl1 167.23 0.764 | 47.05 0.718 | 140.72 0.833 | 38.80 0.794
D2-C1-B2 175.67 0.746 | 4731 0.716 | 150.60 0.805 | 38.90 0.793
D3-C1-Bl1 90.09 0.833 | 3843  0.639 63.99 0.988 | 31.30 0.712
D3-C1-B2 106.25 0.767 | 38.62 0.637 78.24 0.894 | 31.51 0.709
DI1-C2-B1 52.12 0.796 | 44.28  0.785 49.62 0.816 | 40.82  0.820
DI1-C2-B2 59.51 0.745 | 44.20 0.785 56.50 0.765 | 40.75 0.821
D2-C2-B1 36.67 0.712 | 3241 0.699 31.85 0.764 | 2695 0.776
D2-C2-B2 41.82 0.666 | 32.37  0.699 36.72 0.711 | 26.88  0.777
D3-C2-Bl 25.14 0.688 | 27.06 0.619 19.54 0.780 | 22.10 0.697
D3-C2-B2 31.47 0.615 | 26.86 0.622 26.43 0.671 | 21.97 0.699
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Table 4.15 Values of Column K and K, for Upright Frame E & F
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(E1) (E2) (E3) (F1) (F2) (F3)
Load Case | Load Case 11
Upright Frame f.)ey Ky ﬁ, K, f.)ey Ky ezt K,
(kips) (kips) (kips) (kips)
E1-C1-B1 96.95 0.740 | 40.00 0.576 | 83.29 0.798 | 34.81 0.620
E1-C1-B2 104.78  0.711 | 4323 0.553 | 91.11  0.763 | 3745 0.596
E2-C1-B1 77.45 0.605 | 26.55 0.523 | 59.31 0.691 | 2544  0.535
E2-C1-B2 81.17 0.591 | 27.74 0511 | 66.76  0.651 | 2745 0.514
E3-C1-B1 52.26 0.580 | 21.34 0464 | 4236 0.644 | 21.18 0.465
E3-C1-B2 58.37 0.549 | 22.12 0455 | 50.38 0.591 | 22.02 0.456
E1-C2-B1 22.75 0.666 | 32.85 0.511 1996 0.711 | 28.13  0.558
E1-C2-B2 27.05 0.611 3400 0.501 | 23.71 0.652 | 29.09 0.547
E2-C2-B1 16.50 0.571 | 21.29 0480 | 1537 0592 | 20.84 0.486
E2-C2-B2 17.89 0.549 | 22.05 0470 | 18.06 0.546 | 2149 0477
E3-C2-B1 12.45 0.518 1724 0430 | 11.62 0536 | 17.28 0.429
E3-C2-B2 13.60 0.496 | 1791 0420 | 1328 0.502 | 18.02 0418
F1-C1-B1 10.85 4.001 | 66.45 0.801 9.11 4365 | 61.81 0.832
F1-C1-B2 17.97 3.109 | 6793  0.792 | 1536 3.362 | 62.83  0.825
F2-C1-B1 9.56 3.196 | 4737 0.716 8.03 3488 | 39.10 0.791
F2-C1-B2 15.16 2.538 | 48.06 0.711 1299 2.742 | 39.51 0.787
F3-C1-B1 9.71 2.537 | 38.54 0.638 8.24 2.754 | 31.33 0.711
F3-C1-B2 14.73 2.060 | 3926 0.632 | 12.83 2207 | 3191 0.704
F1-C2-B1 5.75 2.397 | 4532  0.775 5.00 2.569 | 41.81  0.809
F1-C2-B2 9.88 1.828 | 4550 0.773 8.66 1.953 | 41.93  0.808
F2-C2-Bl1 4.66 1.997 | 33.14  0.690 4.11 2.126 | 27.50 0.767
F2-C2-B2 7.52 1.571 3322 0.689 6.86 1.645 | 27.56 0.766
F3-C2-Bl1 4.20 1.683 | 27.67 0.611 3.75 1.781 | 22.52  0.689
F3-C2-B2 6.21 1.384 | 27.75 0.610 5.67 1.449 | 22.59  0.688
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base fixity equation given in Chapter 2. In addition to the torsional springs, the column
bases were also constrained against twisting.

The K, and K, values for columns was determined from flexural buckling
and torsional buckling analyses of the upright frame. To perform these analyses
without having torsional-flexural buckling certain degrees of freedom of the columns
had to be constrained as shown in Table 4.8. The obtained K, and K, values are
given in Tables 4.13 through 4.15 for the different upright frame configurations, and
an example of the buckling mode shapes are shown in Fig. 4.15. From these tables it
was found that, the RMI recommendation of K ) taken as one is conservative with the
exception of upright frame type F. Upright frame type F has inadequate braces causing
the upright frame to be in sidesway buckling mode. It was also found that the
recommendation of K, taken as 0.8 is in most cases reasonable. Upright frame type E
had the load applied between the bracings making the calculation of K, very
conservative. In this study it was found that it is very important to constrain the
column bases from twisting, otherwise K, can be more than one. Generally this
assumption should be valid because the base plate usually has at least one anchorage
bolt, and the friction between the steel base plate and concrete floor should be
sufficient to prevent the bases from twisting. The ideal column bases condition to
prevent it from twisting is however to have more then one anchorage bolt.

In the following study K for columns was assumed to be 1.2. A certain K_
value can be defined by providing torsional springs as shown in the Fig. 4.14 to resist
the columns from flexural buckling in the direction perpendicular to the upright frame.
Elastic buckling analysis of the upright frames was performed to determine the critical
buckling load, P . Summaries of the results are given in Tables 4.16 and 4.17.
Upright frame type A through E has torsional-flexural as the column critical buckling

mode while upright frame type F has flexural buckling about the weak axis.
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Table 4.16 Values of Column K and P, for Upright Frame A, B, C, and D

Load Case 1 Load Case 11

e | B g | 2B B | B | | BB | B

(kips) | | (kips) | £ P, | (ips) | " | (kips) | P, P,
Al1-C1-B1 | 7098 1.197 | 65.93 0.59 0.61 3148 1.198 | 30.30 0.76 0.79
Al1-C1-B2 | 71.11 1.196 | 67.24 0.60 0.60 31.60 1.196 | 30.61 0.77 0.78
A2-C1-B1 | 71.29 1.195 | 46.46 0.69 0.63 31.59 1.196 | 28.66 0.68 0.69
A2-C1-B2 | 71.48 1.193 | 48.85 0.68 0.60 31.75 1.193 | 29.24 0.69 0.68
A3-C1-B1 | 71.10 1.196 | 3449 0.79 0.62 31.59 1.196 | 27.99 0.62 0.57
A3-C1-B2 | 71.30 1.194 | 36.11 0.78 0.59 31.76  1.193 | 28.81 0.62 0.55
A1-C2-B1 | 4198 1.198 | 41.16 0.70 0.64 18.85 1.192 | 18.61 0.84 0.82
A1-C2-B2 | 42.10 1.197 | 41.26 0.73 0.64 1896 1.189 | 18.69 0.85 0.82
A2-C2-B1 | 42.22 1.195 | 36.71 0.66 0.54 1894 1.189 | 18.34 0.77 0.71
A2-C2-B2 | 42.51 1.191 | 37.98 0.66 0.52 19.09 1.185 | 18.47 0.79 0.71
A3-C2-B1 | 42.10 1.197 | 25.63 0.80 0.52 1894 1.189 | 1841 0.69 0.60
A3-C2-B2 | 42.22 1.195 | 2858 0.75 0.47 19.09 1.185 | 18.47 0.71 0.60
B1-C1-B1 | 71.01 1.197 | 64.23 0.61 0.63 31.49 1.198 | 30.08 0.77 0.80
B1-C1-B2 | 71.15 1.196 | 6597 0.61 0.62 31.61 1.196 | 30.28 0.77 0.79
B2-C1-B1 | 70.45 1.202 | 45.61 0.70 0.63 31.56 1.197 | 28.17 0.70 0.70
B2-C1-B2 | 71.66 1.191 | 46.94 0.71 0.62 31.72 1.194 | 28.48 0.71 0.69
B3-C1-B1 | 71.78 1.190 | 33.53 0.82 0.64 31.58 1.197 | 27.50 0.64 0.58
B3-C1-B2 | 71.30 1.194 | 3421 0.85 0.62 31.76  1.193 | 28.02 0.64 0.57
B1-C2-B1 | 42.01 1.198 | 41.06 0.67 0.65 18.85 1.192 | 18.39 0.84 0.83
B1-C2-B2 | 42.13 1.196 | 41.14 0.69 0.65 18.97 1.188 | 18.42 0.85 0.83
B2-C2-B1 | 42.34 1.193 | 33.23 0.71 0.59 1892 1.190 | 17.92 0.77 0.73
B2-C2-B2 | 42.55 1.190 | 33.81 0.72 0.58 19.07 1.185 | 17.97 0.78 0.73
B3-C2-B1 | 42.11 1.196 | 24.43  0.83 0.55 18.95 1.189 | 18.41 0.67 0.60
B3-C2-B2 | 42.38 1.193 | 24.77 0.86 0.54 19.09 1.185 | 18.47 0.69 0.60
C1-C1-Bl1 | 71.22 1.195 | 61.20 0.62 0.60 31.56 1.197 | 30.01 0.76 0.76
C1-C1-B2 | 71.57 1.192 | 64.49 0.61 0.57 31.80 1.192 | 30.50 0.76 0.75
C2-C1-Bl1 | 71.41 1.194 | 45.00 0.71 0.59 31.61 1.196 | 28.09 0.69 0.66
C2-C1-B2 | 71.86 1.190 | 4798 0.70 0.55 31.90 1.191 | 2893 0.69 0.64
C3-C1-Bl1 | 71.45 1.193 | 34.33 0.82 0.57 31.60 1.196 | 2790 0.63 0.54
C3-C1-B2 | 71.92 1.189 | 37.02 0.81 0.53 31.86 1.191 | 2948 0.62 0.51
C1-C2-B1 | 42.23 1.195 | 40.85 0.64 0.60 1892 1.190 | 18.49 0.81 0.79
C1-C2-B2 | 4256 1.190 | 41.41 0.65 0.59 19.14 1.183 | 18.75 0.81 0.79
C2-C2-B1 | 42.39 1.193 | 32.19 0.71 0.56 18.97 1.188 | 18.06 0.74 0.69
C2-C2-B2 | 42.79 1.187 | 34.05 0.70 0.53 19.24 1.180 | 18.40 0.75 0.68
C3-C2-B1 | 4242 1.192 | 25.29 0.81 0.47 1896 1.189 | 18.57 0.66 0.56
C3-C2-B2 | 42.84 1.186 | 26.98 0.81 0.44 19.20 1.181 | 18.88 0.68 0.56
D1-C1-B1 | 70.84 1.198 | 57.15 0.64 0.64 31.37 1.200 | 29.48 0.75 0.77
D1-C1-B2 | 70.96 1.197 | 58.34 0.63 0.63 3149 1.198 | 29.81 0.74 0.76
D2-C1-B1 | 70.89 1.198 | 41.70 0.72 0.63 31.37 1.200 | 27.16 0.68 0.68
D2-C1-B2 | 71.04 1.197 | 42.28 0.72 0.63 31.50 1.198 | 27.55 0.68 0.67
D3-C1-B1 | 7091 1.198 | 31.76 0.84 0.62 31.36 1.201 | 26.30 0.64 0.57
D3-C1-B2 | 71.05 1.197 | 32.31 0.82 0.61 3146 1.199 | 26.84 0.63 0.56
D1-C2-B1 | 41.85 1.200 | 39.04 0.63 0.62 18.73 1.196 | 18.21 0.79 0.80
D1-C2-B2 | 4197 1.198 | 39.16 0.63 0.62 18.85 1.192 | 18.33 0.79 0.80
D2-C2-B1 | 41.89 1.200 | 29.25 0.72 0.62 18.73 1.196 | 17.59 0.72 0.70
D2-C2-B2 | 42.03 1.198 | 29.35 0.71 0.62 18.85 1.192 | 17.71 0.71 0.70
D3-C2-B1 | 4190 1.199 | 2290 0.82 0.52 18.72 1.197 | 18.10 0.64 0.58
D3-C2-B2 | 42.03 1.198 | 23.02 0.81 0.52 18.82 1.193 | 18.22 0.64 0.57
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Table 4.17 Values of Column K and P, for Upright Frame E & F

Load Case 1 Load Case II
preht | p 1 | P | Pu|Puw | B | | P | Pu| P
(kips) | | (kips) | P, P, | (ips) | " | (kips) | P P,

E1-C1-B1 | 71.00 1.197 | 33.12 0.82 0.52 3148 1.198 | 27.52 0.64 0.50
E1-C1-B2 | 71.14 1.196 | 35.00 0.82 0.50 31.60 1.196 | 28.23  0.65 0.49
E2-C1-B1 | 70.44 1.202 | 22.01 0.92 0.49 31.51 1.198 | 20.18 0.75 0.46
E2-C1-B2 | 71.65 1.192 | 22.64 0.93 0.48 31.62 1.196 | 20.67 0.76 0.45
E3-C1-B1 | 71.72 1.191 | 17.68 0.98 0.43 31.58 1.197 | 15.46 0.88 0.45
E3-C1-B2 | 71.22 1.195 | 17.93 0.99 0.43 31.76  1.193 | 15.69 0.89 0.44
E1-C2-B1 | 42.00 1.198 | 22.75 0.93 0.44 18.85 1.192 | 1796 0.72 0.54
E1-C2-B2 | 42.12 1.196 | 26.72 0.81 0.38 18.97 1.189 | 18.03 0.73 0.54
E2-C2-B1 | 42.33 1.193 | 16.50 0.97 0.33 18.85 1.192 | 14.87 0.76 0.36
E2-C2-B2 | 42.54 1.190 | 17.62 0.93 0.31 18.95 1.189 | 15.03 0.77 0.36
E3-C2-B1 | 42.06 1.197 | 12.45 1.00 0.27 1894 1.189 | 11.62 0.89 0.29
E3-C2-B2 | 42.34 1.193 | 13.60 1.00 0.25 19.08 1.185 | 12.02 0.88 0.28
F1-C1-B1 | 70.72 1.199 | 10.85 1.00 1.00 31.25 1.203 | 9.11 1.00 1.00
F1-C1-B2 | 70.72 1.199 | 17.97 1.00 1.00 31.25 1.203 | 15.36 1.00 1.00
F2-C1-B1 | 70.72 1.199 | 9.56 1.00 1.00 31.25 1.203 | 8.03 1.00 1.00
F2-C1-B2 | 70.72 1.199 | 15.16 1.00 1.00 31.25 1.203 | 12.99 1.00 1.00
F3-C1-B1 | 70.72 1.199 | 9.71 1.00 1.00 31.25 1.203 | 8.24 1.00 1.00
F3-C1-B2 | 70.72 1.199 | 14.73 1.00 1.00 31.25 1.203 | 12.83 1.00 1.00
F1-C2-B1 | 41.74 1.202 | 5.75 1.00 1.00 18.62 1.200 | 5.00 1.00 1.00
F1-C2-B2 | 41.74 1.202 | 9.88 1.00 1.00 18.62 1.200 | 8.66 1.00 1.00
F2-C2-B1 | 41.74 1.202 | 4.66 1.00 1.00 18.62 1.200 | 4.11 1.00 1.00
F2-C2-B2 | 41.74 1.202 | 7.52 1.00 1.00 18.62 1.200 | 6.86 1.00 1.00
F3-C2-B1 | 41.74 1.202 | 4.20 1.00 1.00 18.62 1.200 | 3.75 1.00 1.00
F3-C2-B2 | 41.74 1.202 | 6.21 1.00 1.00 18.62 1.200 | 5.67 1.00 1.00
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Calculation of the torsional-flexural buckling load P,

cal

by using the buckling
equation with K, from Tables 4.13 through 4.15, and K from Tables 4.16 and 4.17
was carried out. And calculation of the torsional-flexural buckling load P, by using
the buckling equation with K, =0.8, and K  from Tables 4.16 and 4.17 was also
carried out. As shown in Tables 4.16 and 4.17 the torsional-flexural buckling values
calculated from the AISI torsional-flexural buckling equation in all cases are

conservative compared with the finite element results.

4.5 EFFECTIVE DESIGN AREA

The effective design width equations of the AISI specifications are not
applicable for designing rack columns, because of the presence of perforations.
Stub-column tests are instead required in the RMI specification to account for the
member local behavior. By measuring the axial load and the corresponding axial
shortening in the stub-column test, the relationship between the stress on the effective
section F, and the effective area 4, can be obtained; however, for tests where only
the ultimate strength of the stub-column is measured, the following effective design
area equation of the RMI specification must be used

0
4 =1—(1—Q)(?J @.1)

y

net min

where

_ ultimate strength of stub-column
F,A4

net min

Q

The following studies were carried out to verify or modify this effective design area

equation.
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4.5.1 Stiffened elements

In order to evaluate the effective design area equation, finite element
simulations of stub-column tests were carried out to obtain the relationship between
F and A4,. This was then compared to those relationships between F, and A4,
suggested by Eq. (4.1). However, before this study was carried out, finite element
modeling assumptions, in particularly the initial geometric imperfection assumption,
had to first be verified.

Precise data of the distribution on the initial geometric imperfection was not
available. Imperfection was therefore introduced by using the critical buckling mode
shape obtained from buckling analysis. Finite element studies of a simply supported
rectangular plate under uniform compression displacement as shown in Fig. 4.16 has
shown that when the maximum magnitude of imperfection 6 is assumed equal to one
tenth of the element thickness, the analytical results tend to agree with the well known

effective design width equation

p=(1-0.22/2)/ 4 for A >0.673 otherwise p =1 (4.2)

This initial geometric imperfection assumption seems reasonable and therefore was
used in subsequent finite element studies. The material model used in the above finite
element study was elastic-plastic with strain hardening F, =55 ksi, F, =70 ksi,
E =29500 ksi, E,=E/45, v=0.3, and e, is 15 times the maximum elastic strain.
Similar to the stub-column test, by measuring the axial load and the
corresponding axial shortening of the stiffened element, the relationship between F,
and 4, was obtained. With these values known the relationship between P, /P, and
F /F} could be found. In Fig. 4.17, the analytical results are compared to the

following equation
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Figure 4.17 Stiffened compression elements - Correlation between effective design
width equation and analytical results
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Figure 4.19 Stiffened compression elements - Correlation between proposed
effective design area equation and analytical results
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=p—= (4.3)

where p is computed according to Eq. (4.2). As can be seen in Fig. 4.17, at the
ultimate load (P, when F, =F) the analytical results agree well with the effective
design width equation because of the initial geometric imperfection calibration.
However it was found that at design loads (P, when F, <F)) the effective design
width equation is quite conservative compared to the analytical solution. In Fig. 4.18,
the analytical results are compared to the following equation

0
_5h 1—(1—Q)[?’] (4.4)

y

RRY
=

which is the RMI effective design area equation Eq. (4.1) multiplied by F, / F, to give
the relationship between P,/P, and F,/F,. The Q factor is obtained from the finite
element solution; therefore, analytical results and Eq. (4.4) match at the ultimate load.
It was found that at design loads the RMI effective design area equation is also quite
conservative compared to the analytical solution. The following new effective design

area equation is therefore proposed to improve the results.

Q

1-0
4 _ 1—(1—Q)(ﬂ] @.5)

A

net min

F

y

This proposed equation was developed by modifying the exponential term in Eq. (4.1)
so that the results will agree better with the analytical solutions. By multiplying this
proposed equation with F,/F, the new relationship between F,/P, and F,/F, is

obtained as follows

0

B E|, . [E|?
Fy_Fy 1 (1 Q)(Fy] (4.6)
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In Fig. 4.19, the analytical results are compared to the above equation. As can be seen
improvement has been made. At the same stress levels Eq. (4.5) simply predicts a
larger effective design area than Eq. (4.1) as shown in Fig. 4.20; therefore Eq. (4.6)
will give a higher design load than Eq. (4.4) as shown in Fig. 4.21.

The results in this section indicate that unperforated compression elements
should be designed by using Eq. (4.5), where the Q factor can be easily computed
from Eq. (4.2). If this proposed procedure is used the element design curve will be
altered from Eq. (4.2) as shown in Fig. 4.22. Unperforated members and perforated

members are studied in the next sections.

4.5.2 Unperforated members

Finite element simulations of stub-column tests for unperforated sections were
carried out in this study to evaluate the current AISI column design procedure and the
RMI effective design area equation. The finite element analysis considers both
geometric and material nonlinearities; residual stresses and geometric imperfections
are also included in the model. The Q factor obtained from the AISI design approach
and from the finite element method is compared in Table 4.18. Cold-formed steel
member strength designed according to AISI specification was obtained by using the
computer program CU-EWA shown in Appendix H.

It was found that when sections are thin, the AISI design approach is
unconservative compared to the analytical results. The reason for this is that when the
elements are thin and the radius of the corners in the section is large, local buckling
calculations based on the element flat width is unconservative. This problem can be
corrected by using a modified AISI design approach as shown in Fig. 4.23. In the

modified approach the element width is based on the centerline to centerline distance
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Figure 4.21 Comparison between the RMI effective design area equation and the
proposed equation
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Figure 4.23 Comparison between the AISI design approach and the modified AISI
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Table 4.18 Comparison Among the AISI Design Approach, the Modified AISI
Design Approach, and the Analytical Results

R=0125" >3

ol

12"

FS Open Back ES Closed Tube
. t
Section (in) Ouist | Omodified | Orem

FSO-1 | 0.035 | 0.559 | 0.460 | 0.482
FSO-2 | 0.045 | 0.673 | 0.576 | 0.585
FSO-3 | 0.06 | 0.739 | 0.722 | 0.759
FS Open Back | FSO-4 | 0.075 | 0.797 | 0.775 | 0.902
FSO-5 | 0.09 | 0.823 | 0.822 | 0.958
FSO-6 | 0.105 | 0.896 | 0.852 | 0.973
FSO-7 | 0.135 ] 0.952 | 0.939 | 0.981
FSC-1 | 0.035 | 0.545 | 0.452 | 0.463
FSC-2 | 0.045 | 0.658 | 0.566 | 0.564
FSC-3 | 0.06 | 0.806 | 0.719 | 0.736
FS Closed Tube | FSC-4 | 0.075 | 0.928 | 0.850 | 0.889
FSC-5 | 0.09 1 0.957 | 0.961
FSC-6 | 0.105 1 1 0.983
FSC-7 | 0.135 1 1 0.995
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between the supporting elements and hence will be larger, the section properties are
based on the round corners and hence the design will be more conservative agreeing
better with the analytical solution as shown in Table 4.18.

Five methods were used to compute the relationship between P,/P, and
F / F,. The first method uses the finite element simulation of the stub-column test, the
second method uses the AISI design approach, the third method uses the modified
AISI design approach, the fourth method uses the RMI effective design area equation,
and the fifth method uses the proposed effective design area equation.

In Figs. 4.24 and 4.28, the finite element results are compared to the AISI
design approach. In Figs. 4.25 and 4.29, the finite element results are compared to the
modified AISI design approach. When the modified AISI design approach was used,
results similar to the previous stiffened elements study were found; that is, at the
ultimate load the analytical results agrees well with the design approach; however at
design loads the design approach is quite conservative compared to the analytical
solution.

In Figs. 4.26 and 4.30, the finite element results are compared to the RMI
effective design area equation. In Figs. 4.27 and 4.31, the finite element results are
compared to the proposed effective design area equation. As can be seen from these
figures improvement has been made for the case of thin-walled sections. The results
are still quite conservative for thick-walled sections because of the material strain
hardening, which was included in the finite element model but is not considered in the

design since the component elements are not fully effective.

90



~ FSO-6
. ‘ K / FSO'S
Analytical v FSO-4
08 = —,——_—“‘:::K
------ AISI-1996 Spec. [ e S0
. 'E:'—‘_-— - x
06 1 A <> FSO-2
P % e N
P A L <> FSO-1
B‘ n":‘ < el
04 B ”——_—’ --__.'
02 z
0 1 L 1 |
0 0.2 0.4 0.6 0.8 1
F,/F,

Figure 4.24 Section FS Open Back - Correlation between AISI design approach and
analytical results

| FSO-7
éFSOé
 FSO-5
Analytical | w7 ESOA
0.8 f AP
------ Modified AISI-1996 Spec. e | 7 FSO-3
2O ’
0.6 et — < FSO-2
Pn 1': - LT
P A e — < FSO-1
Y04} 7 PR
02 f
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
F./F,

Figure 4.25 Section FS Open Back - Correlation between modified AISI design
approach and analytical results
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Figure 4.27 Section FS Open Back - Correlation between proposed effective design

area equation and analytical results
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Figure 4.28 Section FS Closed Tube - Correlation between AISI design approach
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Figure 4.29 Section FS Closed Tube - Correlation between modified AISI design

approach and analytical results
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Figure 4.30 Section FS Closed Tube - Correlation between RMI effective design
area equation and analytical results
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Figure 4.31 Section FS Closed Tube - Correlation between proposed effective design
area equation and analytical results
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4.5.3 Perforated members

Finite element simulations of stub-column tests for perforated sections were
carried out in this study to evaluate the RMI effective design area equation. The Q
factor obtained from physical stub-column tests (provided by Unarco Material
Handling) and from the finite element method is compared in Table 4.19.

Three methods were used to compute the relationship between P, /Py and
F,/F,. The first method uses the finite element simulation of the stub-column test,
the second method uses the RMI effective design area equation, and the third method
uses the proposed effective design area equation.

In Figs. 4.32, 4.34, 4.36, 4.38, and 4.40, the finite element results are compared
to the RMI effective design area equation. In Figs. 4.33, 4.35, 4.37, 4.39, and 4.41,
the finite element results are compared to the proposed effective design area equation.
As can be seen from these figures, the design is more efficient if the proposed
equation is used.

Similar changes are also recommended for the effective section modulus
equation, which is used for the determination of the member flexural strength.

From the current RMI equation

2 F

y

S

net min

s, _,_(1-9) (MC/S/' ]Q (4.7)

to the following proposed effective section modulus equation

S

net min

2 F

y

0
Sc =1_(1_Q)(M6/Sf]lQ (48)

By using the proposed equations (Egs. (4.5) and (4.8)) the member design strength

will increase from the current design specification as shown in Figs. 4.42 and 4.43.
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Table 4.19 Stub-Column Tests and Analytical Results
3HX3||

R=0.125"

12"

TB Open Back TB Closed Tube IG Open Back  IG Closed Tube TYPE II Open Back

. t F, F, Orgst
Section (in.) | (ksi) | (ksi) | max | min | mean Orem
TBO-1 | 0.045 | 55 70 - - - 0.608
TBO-2 | 0.06 | 55 70 0.784

TBO-3 | 0.069 | 54.9 | 62.6 | 0.888 | 0.776 | 0.832 | 0.882
TBO-4 | 0.081 | 51.2 | 69.5 | 1.067 | 0.987 | 1.035 | 0.960
TBO-5| 0.1 | 542 | 64 | 1.060 | 0.990 | 1.030 | 0.982
TBO-6 | 0.123 | 59.6 | 78.4 | 1.169 | 1.021 | 1.100 | 0.989
TBC-1 | 0.045 | 55 70 - - - 0.583
TBC-2 | 0.06 | 55 70 - - - 0.759
TBC-3 | 0.067 | 55 70 - - - 0.842
TBC-4 | 0.082 | 53.9 | 69.2 | 0.991 | 0.981 | 0.986 | 0.955
TBC-5 | 0.09 | 574 | 63 | 0.983 | 0.977 | 0.981 | 0.970
TBC-6 | 0.122 | 61.3 | 68.3 | 1.081 | 1.073 | 1.076 | 0.998
IGO-1 | 0.045 | 55 70 - - - 0.613
IGO-2 | 0.06 | 55 70 - - - 0.799
IGO-3 | 0.067 | 55 70 0.873

TB Open Back

TB Closed Tube

1G Open Back =564 0.085 | 63.8 | 73.2 | 1.001 | 0.818 | 0.921 | 0.951
1GO-5 | 0.099 | 563 | 65.4 | 1.028 | 0.972 | 0.997 | 0.989

1GO-6 | 0.126 | 55 | 70 | - ; - 10997

IGC-1 | 0.045 | 55 | 70 | - - - 0587

IGC2 | 006 | 55 | 70 | - ] - 10765

IGC-3 | 0.067 | 55 | 70 | - ] - | 0844

IG Closed Tube = 5E747 0082 | 557 | 75.3 | 0.933 | 0.925 | 0.929 | 0.952
IGC5 | 01 | 55 | 70 | - ; - 10995

1GC-6 | 0.124 | 583 | 68 | 1.188 | 1.154 | 1.173 | 1.007

T20-1 | 0.045 | 55 | 70 | - - - 059

T20-2 | 006 | 55 | 70 | - ; - o752

T20-3 | 0067 | 55 | 70 | - . - o813
TYPE Il Open Back =555 0083 | 56.8 | 75 | 1.009 | 0.855 | 0.918 | 0.880

T20-5 | 0.1 | 56.2 | 62.8 | 1.044 | 0.933 | 0.984 | 0.896
T20-6 | 0.126 | 55 70 - - - 0.902
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4.6 MEMBER DESIGN STRENGTH

The proposed equations for determining the effective section properties
(Egs. (4.5) and (4.8)) have altered the member design strength from the current design
specification. In this study, unperforated and perforated member strength capacity,
under different loading conditions and for various member lengths, were computed
using the finite element method, and compared to those values using the RMI
specification which uses Egs. (4.1) and (4.7), and the proposed design approach which
uses Egs. (4.5) and (4.8).

Three C-sections, the same ones used in the previous study Elastic Buckling
Strength of Perforated Members, were considered: A-LDR, A-LDR-2, and A-HDR.
Their cross sectional geometry is given in Fig. 4.2. The finite element analysis
considered both geometric and material nonlinearities. Finite element models range
from a member length of 12 to 120 in. with a 6 in. increment between models.
Initial conditions of the model involved both flexural residual stresses and geometric
imperfections. The magnitude of the flexural residual stresses throughout the thickness
in the longitudinal direction is given in Fig. 4.44a. These stresses were assumed to
have tension on the outside and compression on the inside of the section. Geometric
imperfection was introduced by using the buckling mode shape obtained from the
buckling analysis. For short members where local or distortional buckling is critical,
buckling mode shape with a maximum imperfection magnitude of one tenth of the
thickness was used as the geometric imperfection. For long members where overall
buckling is critical as shown in Fig. 4.44b, the geometric imperfection was generated
by superimposing the overall buckling and the local buckling mode shape together,
where the maximum imperfection magnitudes of these modes are one thousandth of
the member length and one tenth of the thickness, respectively. An idealization of the

material model that is elastic-plastic with strain hardening was assumed. For Sections
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A-LDR and A-LDR-2, F, =45 ksi, F, =59 ksi, E=29500 ksi, E, = E/45, v=0.3,
and e, is 15 times the maximum elastic strain. For Section A-HDR the material
properties are same but with F, =47.8 ksi.

All three sections were studied as a concentrically loaded compression
member, a flexural member subject to bending about the strong axis, and a member
subject to combined compressive axial load and bending about the strong axis.
Boundary conditions at the ends of the member for all cases were pined condition such
that the effective length for flexural buckling of both the strong and weak axis and
torsion were equal to the length of the member.

The loads were applied through nodal forces at the ends of the member.
To avoid localized failure at the member ends the nodal forces were distributed in to
the first three rows of elements. This loading condition is different from the one
previously used for the finite simulation of the stub-column test in the Effective Design
Area study. In the stub-column test simulation model, nodal displacements were used
to apply the load. The reason why in this study nodal forces were selected over
applying nodal displacements was to assure that the member ends remain pined
condition. Finite element studies of these two loading conditions have shown that the
resulting ultimate compression load of the two can be significantly different,
especially if the section is locally unstable. The reason for this is that when the
uniform displacement is applied, the end surface stresses will not be uniform, and on
the other hand when the uniform stresses is applied, the end surface displacement will
not be uniform. The ultimate compression load is higher when the uniform
displacement is applied rather than when the uniform load is applied. The reason for
this is that additional restraints are provided at the ends of the member in the case of

applying uniform displacement, preventing the member ends from rotating.
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The differences in these two cases are however not significant if the section is locally
stable because ultimately the entire section will yield for both cases.

The finite element results are compared with design specifications in Figs. 4.45
through 4.56. The design approach requires the use of the ultimate compression load
from a stub-column test to compute the O factor. Thus, ultimate compression strength
obtained from finite element analysis of the member with the shortest length is used.

For the case of compressive axial strength shown in Figs. 4.45, 4.49, and 4.53,
it can be seen that the proposed design approach agrees well with the analytical
solutions, while the current specification is slightly conservative.

For the case of flexural strength for Sections A-LDR and A-LDR-2 shown in
Figs. 4.46 and 4.50, it can be seen that both approaches are quite conservative for
designing flexural members compared to the finite element solution, especially for the
very long members. According to the finite element solution, these members have
postbuckling strength. The results are also conservative because of the way in which
the effective section modulus is computed according to the RMI specification, further
investigation of this is given in the next study on the Effective Section Modulus.
The conservative results shown in this study can, however, only be obtained if the net
section II properties as given Tables 4.2 and 4.3 are used. The reason for this is clear
but not explicitly suggested in the specification that the net moment of inertia of the
bending axis should be used in the design of the flexural members.

For the case of flexural strength for Section A-HRD shown in Fig. 4.54, even
though net moment of inertia is used, both the proposed approach and the RMI
approach for this case over estimates the flexural strength. This is because the
distortional buckling strength of this section is rather low. The design specification

currently does not consider this buckling mode.
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For the case of combined compression axial load and bending shown in
Figs. 4.47, 4.48, 4.51, 4.52, 4.55, and 4.56, correlations between the finite element
results and the interaction equation for beam-column design is given. For a given
finite element result, the members strength P and M, are substituted in the
interaction equation and the resulting axial and flexural strength ratio is plotted.
Data points that fall outside the triangle indicate that the interaction equation is
conservative. Data points of the proposed design approach are closer to the interaction
equation line when compared to the current design procedure, indicating that

improvement has been made.

4.7 EFFECTIVE SECTION MODULUS

In order to deal with the presence of perforations in a column section, the RMI
specification recommends the use of a stub-column test to establish an effective net
section area. The area of the effective section is for an axially loaded member failing
due to local behavior. The results are also further used to calculate the elastic section
modulus of the effective section for determination of the member flexural strength.
The objective of this study was to validate this calculated flexural strength by using
the finite element approach.

A finite element parametric study of stub-columns subject to bending moment
was carried out. The column sections in study were the same ones used in the previous
study Effective Design Area, which are given in Table 4.19. The bending moments
were applied by applying nodal displacements rotating the end surfaces of the
stub-column. The flexural strength was determined for the strong axis bending, weak
axis bending with web in tension, and weak axis bending with web in compression as

shown in Table 4.20. The analysis in this study considered both geometric and
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material nonlinearities. Initial conditions of the model involved both flexural residual
stresses and geometric imperfections. Geometric imperfection was introduced by
using the buckling mode shape obtained from the buckling analysis with a maximum
imperfection magnitude of one tenth of the thickness. An idealization of the material
model that is elastic-plastic with strain hardening was assumed.

The RMI specification recommends that nominal flexural strength M, for
members not subject to lateral buckling, such as the stub-column under end surface

rotations in this study, can be determined as follows:
M,=S,F, (4.9)

where
S, :S(O.S +%j (4.10)

S is the elastic section modus of the full unreduced section for the extreme
compression or tension fiber at F,. The QO factor determined from the finite element
approach given in Table 4.19 is used in the above equation to calculate M, and then
compared with finite element results of the stub-column under end surface rotations.
Results are summarized in Table 4.20. It was found that A, agrees well with the
finite element results for the case of strong axis bending, but is rather conservative for
weak axis bending. Results are conservative because M, is calculated on the basis of
initiation of yielding. Higher values can be obtained by considering the nominal
flexural strength A, that is calculated on the basis of inelastic reserve capacity,

determined as follows:
M, =ZJF (4.11)

where
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Table 4.20 Evaluation of Sub-Column Flexural Strength

SECTION POINT 4
511 VRLTE
-5 BEE+01
-5.50E+01
-4 . S0E+01
-3.50E+01
-2 SHE+0L
—1.50E+01

5L 0NE+DD
+5 O0E+DD
+1 . 50E+01
+2.SNE+01
+3.S0E+L
+4 . SHE+L
+5 L ENE+L

+E L O E+DL

Axial Load Strong Axis Bending Weak Axis Bending Weak Axis Bending
(Web Compression) (Web Tension)
. . Weak Axis Bendin Weak Axis Bendin
Strong Axis Bending (Web Compression% (Web Tension) ¢

SeCtlon MFEM Mn MP MFEM Mn MP MFEM Mn MP
(klp'ln) MFI:‘M MFEM (klp'ln) MFEM MFEM (klp'ln) MFEM MFEM
TBO-3 | 37.89 0.941 1.030 30.56 0.807 1.008 29.47 0.837 1.045
TBO-4 | 42.50 0.942 1.035 33.73 0.819 1.028 33.27 0.831 1.043
TBO-5 | 55.47 0.932 1.030 | 44.22 0.804 1.016 | 43.12 0.824 1.042
TBO-6 | 73.69 0.924 1.030 59.36 0.785 1.003 57.25 0.814 1.040
TBC-3 | 37.04 0.931 1.045 36.15 0.745 1.000 33.95 0.793 1.065
TBC-4 | 47.53 0.907 1.023 43.79 0.768 1.038 43.26 0.777 1.051
TBC-5 | 55.56 0.905 1.024 51.13 0.767 1.040 51.04 0.768 1.042
TBC-6 | 80.04 0.886 1.014 74.27 0.742 1.024 73.86 0.747 1.029
1GO-3 | 35.88 0.954 1.036 | 29.02 0.786 0.987 27.10 0.842 1.056
1GO-4 | 54.01 0.950 1.038 42.92 0.794 1.004 | 40.36 0.844 1.067
IGO-5 | 55.99 0.943 1.035 44.83 0.780 0.992 42.37 0.825 1.049
IGO-6 | 68.46 0.930 1.030 55.76 0.751 0.967 52.09 0.804 1.035
IGC-3 | 36.35 0.940 1.048 35.52 0.696 0.976 32.31 0.765 1.073
IGC-4 | 46.89 0.938 1.052 44.53 0.714 1.008 42.63 0.745 1.053
IGC-5 | 57.64 0.918 1.036 54.33 0.702 1.002 5291 0.721 1.028
IGC-6 | 75.24 0.902 1.027 71.05 0.687 0.992 69.29 0.704 1.017
T20-3 | 30.87 0.948 1.067 | 27.82 0.794 0.996 | 26.34 0.839 1.053
T20-4 | 40.82 0.931 1.054 35.82 0.799 1.009 34.07 0.840 1.061
T20-5 | 48.36 0.924 1.052 | 43.05 0.779 0.991 40.42 0.830 1.056
T20-6 | 58.43 0.913 1.050 53.10 0.751 0.967 | 49.13 0.812 1.045
mean 0.928 1.038 mean 0.764 1.003 mean 0.798 1.048
st.dev | 0.018 0.013 | st.dev | 0.039 0.020 | st.dev | 0.043 0.014
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Z, :z(o.u%} (4.12)

Z is the plastic modulus. Overall M, agrees better with the finite element approach
than M, but the results are slightly on the unconservative side; therefore, it is not

recommended for design purposes.

4.8 MOMENT MAGNIFICATION FACTOR

In the design of beam-columns, primary bending moments due to lateral loads
and end moments are multiplied by moment magnification factors to account for the
second order effects and the moment gradient in the member. This factor used in the
current AISI specification was developed based on the assumption that failure by
instability will be in the plane of bending. Thus, the current moment magnification
factor does not consider the torsional-flexural failure mode. Generally this may not be
the case. The torsional-flexural failure mode is common in thin-walled sections. If it
takes place, the bending moments in the elastic beam-column will be unconservative if
computed with the current moment magnification factor.

An alternative approach to determine maximum bending moments in elastic
beam-columns for the case where it is simply supported with equal end eccentricities
is given in this study. Pekoz and Celebi (1969) presented an approximate analysis
approach for elastic beam-columns with equal end eccentricities. The problem was
solved by assuming the deflection functions to satisfy the geometric boundary
conditions but with unknown coefficients. The deflection functions were then used in
the beam-column differential equations where their unknown coefficients were solved
by applying the Galerkin method. The corresponding bending moments about
principal axes and twisting moment in the member were obtained in this study by

using the resulting deformation from the approach given by Pekoz and Celebi (1969).
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For the case of a simply supported beam-column, M and M the maximum

Xmax ymax

bending moment about principal x- and y-axes occurs at mid-span and M, __ the

tmaxt

maximum twisting moment occurs at the member ends. These moments can be

computed as follows:

P(p,~P)[(2, ilihdic |- }‘ LRSS

Mxmax = MxO {14_

P(P,-P)[(P, —1;)702 +Pa§]‘P3"f}_Mx0P2f«vaxay (4.14)

M, =M, {1+

M, = f(%+ s J[(Pey ~P)M a4~ (P =P)Myua, | (415)
where
M, = Pe,
M, =Pe,
F,-P 0 —Pa
A=—| 0 P -P Pa_

~Pa, Pa, 7’ (P,-P)

y X

P is the applied eccentric load, M, and M , are the end bending moment about the
x- and y-axes, respectively. Definitions of the other variables and derivation of
Eqgs. (4.13) to (4.15) are given in the Appendix C and D.

Consider the case when the beam-column section has one plane of symmetry
and P 1is applied in that plane. Assume that y-axis is the axis of symmetry.

Then a =e, =0, Egs. (4.14) and (4.15) will give M =M

ymax t max

=0, and Eq. (4.13)

becomes
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M, . = ((ji”"]‘i")o ~M , sec (%\/;) (4.16)

where

C, =1+0.273a

a=P[F,

C,. / (1-e) is the moment magnification factor which amplifies the end moment M
to account for the second order effects. This is the same moment magnification factor
given by the AISI specification but with an approximation of C, =1 for the same
corresponding boundary conditions.

Consider another case when the Section A-LDR is subjected to a compression
load with eccentricities: e, =0 and e, =1 in. as shown in Fig. 4.57. In this case M
from Eq. (4.13) will not be the same as from using the moment magnification factor
given by the AISI specification. Fig. 4.58 compares the results. It can be seen that the

AISI approach gives an unconservative M This is because Eq. (4.13) has the level

of P limited at the elastic critical axial load P, agreeing with the actual behavior in
which the member will buckle by torsional-flexural at this load. But the AISI approach
has it limited at the flexural buckling load P_ instead. Contour plots given in Fig. 4.57
can be used to obtain P, for the different load eccentricities. The failure mode for this
member is by combined bending and torsion. The cross section between the supports
will undergo translation and rotation. Therefore, in addition to the bending moment
about the x-axis directly developing from the applied loads, the bending moment
about y-axis and the twisting moment will also exist. The maximum values of these

moments are obtained by using Egs. (4.14) and (4.15). Results are shown in Figs. 4.59

and 4.60, respectively.
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In this study, equations for determining the maximum bending moments in
elastic beam-columns for the case where it is simply supported with equal end
eccentricities and failure is by torsional-flexural buckling are given. Developing
simple means for determining the bending moments in beam-columns with unequal
end eccentricities, subject to support translation, and failure is by torsional-flexural
buckling would be useful for the design of cold-formed steel frames. However,
preliminary studies have shown that the equations become very complicated and may

not be practical for the design purpose.

4.9 CONCLUSIONS

A critical review of the RMI specification for member design was carried out
in this chapter. A total of seven studies were carried out. In the first study Elastic
Buckling Strength of Perforated Members, numerous finite element elastic buckling
analyses of perforated member were carried out. Results indicate that increasing the
presence of perforations in the section will reduce the buckling strength. To take this
into account, instead of using the unperforated section properties to predict the
buckling strength of perforated sections, as assumed in the current design
specification, better results can be obtained by using the weighted section, or the
average section properties for torsional-flexural buckling, the average section
properties for lateral buckling, and the net moment of inertia section properties for
flexural buckling.

In the second study Torsional-Flexural Buckling, the torsional-flexural
buckling equation used in the current design provision was evaluated by comparing
the results with finite element solutions. It was found that the elastic buckling load

obtained from using the buckling equation is usually conservative compared to the
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finite element results. The reason for this is that the buckled shape assumptions made
in the buckling equation are inconsistent with the actual buckled shape. This leads to
errors underestimating the elastic buckling load of member and has proven to be a
source of the conservatism in the current design provision.

In the third study Effective Lengths, the effective length factors used in the
current design provision were evaluated by comparing the results with finite element
solutions. It was found that the recommended value of K, taken as one is in general
conservative while K, taken as 0.8 is in most cases reasonable, providing that the
upright frame has adequate braces and the column base is constrained against twisting.

In the fourth study Effective Design Area, finite element simulation of
stub-column tests were carried out to evaluate the current effective design area
equation and effective section modulus equation. Modifications of these equations are
suggested. The effective design area equation of the RMI specification, Eq. (4.1),
should be modified to the proposed equation, Eq. (4.5). The effective section modulus
equation of the RMI specification, Eq. (4.7), should be modified to the proposed
equation, Eq. (4.8).

In the fifth study Member Design Strength, unperforated and perforated
member strength capacity, under different loading conditions and for various member
lengths, was computed using the finite element method, and compared to those values
using the RMI specification, which uses Eqgs. (4.1) and (4.7), and the proposed design
approach, which uses Eqgs. (4.5) and (4.8). It was found that the compressive axial
strength and the beam-columns strength designed according to the proposed design
approach agrees better to the finite element results than the current design procedure
does. Flexural strength design according to either design approach is quite
conservative compared to the finite element results, if distortional buckling failure

mode does not take place.
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In the sixth study Effective Section Modulus, finite element simulation of stub-
column tests under bending moments were carried out to evaluate the current RMI
procedures for determining the member flexural strength. It was found that current
procedure for calculating the nominal flexural strength on the basis of initiation of
yielding M, for members not subject to lateral buckling is conservative, especially for
weak axis bending. Equations for determining the nominal flexural strength on the
basis of inelastic reserve capacity M, are given in this study and have been shown to
agree better with the finite element results than A, but the results are slightly on the
unconservative side, therefore it is not recommended for design purposes.

In the seventh study Moment Magnification Factor, equations for determining
the maximum bending moments in elastic beam-columns for the case where it is
simply supported with equal end eccentricities and failure is by torsional-flexural
buckling are given. Determining the maximum moments for this boundary condition
using the current moment magnification factor suggested by the AISI specification has
been shown to give unconservative results if the member failure is by torsional-
flexural. This unconservatism in the AISI moment magnification factor by itself,
however, does not suggest that current design procedures for beam-columns is
unconservative. On the contrary, as to be shown in Chapter 5, in practice when the
AISI moment magnification factor is used with the interaction equation to design

beam-columns current design procedure is very conservative.
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Chapter

Cold-Formed Steel Frames

5.1 INTRODUCTION

The behavior of industrial storage racks depends on how the three individual
components discussed in the previous chapters: column bases, beam to column
connections, and members perform interactively with each other. Thus the frame
behavior can become very complex. Many parameters such as semi-rigid nature of
connections, presence of significant perforations, and susceptibility to local buckling
and torsional-flexural buckling are part of the cause. As to which method of analysis is
best to solve this problem will certainly depend on the tools available to the designer.
The analysis model can be as simple as using a sub-structure model such as isolating
the column and using the alignment chart, or as sophisticated as using numerical
methods to analyze the entire frame. With the availability of powerful computers and
software, the latter approach has become more attractive, allowing more complex and
efficient designs. In this chapter results will be presented from studies which were

carried out to evaluate the current effective length approach and to examine the
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notional load approach as an alternative design procedure, as well as to review current
guidelines for methods of analysis and for using numerical methods for structural
analysis, such as elastic buckling analysis and second-order elastic analysis

considering semi-rigid connections.

5.2 ELASTIC BUCKLING STRENGTH OF PALLET RACKS

The AISI, AISC, and RMI specifications use the effective length approach for
assessing frame stability. It is essential that effective lengths and the elastic buckling
load of members are accurately determined in the effective length approach.
Parameters that influence the value of K  for column flexural buckling were
examined in this study. The alignment chart and the AISI torsional-flexural buckling
provisions, used to obtain the effective lengths and elastic buckling load of members

were also evaluated.

5.2.1 Effective Length K

Parameters that influence the value of K_ for column flexural buckling in the
direction perpendicular to the upright frames can be summarized in three categories as
shown in Fig. 5.1.

The first category is the number of bays and stories. For fully loaded frames,
as the number of bays increases so does the value of K because the supporting action
of light loaded end frame columns diminishes, and as the number of stories increases
so does the value of K_ because the difference in loads in the bottom story and the
second story columns decreases.

The second category is the loading conditions. Adding horizontal forces on a

fully loaded frame makes insignificant changes to the value of K_ because the
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Figure 5.1 Parameters that influences the value of K for column flexural buckling
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additional horizontal force makes insignificant changes to the level of axial loads on
the interior columns. As the number of loaded bays increases so does the value of K ;
therefore, a fully loaded frame is always the most critical load case as far as elastic
buckling is concerned.

The third category is the section properties and connection stiffness. As the
column size increases so does the value of K ; however as the beam size and the
connection stiffness increases the value of K  will decrease because additional
restraint from the beam and connection stiffness helps prevent the frame from
sidesway buckling.

A parametric study was carried out to investigate the effects of the loading
conditions on the frame stability. Two loading sequences on a 6-bay by 6-story pallet
rack shown in Fig. 5.2 were studied. One is the best possible loading sequence which
will minimize the frame instability while the other is the worst possible loading
sequence which will maximize the frame instability. As can been seen in Fig. 5.2,
the best loading sequence is one which starts loading from the lower stories, while the
worst loading sequence is one which does the opposite; that is, it starts loading from
the upper stories.

The resulting effects that these two loading sequences have on the frame

stability are plotted in Fig. 5.3 where W, _,, is the elastic buckling gravity load per bay

oad i
when i number of bays have been loaded, and W, is the elastic buckling gravity
load per bay when all bays have been loaded. As can be seen in this figure, it is better

to start accessing the products from the upper stories while keeping the lower stories

loaded until last.
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5.2.2 Alignment Chart and Torsional-flexural Buckling Provisions

The objective of this study was to evaluate the alignment chart and the AISI
torsional-flexural buckling provisions. The 6-bay by 3-story pallet rack as shown in
Fig. 5.4 was used as the vehicle for carrying out this study. The value of K_ was
determined from the alignment chart and compared to those values determined more
accurately from a finite element flexural buckling analysis. The finite element
modeling assumptions are as follows: the column base fixity was modeled by torsional
springs with its stiffness determined from the proposed base fixity equation given in
Chapter 2 and the beam to column connection stiffness K, was also modeled by
torsional springs.

In this study K, was varied and the corresponding K was determined for the
bottom story and the second story middle column. The results are as shown in Fig. 5.5.
It was found that the alignment chart was unconservative when used for the bottom
story column with low K, values, and was always too conservative when used for the
second story column. The reason for this is that, in actual practice the alignment chart
assumptions are rarely satisfied exactly. Such violations lead to errors making the
results unconservative for the bottom story column even when reductions in beam
stiffness have already been made to reflect the semi-rigid nature of the connections,
and the results are too conservative for the second story column because the high base
fixity value was not accounted for in the alignment chart. Thus, the alignment chart is
inaccurate when differences between the base fixity and the connection flexibility is
high.

The column section used in the pallet rack shown in Fig. 5.4 was a 3x3
C-section with its axis of symmetry perpendicular to the aisle. Torsional-flexural
buckling is normally the critical buckling mode for this section. The buckling load is

usually determined by either using the AISI torsional-flexural buckling provisions or
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more accurately obtained by performing an elastic buckling analysis of the entire
frame. The results of using these two approaches to determine the buckling load of the
bottom story middle column are compared in Fig. 5.6. The AISI buckling equation is
computed based on the values of K  determined from flexural buckling analysis,
which were given in Fig. 5.5, and K, =0.717 determined from a torsional buckling
analysis. It was found that the AISI torsional-flexural buckling provisions become

gradually more conservative as the value of K, increases.

5.3 PLUMBNESS

Out-of-plumb installation of frames creates secondary moments in the columns
causing frame instability. The RMI specification recommends that the frame initial
out-of-plumbness should not be more than 0.5 inches in 10 feet (yw =1/240).
The following study was carried out to investigate different initial out-of-plumb modes
and the impact it has on the load carrying capacity of frame.

Five frame initial out-of-plumb modes as shown in Fig. 5.8 were considered.
The initial out-of-plumbness of the first three modes are within the RMI guidelines
while the last two modes are not because the column imperfection gradient has
exceeded 0.5 inches in 10 feet.

The pallet rack shown in Fig. 5.7 was used as the vehicle for carrying out this
study. Finite element analysis was performed to compute the load carrying capacity of
the frame for the different initial out-of-plumb modes, and also for the different frame
beam to column connection stiffnesses to cover a wide range of column K values.
Results are compared with respect to Mode 0 as shown in Fig. 5.9. Finite element
modeling assumptions include using a three-dimensional model, using open-section

beam elements to model the columns and braces, using linear torsional springs to
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Figure 5.8 Different modes of frame initial out-of-plumb
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model the connection stiffness, using the proposed base fixity equation given in
Chapter 2 to compute the stiffness of the column base, and using an elastic-plastic
material model F, =55 ksi, and E =29500 ksi. The finite element analysis considers
both geometric and material nonlinearities.

As can be seen in Fig. 5.9, the load carrying capacity of Mode 1 and 2 is
always higher than Mode 0O; therefore, as long as the actual frame initial out-of-
plumbness is within the RMI guideline, it is always conservative to assume Mode 0 in
the design analysis. The results of Mode 3 and 4 clearly show why the initial out-of-
plumbness of 0.5 inches in 10 feet should be interpreted as restrictions of the
imperfection gradient of the column rather than the absolute maximum column

imperfection tolerances.

5.4 MOMENT MAGNIFICATION FACTOR

In the design of beam-columns, the relationship between the required axial
compression strength P, and flexural strength A, for the member under consideration
could be obtained by performing a second-order elastic analysis, or alternatively
approximated by performing a first-order elastic analysis using moment magnification

factors as follows:
Mu:Bant+BZMlt (51)

where M, and M, are the required flexural strength in the member obtained from
first-order elastic analysis assuming the frame to have no lateral translation and
assuming the frame to have lateral translation, respectively. B, and B, are moment
magnification factors which are needed to account for the second-order effects.

The objective of this study was to evaluate the AISI and the AISC recommended
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sidesway moment magnification factor B,. The AISC specification gives an

expression for B, as

1
B, = P (5.2)
ZPGX
or
1
B, = - (5.3)
-z o)

where ZP, is the required axial strength of all columns in the a story, A, is the lateral
inter-story deflection, XH is the sum of all story horizontal forces producing A ,,
L is the story height, and ZP_ the elastic flexural buckling strength of all columns in
the story. The AISI specification accounts for the second-order effects by multiplying

the moment term in the interaction equation by C, /o, where C, is 0.85 for

sidesway and o, =1-P, /P,

X 0

which is equivalent to having B, as

B, = 085 (5.4)

A
F,

X

the value of P, /P in the above equation and the value of > P,/> P, in Eq. (5.2) are
the same when their parameters are obtained from performing first-order analysis and
elastic buckling analysis, therefore Eq. (5.2) and Eq. (5.4) differ only by a factor of
0.85.

The developing moment at the base of the center column of the pallet rack
shown in Fig. 5.7 was investigated. All bays are equally loaded causing zero M, in
the center column; therefore, the moment magnification factor B, is not needed;
M, arises only from the lateral translation of the frame which is due to the frame

initial out-of-plumbness. Frame initial out-of-plumb mode 0 as shown in Fig. 5.8 is
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assumed. The relationship between P,

u

and M, at the base of the center column
obtained from second-order elastic analysis is used as a basis for evaluating Egs. (5.2),
(5.3), and (5.4). The results are given for four beam to column connection stiffnesses:
K, =300, 600, 1200 kips-in., and rigid as shown in Figs. 5.10 through 5.13. As can
been from these figures, Eq. (5.4) agrees better with the second-order elastic analysis
than Eqgs. (5.2) and (5.3) do. Eq. (5.2) is slightly more conservative than the results
from second-order elastic analysis and Eq. (5.4), while Eq. (5.3) is unconservative
compared with the results from second-order elastic analysis when used for semi-rigid
frames. If the designer does not use second-order elastic analysis to obtain the required
member strength, the result from this study suggests that the AISI sidesway moment
magnification factor Eq. (5.4) should be used to account for the sidesway second-order

effects.

5.5 NONLINEAR ANALYSIS OF PALLET RACKS

The behavior of industrial storage racks depends on how the three components:
column bases, beam to column connections, and members perform interactively with
each other. These components and the slender nature of the structure are sources of
nonlinearity, thus the frame behavior can become very complex. Different levels of
structural analysis were carried out to investigate four fundamental modeling
assumptions: model geometry, material property, column base, and beam to column
connection. Five different analysis levels as summarized in Table 5.1, all of which are
second-order analyses, were performed on the pallet rack shown in Fig. 5.4 to
investigate the different nonlinear responses. Definitions of the four fundamental

modeling assumptions are as follows:
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Table 5.1 Different Levels of Structural Analysis

Gravity load/bay, kips

Analysis Model Material | Column | Beam to column
type geometry | property base connection
A 3D Inelastic Inelastic Inelastic
B 3D Inelastic Inelastic Elastic
C 3D Inelastic Elastic Elastic
D 3D Elastic Elastic Elastic
E 2D Elastic Elastic Elastic
20
E
15 F

10
5t ¢(Pn ¢bM n
-monitor connections
-monitor column bases
0 1 1 1 1

0 0.2 04 0.6 0.8 1
[.ateral deflection of the first

Figure 5.14 Different levels of structural analysis
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Model geometry: The 3D frame refers to modeling the entire pallet rack as a

space frame and open-section beam elements are used to model the columns and
braces, while 2D frame refers to modeling the pallet rack as a plane frame with only
in-plane beam elements.

Material property: The inelastic material model refers to having all

components modeled as elastic-plastic material with strain hardening. F, =55 ksi,
F,=70ksi, E=29500ksi, E,6=E/45, v=0.3, and e, is 15 times the maximum
elastic strain.

Column base: The elastic column base refers to using torsional springs to
model the base fixity where its stiffness is determined from the proposed base fixity
equation given in Chapter 2. The behavior of the column base is generally elastic as
long as the base plate remains in full contact with the floor. Once the column base’s
moment to axial load ratio reaches its upper bound limit, which is when the base plate
starts to overturn, the base fixity will decrease dramatically. The inelastic column base
in this study refers to modeling the column base with a double axial spring model as
shown in Fig. 5.15b. This model not only has the same stiffness as the elastic case but
will also capture the upper bound limit of base fixity behavior. Further detail on how
the double axial spring model was developed is given in Appendix A.

Beam to column connection: The inelastic beam to column connection

means considering the connection to be semi-rigid setting the moment and
rotation relationship as elastic-plastic. In this study the connection stiffness
K, =270 kips-in./rad and ultimate connection moment capacity M = 6 kips-in. was
assumed.

Results for the different levels of analysis are given in Fig. 5.14. Analysis type
A is considered to best represent the actual frame’s behavior. As the levels of analysis

decrease, higher load carrying capacity of the frame is obtained. This result is as
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Figure 5.15 Base fixity model (a) Torsional spring (b)-(e) Double axial spring
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expected; therefore, when simple analytical models such as analysis type E are used
for design special considerations are necessary to account for the effects that the
analysis is incapable of simulating; for example, calculating the column torsional-
flexural buckling load, using the beam-column interaction equation, and monitoring

moments at the beam to column connections and column bases.

5.6 EFFECTIVE LENGTH APPROACH AND NOTIONAL LOAD
APPROACH FOR COLD-FORMED STEEL FRAME AND BEAM-
COLUMN DESIGN

The effective length approach and the notional load approach are used in many
specifications and standards for steel frame design. The differences between these two
approaches are the way in which the physical nature of the column and frame
imperfections are accounted for in the design. For more background information on
the philosophy behind these two design approaches, the reader is referred to
ASCE (1997). The objective of this study was to compare the effective length
approach and the notional load approach for accuracy and appropriateness for cold-
formed steel frame and beam-column design. The storage rack industry currently uses
the effective length approach. Design procedures of these two approaches are as

follows:

APPROACH 1 - EFFECTIVE LENGTH APPROACH

— Concentrically Loaded Compression Members
The column is considered to be a concentrically loaded compression member.
The axial load carrying capacity of the member is determined according to the

effective length approach using the following equation:
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F =¢.F, (5.5)

This approach relies significantly on the prediction of the critical buckling load of the
member. The critical buckling load is usually determined by using the AISI torsional-
flexural buckling provisions, or could be more accurately obtained by performing an
elastic buckling analysis. Both procedures were investigated.

Approach 1la - the elastic buckling load was computed by using the AISI
torsional-flexural buckling provisions with the value of K_ determined from the
alignment chart or more accurately determined from an elastic flexural buckling
analysis, and the values of K and K, are assumed equal to 1 and 0.8, respectively.

Approach 1b - the elastic buckling load was obtained directly from a finite
element elastic buckling analysis. This yielded a more accurate design than Approach
la because as has been illustrated in Charter 4, the torsional-flexural elastic buckling
load obtained from using the AISI buckling provisions can sometimes be quite
conservative compared to the more accurate value obtained from performing the

elastic buckling analysis.

— Combined Compressive Axial Load and Bending

The member is considered to be subject to a combined compressive axial load
and bending. The axial compression strength P, and flexural strength M 6 for the

member is determined according to the effective length approach using the following

equation:
£, + M, <1 (5.6)
¢L’R’I ¢an

Moment magnification factors are not included in the above interaction equation

because the second-order elastic analysis is used to obtain P, and M,. Moment
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magnification factors are needed if the first-order analysis is used. Second-order
elastic analysis is conducted on a frame with story-out-of plumbness of 0.5 inches in
10 feet (7 =1/240) as suggested by the RMI Specification. A simple plane frame
(2D) model as shown in Fig. 5.16a could be used for the second-order elastic analysis
but semi-rigid connections must be considered. Second-order elastic analyses and
elastic buckling analyses of semi-rigid frames could be performed by using the
computer program CU-SRF shown in Appendix H. This approach relies significantly
on the prediction of the critical buckling load of the member. The two different
procedures for obtaining critical buckling load as mentioned previously in Approaches
la and 1b were investigated.

Approach 1c - the elastic buckling load was computed by using the AISI
torsional-flexural buckling provisions with the value of K_ determined from the
alignment chart or more accurately determined from elastic flexural buckling analysis,
and the value of K and K, were assumed equal to 1 and 0.8, respectively.

Approach 14 - the elastic buckling load was obtained directly from an elastic

buckling analysis.

APPROACH 2 - NOTIONAL LOAD APPROACH

The member is considered to be subject to a combined compressive axial load
and bending. The axial compression strength P, and flexural strength M, for the

member is determined according to the notional load approach using the following

equation:
P M
L —1 <] (5.7)
¢(‘R’I(L) ¢an
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Figure 5.16 (a) Effective length approach (b) Notional load Approach
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where P, is the axial strength computed based on the values of K and K, both
assumed equal to one, and K, assumed equal to 0.8. The AISI torsional-flexural
buckling provisions are used to compute the elastic buckling load. Moment
magnification terms are not included in the above interaction equation because the
second-order elastic analysis is used to obtain P, and M,. Moment magnification
factors are needed if the first-order analysis is used. Second-order elastic analysis is
conducted on a geometrically perfect frame subject to notional horizontal load &W,,,,

at each story, where W, is the gravity load at that story, and & is the notional load
parameter. A simple plane frame (2D) model as shown in Fig. 5.16b could be used for
the second-order elastic analysis but semi-rigid connections must be considered.
Performing the second-order elastic analysis on a frame with initial out-of plumbness
as shown Fig. 5.16a or on a geometrically perfect frame subject to notional horizontal
loads as shown Fig. 5.16b is the same if y is equal to & because they are statically
equivalent. Therefore, the only difference between the effective length approach and
the notional load approach is the value of the column axial strength used in the
interaction equation because it is a function of K . The column flexural strength M
is not the function of K when the column is bending in the direction perpendicular to
the upright frames.

The notional load approach relies significantly on the selection of the notional
horizontal load and the flexural stiffness of the analysis model. Three procedures for
selecting the notional horizontal load and the flexural stiffness of the analysis model
were investigated.

Approach 2a - the notional load parameter & was assumed equal to the frame
initial out-of-plumbness. The RMI specification recommends that the frame initial out-

of-plumbness should not be more than 0.5 inches in 10 feet, therefore in this approach

& was assumed equal to 1/240.
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Approach 2b - the notional load parameter & was determined from

5={([g—1)/l68, 1<K, <17 5.5

1/240, K >1.7
Approach 2¢ - the notional load parameter & was assumed equal to 1/240 and
the second-order elastic analysis was performed on a reduced flexural stiffness model.
A 10% reduction in the flexural stiffness was proposed. This was done by using a

reduce flexural stiffness E/ * for all members and connections in the analysis model
EI*=0.9EI (5.9)

where E is the modulus of elasticity, and / is the moment of inertia about the axis of
bending. When the moment magnification factors are used to approximate the
relationship between M, and P, from first-order analysis, and the first-order analysis

is based on a reduced flexural stiffness model, Eq. (5.7) becomes

£ CuMy o (5.10)

+ <
Pex(L) (1 _ Pu jM
P_* !

where P_* is the elastic flexural buckling load based on E7*, thus P, _*=0.9P_

5.6.1 Isolated rotationally restrained sway column

A parametric study was carried out to compare the effective length approach
and the notional load approach for accuracy and appropriateness for beam-column
design. An isolated rotationally restrained sway column as shown in Fig. 5.17a was
used as the vehicle for carrying out the parametric study. The parameters included:
nine column sections as shown in Fig. 5.18, three material yield stresses (33, 55, and
70 ksi), and twenty different rotational end-restraints as given in Table 5.2.

Combinations of these parameters yielded a total of 540 beam-column configurations.
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Figure 5.18 Column sections in study
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Table 5.2 Boundary Conditions in Study

Boundary
Condition Gy | G K,

Gl 60 o | 10.095
G2 20 ) 6.018
G3 6 ) 3.650
G4 0.6 ) 2.198
G5 0 o0 2

G6 60 60 | 7.080
G7 20 60 | 5.106
G8 6 60 | 3.379
G9 0.6 | 60 | 2.108
G10 0 60 1.924
Gl1 20 20 | 4.155
Gl12 6 20 | 3.009
GI13 0.6 | 20 1.965
Gl4 0 20 1.804
G15 6 6 2.404
Gl16 0.6 6 1.675
G17 0 6 1.548
G138 0.6 | 0.6 | 1.196
G19 0 0.6 | 1.097
G20 0 0 1

Table 5.3 Statistics for the Correlation of Design Procedures with the FEM Results

Section Statistics A i 1 2 2 2
PFEM P PFEM PFEM PFEM PFEM PFEM
Mean 0.776  0.960 | 0.715 0.850 | 0.927 0.934 0.885
Max 0.933 1.082 | 0.872 0.956 | 0.999 0.999 0.954
C1,C2,and C3 Min 0.541 0.744 | 0.521 0.629 | 0.808 0.808 0.762
Standard Deviation 0.081 0.066 | 0.073 0.066 | 0.052 0.044 0.036
Coefficient of Variation, % | 10.4 6.9 10.2 7.7 5.6 4.7 4.1
Mean 0.800 0.964 | 0.717 0.826 | 0.916 0.926 0.871
Max 0911 1.107 | 0.844 0.925 | 1.000 1.000 0.971
C4,C5,and C6 Min 0.588 0.725 | 0.556 0.579 | 0.796 0.816 0.734
Standard Deviation 0.062 0.083 | 0.056 0.071 | 0.060 0.049 0.046
Coefficient of Variation, % | 7.7 8.6 7.8 8.6 6.6 5.3 5.3
Mean 0.957 0.957 | 0.796 0.796 | 0.959 0.979 0.894
Max 1.074 1.074 | 0.888 0.888 | 1.000 1.010 0.941
C7,C8, and C9 Min 0.711 0.711 | 0.620 0.620 | 0.820 0.871 0.793
Standard Deviation 0.074 0.074 | 0.037 0.037 | 0.051 0.022 0.030
Coefficient of Variation, % | 7.7 7.7 4.6 4.6 53 2.3 34
Mean 0.844 0.960 | 0.743 0.824 | 0.934 0.946 0.883
Max 1.074 1.107 | 0.888 0.956 | 1.000 1.010 0.971
All sections Min 0.541 0.711 | 0.521 0.579 | 0.796 0.808 0.734
Standard Deviation 0.108 0.074 | 0.068 0.064 | 0.057 0.046 0.039
Coefficient of Variation, % | 12.8 7.8 9.2 7.7 6.1 4.9 4.4
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The finite element method, which considers both geometric and material
nonlinearities, was used as the basis for evaluating the accuracy of the design
approaches. The finite element modeling assumptions included using a three-
dimensional model, using open-section beam elements to model the open-section
columns, using linear torsional springs to model the rotational end-restraints for
bending about the major axis, using pin-ended supports for bending about the minor
axis and for twisting, using a combination of the out-of-straightness and the out-of-
plumbness as shown in Figs. 5.17b and 5.17¢ for the member initial geometric
imperfection, and using an elastic-plastic material model.

The correlations between the different design approaches and the finite

element results are summarized in Appendix E Table E.1 where B, B,, P,

leo

P,.
P,, P,, and P, are the axial load carrying capacity of the member obtained by using
the Approaches la, 1b, 1c, 1d, 2a, 2b, and 2c, respectively. Fy,, is the axial load
carrying capacity of the member obtained by using the finite element method.
In practice, the resistance factor ¢, is equal to 0.85, and ¢, is equal to 0.90 or 0.95;
these values are, however, for research purposes in this study all assumed equal to one.
In practice, the value of K, for column torsional buckling is assumed equal to 0.8 if
braces constrain the column from twisting. This value was, however in this study
assumed equal to one, because the column was simply supported for twisting.
The statistical summary of Table E.1 is given in Table 5.3. Design examples for the
difference approaches are given in the Appendix F.

The results, which are given in Appendix E Table E.1, are also plotted in
Figs. 5.19 through 5.25 where the finite element analysis was used as the basis for
evaluating the accuracy of the different design approaches. As can be seen in these
figures, Approaches lc, 1d, 2a, 2b, and 2c¢ are conservative compared to the finite

element results while the Approaches la and 15 have a few unconservative designs.
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Figure 5.19 Correlation between the Effective Length Approach (Approach la) and
the FEM results
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Figure 5.20 Correlation between the Effective Length Approach (Approach 15) and
the FEM results
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Figure 5.21 Correlation between the Effective Length Approach (Approach 1¢) and
the FEM results
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Figure 5.22 Correlation between the Effective Length Approach (Approach 1d) and
the FEM results
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Figure 5.23 Correlation between the Notional Load Approach (Approach 2a) and the
FEM results
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Figure 5.24 Correlation between the Notional Load Approach (Approach 2b) and the
FEM results
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Figure 5.25 Correlation between the Notional Load Approach (Approach 2¢) and the
FEM results
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Comparison between Approach la and 15 indicates that 15 agrees better with
the finite element results than 1a does. Approach la has lower design loads than 15
because of the conservatism in the AISI torsional-flexural buckling provisions.
Both Approaches 1a and 15 have a few unconservative designs because the secondary
moment coming from the member out-of-plumbness was not considered in the design.

Comparison between Approach lc and 1d indicates that 1d agrees better with
the finite element results than 1c does. Approach 1c¢ has lower design loads than 1d
because of the conservatism in the AISI torsional-flexural buckling provisions.
Overall both Approaches 1¢ and 1d predict a very conservative design.

Comparison between Approach la and lc indicates that even though the
overall result of la agrees better with the finite element results than lc does,
Approach 1c is still more appropriate for design because it accounts for the secondary
moments having no unconservative designs.

Comparison between Approach 2a and 26 indicates that 25 agrees better with
the finite element results than 2a does. When K is less than 1.7, Approach 26 will
have higher design loads than Approach 2a because it uses less notional horizontal
loads according to Eq. (5.8). Implementation of Approach 2b, however, must be
considered carefully, because Eq. (5.8) was developed based on the design calibration
of a limit number of frame configurations. Thus, it may not always be applicable.

Comparison between Approach 2a and 2c¢ indicates that even though the
overall result of 2a agrees better with the finite element results than 2¢ does, Approach
2c¢ provides a more consistent conservatism in its design across the different K,
values. In Approach 2¢, a 10% reduction in the flexural stiffness of the analysis model
was made; this has an effect mostly on the beam-columns, which have high K

values, causing a 10% reduction in the design strength.
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Comparison between Approaches 1 and 2 indicates that overall Approach 2,
which is the notional load approach, agrees better with the finite element results than
Approach 1, which is the effective length approach. Among the three notional load
approaches: 2a, 2b, and 2c, it is recommended that Approach 2¢ be considered as an
alternative means for cold-formed steel frame and beam-column design. Approach 2c,
which is the notional load approach with flexural stiffness reduction, provides a
reliable consistently conservative design across wide ranges of beam-column
configurations. The reason for choosing this approach, even though the overall results
of Approaches 2a and 2b agree better with the finite element results, is because the
10% reduction in the flexural stiffness is needed to account for the strength reduction
due to member initial crookedness for the same reasons that in the effective length
approach the column axial strength is designed according to the following equation
F =0.877F, for A, >1.5. This equation when used in the notional load approach to
compute P, ,, does not account for the structural strength reduction because P, is

computed based on K_ equal to one. P, and M, , which are used in the interaction

u?’

equation, obtained based on a reduced flexural stiffness analysis model do account for

the structural strength reduction.

5.6.2 Interaction Equation

The difference between the effective length approach and the notional load
approach is the value of the column axial strength used in the interaction equation
because it is a function of K . The column flexural strength M, is not the function of
K_. To explain how the interaction equation works differently for these two design
approaches one can classify the failure modes for beam-columns into three categories

as follows:
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The first category is failure by material yielding. The design of stocky columns
having this failure mode are independent of the members elastic buckling load.

The interaction equation used for this design can be simplified as follows:

Q+M“ <1 (5.11)
p M,

where P, is the axial strength at yield stress. The value of P, is independent of the
elastic buckling load; therefore, the same design load is obtained using the effective
length approach or the notional load approach.

The second category is failure by elastic buckling. The load carrying capacity
of slender columns having this failure mode is very close to its elastic buckling load.

The interaction equation used for this design can be simplified as follows:

LM, (5.12)
F, M,

where P is the elastic buckling load. For the case when flexural buckling is the
critical buckling mode, and the moment magnification factor is used instead of

performing the second-order analysis, further simplification can be made as follows:

Loy Gl (5.13)

I po—m 8 <
T
F,

where P_ is the elastic flexural buckling load and C, is a constant coefficient.

The above interaction equation is for designing beam-columns according to the
effective length approach. For designing beam-columns according to the notional load

approach the following equation is used instead:

P me MM
+

u

<1 (5.14)

f)ex(L) l_i M
P n

ex
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where P, is the elastic flexural buckling load computed based on K being equal to
one. As can be readily seen from Eqgs. (5.13) and (5.14), the design load P, obtained
from either of these equations will never exceed P_ because of the moment
magnification factor term. The notional load approach will, however, allow a higher

design load than the effective length approach because the value of P _,, is higher

(L)
than P_; that is, P, obtained from the notional load approach will be closer to the
estimated value P making it more accurate than the effective length approach. This
remark also holds true when member failure is by torsional-flexural buckling as can be
seen by comparing the results of Figs. 5.21 and 5.23 for the high K value cases.

The third category is failure by inelastic buckling. By comparing Eq. (5.6) and
Eq (5.7), which are the interaction equations used to design beam-columns for this
failure mode according to the effective length approach and the notional load
approach, respectively; it can be seen that the notional load approach will allow a
higher design load than the effective length approach because the value of P, is
higher than P. The discrepancy between these two approaches is small when the
value of K is close to one, but as the value of K increases, that is the failure mode
changes toward failure by elastic buckling, the differences become apparent as can be
seen by comparing the results of Figs. 5.21 and 5.23.

A beam-column designed according to the notional load approach can
sometimes have higher design strength than a concentrically loaded compression
member designed according to the effective length approach. That is P obtained by
using the notional approach can sometimes be higher than P . Even though this seems
to be unacceptable according to the current design procedure, the finite element result
from this study does support this. In the effective length approach, columns and beam-

columns subject to torsional-flexural buckling are designed based on a column curve

for an equivalent pin-ended effective length member. This process of simplification
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used to design members with boundary conditions other than pin-ended supports such
as a rotationally restrained sway column has been shown to be conservative compared

to the results obtained from performing a finite element analysis.

5.6.3 Cold-Formed Steel Frames

A parametric study was carried out to compare the effective length approach
and the notional load approach for accuracy and appropriateness for cold-formed steel
frame design. Pallet racks as shown in Fig. 5.27 were used as the vehicle for carrying
out the parametric study. The parameters included: two load cases as shown in
Fig. 5.26, three frame dimensions as shown in Fig. 5.27, two upright frame
configurations as shown in Fig. 5.28, nine column sections as shown in Fig. 5.18,
three material yield stresses (33, 55, and 70 ksi), six beam to column connection
stiffnesses as given Table 5.4, and braces and shelf beams as shown in Fig. 5.29.
Combinations of these parameters yielded a total of 972 pallet rack configurations for
each load case. The first loading condition is the gravity load case on a frame with
initial out-of plumbness of 0.5 inches in 10 feet, the second loading condition is the
seismic load case on a frame with initial out-of plumbness of 0.5 inches in 10 feet,
where the seismic base shear was assumed to be 12% of total gravity load on the
frame.

The finite element method, which considers both geometric and material
nonlinearities, was used as the basis for evaluating the accuracy of the design
approaches. The finite element analysis modeling assumptions included using a three-
dimensional model, using open-section beam elements to model the columns and

braces, using linear torsional springs to model the connection stiffness, using the
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Figure 5.27 Frame dimensions in study
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Figure 5.28 Upright frame configurations in study

Table 5.4 Beam to Column Connection Stiffnesses in Study

Connection | Stiffness, kip-in./rad
D1 100
D2 200
D3 300
D4 400
D5 500
D6 600
[ © t=0.126"
2.25CU1x064
2.5"
Braces Shelf beams

Figure 5.29 Braces and Shelf beams in Study
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proposed base fixity equation given Chapter 2 to compute the base fixity, and using
elastic-plastic material model.

The correlations between the different design approaches and the finite
element results are summarized in Appendix E Tables E.2 and E.3 with a statistical
summary of these tables given in Tables 5.5 and 5.6 where W,,, W,., W,,, W,,, and
W, are the ultimate load carrying capacity per bay of the frame obtained by using the
Approaches la, lc, 2a, 2b, and 2c, respectively. Wy, is the ultimate load carrying
capacity per bay of the frame obtained by using the finite element method. In practice,
the resistance factor ¢, is equal to 0.85, and ¢, is equal to 0.90 or 0.95; these values
are, however, for research purposes in this study all assumed equal to one.

The results for load case 1, which are given in Appendix E Table E.2, are also
plotted in Figs. 5.30 through 5.34 where the finite element analysis was used as the
basis for evaluating the accuracy of the different design approaches. As can be seen in
these figures, Approaches lc, 2a, 2b, and 2c¢ are conservative compared to the finite
element results while Approach 1a has a few unconservative designs. The reason why
these few results in Approach la are unconservative compared to the finite element
results is because the second-order effects arising from the frame story-out-plumbness
was considered in the design process.

Comparison between Approach 1c and 2a for load case 1 indicates that 2a
agrees better with the finite element results than 1c¢ does. The design load obtained
from the notional load approach is higher than the effective length approach because
of the assumption of K_ equal to one. This is the reason why as the value of K
increases the discrepancy between the design loads obtained from the effective length

approach and the notional load approach also increases.
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Table 5.5 Load Case 1 - Statistics for the Correlation of Design Procedures with the
FEM Results

. - /4 W, w, w, .

Section Statistics L = 2 2 -
VI/FEM I/‘VFEM VI/FEM I/VFEM I/‘VFEM
Mean 0.763 0.666 | 0.873 0.875 0.827
Max 0913 0.760 | 0999 0.999 0.904
C1,C2, and C3 Min 0.587 0.541 0.633 0.656  0.628
Standard Deviation 0.065 0.043 0.086 0.084 0.061

Coefficient of Variation, % 8.5 6.5 9.9 9.5 7.4
Mean 0.768 0.663 0.834 0.843  0.796
Max 0.928 0.755 0.993 0993  0.900
C4, C5, and C6 Min 0.574 0.522 | 0.589 0.626 0.584
Standard Deviation 0.066 0.044 | 0.094 0.085 0.070

Coefficient of Variation, % 8.6 6.7 11.3 10.1 8.8
Mean 0.933 0.757 | 0936 0939 0.873
Max 1.014 0.790 1.000  1.000 0.904
C7, C8, and C9 Min 0.805 0.673 0.772  0.785  0.762
Standard Deviation 0.041 0.026 | 0.054 0.050 0.032

Coefficient of Variation, % 4.4 34 5.7 5.4 3.6
Mean 0.821 0.696 | 0.881 0.886 0.832
Max 1.014 0.790 1.000  1.000 0.904
All sections Min 0.574 0.522 0.589 0.626 0.584
Standard Deviation 0.098 0.058 0.090 0.085 0.065

Coefficient of Variation, % 12.0 8.4 10.3 9.5 7.8
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Table 5.6 Load Case 2 - Statistics for the Correlation of Design Procedures with the
FEM Results

. - w, w, w, W,
Section Statistics L = - -
I/I/FEM VVFEM VVFEM VVFEM
Mean 0.682 | 0.759 0.759 0.746
Max 0.754 | 0.879 0.879  0.848
Cl1,C2, and C3 Min 0.581 | 0.595 0.600 0.591
Standard Deviation 0.029 | 0.054 0.054 0.050
Coefficient of Variation, % 4.2 7.2 7.1 6.7
Mean 0.638 | 0.694 0.695 0.684
Max 0.722 | 0.835 0.835  0.808
C4, C5, and C6 Min 0.549 | 0.560 0.566  0.557
Standard Deviation 0.034 | 0.058 0.057 0.054
Coefficient of Variation, % 5.4 8.4 8.2 8.0
Mean 0.655 | 0.727 0.727 0.714
Max 0.732 | 0.879 0.879  0.847
C7, C8, and C9 Min 0.555 | 0.573 0.575 0.569
Standard Deviation 0.045 | 0.078 0.078  0.073
Coefficient of Variation, % 6.8 10.7 10.7 10.2
Mean 0.658 | 0.726  0.727 0.715
Max 0.754 | 0.879 0.879  0.848
All sections Min 0.549 | 0.560 0.566 0.557
Standard Deviation 0.041 0.070  0.069  0.065
Coefficient of Variation, % 6.2 9.6 9.5 9.1
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Figure 5.30 Load Case 1 - Correlation between the Effective Length Approach
(Approach 1a) and the FEM results
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Figure 5.31 Load Case 1 - Correlation between the Effective Length Approach
(Approach 1c¢) and the FEM results
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Figure 5.32 Load Case 1 - Correlation between the Notional Load Approach
(Approach 2a) and the FEM results
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Figure 5.33 Load Case 1 - Correlation between the Notional Load Approach
(Approach 2b) and the FEM results
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Figure 5.34 Load Case 1 - Correlation between the Notional Load Approach
(Approach 2¢) and the FEM results
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Comparisons among the three notional load approaches: 2a, 2b, and 2c¢ for load
case 1 indicate few differences between 2a and 2b, and 2c¢ is more conservative than
2a and 2b.

The results for load case 2, which are given in Appendix E Table E.3, are also
plotted in Figs. 5.35 through 5.38 where the finite element analysis was used as the
basis for evaluating the accuracy of the different design approaches. As can be seen in
these figures, both the effective length approach and the notional load approach are
conservative compared to the finite element results. The differences between the
design loads obtained from the effective length approach and the notional load
approach in this load case has decreased from the previous load case. The reason for
this is because the horizontal force in this load case causes the storage rack to fail from
the column flexural strength rather than axial strength. The column flexural strength
used in both the effective length approach and the notional load approach is the same.

Comparisons between Approach 2a and 2b for load case 2 indicate few
differences between these two approaches. Comparisons among the three notional load
approaches: 2a, 2b, and 2c, indicates that 2¢ is slightly more conservative than 2a and
2b because flexural stiffness reduction is made to analysis model in Approach 2c.

When the notional load approach is used for an earthquake load design or
wind load design, applying additional notional horizontal loads are usually not
necessary if the real horizontal forces coming from the earthquake loads or the wind
loads are much greater, making the additive notional horizontal loads insignificant.
However, if the magnitude of the real horizontal forces coming from the earthquake
loads or the wind loads are comparable with the required notional horizontal loads
then that notional horizontal loads must be applied as additive loads. It is
recommended that the notional horizontal loads always be applied for earthquake load

design or wind load design because it is more conservative with them.
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Figure 3.35 Load Case 2 - Correlation between the Effective Length (Approach 1c¢)
and the FEM results
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Figure 5.36 Load Case 2 - Correlation between the Notional Load Approach
(Approach 2a) and the FEM results
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Figure 5.37 Load Case 2 - Correlation between the Notional Load Approach
(Approach 2b) and the FEM results
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5.6.4 Development of Approach 2b

As can be seen in Fig. 5.32, the notional load approach 2a is conservative
compared to the finite element results, especially when the value of K is close to one.
Attempts are made in this study to make improvements to this approach. The objective
is to increase the design load so that the results will agree better with the finite element
solution. This is done by decreasing the initial out-of plumbness y used in the
second-order elastic analysis frame model. Decreasing the value of y is equivalent to
applying less notional horizontal loads, W,

The values of  needed to agree with finite element results were obtained by
trial and error. The result was determined by linear interpolation within the tried
values of y equal to 0.0025, 0.005, 0.001, 0.0015, 0.002, 0.0025, 0.003, 0.0035, and
0.00417. Results are shown in Fig. 5.39. As expected the obtained value of w
decreases as the value of K becomes closer to one. From this obtained relationship
between yw and K _, a new notional load approach 2b, which selects the notional
horizontal load according to the column K value, is therefore proposed, by using the

following conservative design equation

K. -1)/168., 1<K 1.7
w:{(x ek, 1<K - (5.15)

1/240, K, >17

When Eq. (5.15) is used the previous result, which was shown in Fig. 5.32, improves
to become as shown in Fig. 5.33. As can be seen in these figures, improvements are

made when this proposed equation is used.
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Figure 5.39 Load Case | - Frame out-of-plumb or the magnitude of the notional
horizontal load required for the notional load approach
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5.6.5 Approach 1a with K _=1.7

Additional parametric studies were carried out using Approach la with the
value of K assumed to be 1.7. The results of this parametric study carried out for the
isolated rotationally restrained sway column are given in Figs. 5.40 and 5.41.
The results of this parametric study carried out for the cold-formed steel frames are
given in Figs. 5.42 and 5.43.

The RMI specification allows the use of K equal to 1.7 as a default value.
This value was chosen to give a reasonable amount of protection against sidesway for
most common rack configurations. The results from this study suggested that this
approach is unconservative if the real value of K is much higher than 1.7. However,
the results also suggested that this approach when used to design open-sections is still
conservative if the real value of K is just slightly higher than 1.7. The reason for this

is because of the conservatism in the AISI torsional-flexural buckling provisions.

5.7 FINITE ELEMENT SIMULATION OF PALLET RACK TEST

A physical test of pallet rack structures and components was conducted by
Pekoz (1975). A finite element simulation of the physical pallet rack test was carried
out to investigate the behavior of the frame and verify finite element assumptions.
A pallet rack manufactured design designated as type A-LDR was studied.
Its geometry is given in Appendix G and Fig. 5.44. Two load cases were studied: the
first load case had gravity loads applied on each bay equally, and the second load case
had a combination of gravity and horizontal loads. Horizontal loads at 1.5% of the
gravity loads at each beam level were applied to the right at each beam level of the left

upright frame.
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177



e L P

AN

e e e e S

g g g

- e e wm e wmeT

Figure 5.45 Middle upright frame modeled as shell elements
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5.7.1 Beam Model

Beam elements are used to model the three-dimensional structural frame
members. Available beam elements in ABAQUS that were used are the 3-node
quadratic beam elements (B32) for close sections and the 3-node quadratic beam
elements (B320S) for open sections. Open section beam elements have a warping
magnitude as an additional degree of freedom at each node. An idealization of the
material model that is elastic-plastic with strain hardening was assumed where the
yield stress and the ultimate stress were from the tensile coupon test. The material
model is F, =45 ksi, F, =59 ksi, E=29500ksi, E,=E/45, v=03, and e, is 15
times the maximum elastic strain for the columns, and F, =49 ksi and F, =59 ksi for
the beams. No tensile coupon test was conducted for the braces; therefore, its material
model is assumed to be the same as the columns.

A non-linear torsional spring element was used to model the beam to column
connection. The moment rotation relationship used was obtained from the physical
connection test as given in Chapter 3 Table 3.1. The joint connection between the
braces and column are considered to be continuous except for the warping degree of
freedom.

Physical tests for determining base fixity were not available; therefore,
two base fixity models were considered. One is to use a linear torsional spring model
at the supports as shown in Fig. 5.15a with the stiffness determined from the proposed
base fixity equation given in Chapter 2. The other is to use a double axial spring model
as shown in Fig. 5.15b. This model not only has the same stiffness as the first one but
will also capture the upper bound limit of base fixities behavior. Further details of this
base fixity model can be found in Appendix A.

A buckling analysis was first performed for the case of gravity loads to predict

its critical buckling load and the corresponding buckling mode. Maximum deflection
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of the buckling mode occurred at the top end of the columns as shown in Fig. 5.46.
This buckling mode shape with a plumbness of 0.5 inches in 10 feet was then used as
the initial geometric imperfection shape for the non-linear analysis of this load case.
No plumbness was considered for the case of the combination of gravity and
horizontal loads.

Non-linear finite element analyses were then performed and the results were
compared with the physical tests as given in Figs. 5.48 and 5.49. When physical tests
were conducted, deflection was measured at several different points. The lateral
deflection of the frame measured at the bottom beam level along with its
corresponding gravity load carried by the frame was used here to compare the results
with the finite element approach. The finite element results designated as Model I is
for the case of the base fixity modeled as the torsional spring, and Model II is for the
case of the base fixity modeled as the double axial spring. However, they were not

distinguished in the case of gravity loads because the same results were obtained.

5.7.2  Shell Model

When the results in the previous study were compared to the physical tests, it
was found that two cases overestimated the load carrying capacity of the rack: one is
the gravity loads and the other is the combination of gravity and horizontal loads in
Model 1. The results might have been due to the fact that beam elements did not
accurately capture the local behavior. If this was the source of the overestimation then
shell elements should be used instead. However, modeling and computation effort can
become very time consuming if the entire frame is modeled by shell elements.
A combined shell and beam model was instead considered in this study to investigate

whether section collapses had occurred.
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Figure 5.46 Finite element frame model: Critical buckling mode
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Figure 5.47 Finite element shell model II Gravity + Horizontal Load Case: von
Mises stress at ultimate load (5x displacement)
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The bottom length of the middle column is normally the critical member in the
assessment of the load carrying capacity of the pallet rack. The middle columns and
their braces up to the second story beam level were; therefore, selected to be modeled
by shell elements as shown in Figs. 5.44 and 5.45. It is also important that some initial
local geometric imperfection is introduced in to these shell columns. Here this
imperfection was introduced by superimposing the eigenmodes for the local and
distortional buckling, with an imperfection magnitude of one tenth of the thickness for
both modes. The boundary condition for the buckling analysis was a concentrically
loaded compression column with full lateral supports to avoid overall buckling.
Ends of the beam at the bottom level connecting the shell columns were also modeled
as shell elements. Rigid plates were used for interconnections between the shell and
beam elements. Modeling details of the shell element beam to column connection are
the same as the finite simulation of the cantilever test in Charter 3. Other finite
element assumptions and procedures are the same as the previous beam model.
The non-linear analysis of the shell models was compared with the previous results in
Figs. 5.48 and 5.49. Fig. 5.47 shows the displacement shape at the failure load for the
case of the combined gravity and horizontal loads.

The new results of the two cases, the gravity loads and the combination of
gravity and horizontal loads Model I, were still higher than the test results.
This indicates that the local behavior in the columns was not critical in the assessment
of the load carrying capacity of the rack. Although the results were not as anticipated,
they were found to be in agreement with the frames’ behavior in the actual test.

For the case of gravity loads in the physical test, the failure did not take place
in the columns as assumed but instead took place in the beams by yielding and local
buckling. Shell elements should have been used for modeling the shelf beams.

However, further finite element analysis was not needed because the load carrying
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capacity of the tested frame was consistent with the load carrying capacity of the
tested simply supported shelf beam. This comparison could be made because although
the beam to column connections was semi-rigid they were rather flexible. Therefore
the results of the simply supported shelf beam could be used to approximate the frame
capacity.

For the case of the combination of gravity and horizontal loads in the physical
test, failure was due to sidesway collapse where most of the lag bolts were broken off
due to the excessive rotation of the columns at the bases. This result falls in line
between the finite element Model I and Model II as seen in Fig. 5.49. For finite
element Model II failure took place by exceeding the upper bound limit of the base
fixity, which means that the actual upper bound limit of the base fixity was slightly
higher than assumed. Additional resistance from the base fixity could be due to the

presence of the lag bolts.

5.8 CONCLUSIONS

Numerous frame elastic buckling analyses were carried out to evaluate the
alignment chart and the AISI torsional-flexural buckling provisions. It was found that
the alignment chart is inaccurate when used for semi-rigid frames, and the differences
between the base fixity and the connection flexibility is high, the results are
unconservative when used for the bottom story column and too conservative when
used for the second story column. Results showed that the elastic buckling load
obtained from the AISI torsional-flexural buckling provisions is generally
conservative compared the results obtained from performing frame elastic buckling

analysis.
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A study comparing the effective length approach and the notional load
approach for cold-formed steel frame and beam-column design was also carried out.
The finite element method, which considers both geometric and material
nonlinearities, was used as the basis for evaluating the accuracy of these two design
approaches. Results showed that, the effective length approach is more conservative
than the notional load approach, and that the notional load approach agrees with the
finite element results better than the effective length approach does. It is therefore
recommended that the notional load approach, in particularly Approach 2c,
be considered as an alternative means for cold-formed steel frame and beam-column
design. In Approach 2c the notional load parameter & is assumed equal to 1/240 and
the second-order elastic analysis is performed on a reduced flexural stiffness model.

A 10% reduction in the flexural stiffness is proposed.
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Chapter

Results and Conclusions

The objective of this research was to make improvements in the RMI (1997)
Specification and the AISI (1996) Specification. The results have indicated that
improvements in these current design procedures are possible. The following
summarizes the results and conclusions. The symbol * indicates recommendations for
changes in the specifications.

*1. It was found that the current RMI base fixity equation underestimates the
stiffness of the column base. Several analytical models of the column base were
studied. The base fixity was found by solving a normal load on the boundary of the
half-space problem. With this approach a parametric study was carried out for a wide
range of column base configurations to develop a new base fixity equation. Unless
actual tests are conducted to obtain the base fixity, the proposed base fixity equation,
Eq. (2.12), along with its upper bound limit of the usage of this equation, Eq. (2.17), is
recommended. Finite element studies were used to verify this proposed equation.

The proposed equation agrees well with the finite element results.



*2. A new beam to column connection test was developed to be used instead of
the cantilever test. The actual frames shear to moment ratio is better represented in this
proposed portal test than the current cantilever test. Therefore it is recommended that
in addition to current beam to column connection tests, this proposed portal test, which
is given Chapter 3, should be included as a possible means of determining the moment
to rotation relationship of the connection.

*3. Numerous finite element elastic buckling analyses of perforated members
were carried out. Results indicate that increasing the presence of perforations in the
section will reduce the buckling strength. To take this into account, instead of using
the unperforated section properties to predict the buckling strength of perforated
sections, as assumed in the current design specification, it is recommend that better
results can be obtained by using the weighted section, or the average section properties
for torsional-flexural buckling, the average section properties for lateral buckling, and
the net moment of inertia section properties for flexural buckling.

4. The torsional-flexural buckling equation used in the current design
provision was evaluated by comparing the results with finite element solutions. It was
found that the elastic buckling load obtained from using the buckling equation is
usually conservative compared to the finite element results.

5. Effective length factors used in the current design provision were evaluated
by comparing the results with finite element solutions. It was found that the
recommended value of K, taken as one is in general conservative while K, taken as
0.8 is in most cases reasonable, providing that the upright frame has adequate braces
and the column base is constrained against twisting.

*6. Finite element simulations of stub-column tests were carried out to
evaluate the current effective design area equation and effective section modulus

equation. Modifications to these equations are suggested. The effective design area



equation of the RMI specification, Eq. (4.1), should be modified to the proposed
equation, Eq. (4.5). The effective section modulus equation of the RMI specification,
Eq. (4.7), should be modified to the proposed equation, Eq. (4.8).

7. Unperforated and perforated member strength capacity, under different
loading conditions and for various member lengths, was computed using the finite
element method and compared to those values using the RMI specification, which uses
Egs. (4.1) and (4.7), and the proposed design approach, which uses Egs. (4.5)
and (4.8). It was found that the compressive axial strength and the beam-columns
strength designed according to the proposed design approach agrees better to the finite
element results than the current design procedure does. Flexural strength design
according to either design approach is quite conservative compared to the finite
element results, if distortional buckling failure mode does not take place.

8. Finite element simulation of stub-column tests under bending moments
were carried out to evaluate the current RMI procedures for determining the member
flexural strength. It was found that current procedures for calculating the nominal
flexural strength on the basis of initiation of yielding M, for members not subject to
lateral buckling is conservative, especially for weak axis bending. Equations for
determining the nominal flexural strength on the basis of inelastic reserve capacity
M, are given in this study and have been shown to agree better with the finite
element results than M, does.

9. Equations for determining the maximum bending moments in elastic beam-
columns for the case where it is simply supported with equal end eccentricities and
failure is by torsional-flexural buckling are given. Determining the maximum
moments for this boundary condition using the current moment magnification factor
suggested by the AISI specification has been shown to give unconservative results if

the member failure is by torsional-flexural.



10. Numerous frame elastic buckling analyses were carried out to evaluate the
alignment chart. It was found that the alignment chart is inaccurate when used for
semi-rigid frames, and the differences between the base fixity and the connection
flexibility is high. The results are unconservative when used for the bottom story
column and too conservative when used for the second story column.

*11. A study comparing the effective length approach and the notional load
approach for cold-formed steel frame and beam-column design was also carried out.
The finite element method, which considers both geometric and material
nonlinearities, was used as the basis for evaluating the accuracy of these two design
approaches. Results show that, the effective length approach is more conservative than
the notional load approach, and that the notional load approach agrees better with the
finite element results than the effective length approach does. It is therefore
recommended that the notional load approach, in particularly Approach 2c¢, be
considered as an alternative means for cold-formed steel frame and beam-column
design. The following is the recommended notional load approach design procedure:

Storage rack columns are considered to be subject to a combined compressive
axial load and bending. The axial compression strength P and flexural strength M

of the column is determined according to following interaction equation:

L M (6.1)
¢CB‘I(L) ¢an

where P, is the axial strength computed based on the values of K and K both
assumed equal to one, and K, assumed equal to 0.8. The relationship between P, and
M, is obtained by performing a second-order elastic analysis, or alternatively
approximated by performing a first-order elastic analysis and using moment
magnification factors. The analysis is conducted on a geometrically perfect frame

subject to notional horizontal load W, at each story, where W, is the gravity



load at that story, and & is the notional load parameter equal to 1/240. The notional
horizontal load is determined from factored design loads, and is applied as an additive
force to the real horizontal forces coming from the seismic load or wind load, to cause
maximum frame instability. A 10% reduced flexural stiffness analysis model is used.
This can be done by using a reduced flexural stiffness E/* for all members and

connections in the analysis model
EI*=09EI (6.2)

where E is the modulus of elasticity, and / is the moment of inertia about the axis of

bending.



Appendix

Column Bases

A.1 CONCRETE SPRINGS
From Fig. 2.2 vertical displacements are related to the base rotation as
u, =—0x,
with the spring reaction
0,, =ku,
the resisting moment could be found by integrating over the area of the base plate

M= —L X,0,,dA

3
M =0ikb[" x2d, = ZK4
—d/2 12

from this last equation the base fixity can be obtained as

M kbd®
o 12

if the stiffness of these springs are set to



k=2
d

where E is the modulus of elasticity of the floor. For this case and all following
models the floor is assumed to be concrete, £ = E_. The base fixity is found to be the

same as in Eq. (2.1).

A.2 CONCRETE BEAM

Recall from the beam theory that the normal stress can be written as

Mx,
R
From Hooke’s law this equation gives
o = Mx,
22 EI

From Fig. 2.3 the radius of curvature and the strain are related as follows:

g __Endt

P X

From these last two equations the base fixity can found as

M _E
0 a

where
3
;_bd
12

If the depth of the concrete block under the base plate is assumed to be
a=d

the base fixity is found to be the same as in Eq. (2.1).



A.3 CONCRETE BLOCK

Define the stress field in the concrete block under the base plate as

From Hooke’s law the strain field can be found as

1+v
& :%O—ij _%Gkkaj

& =& =

En=63=6;=0

By definition the displacement field is related to the stain field as

Integration of the stain field equations gives the displacement field as

k
u, :E((xz —a) +v(x’ —x32))
" __kxl()z—a)
. kaé)%

Plot of the displacement field is shown in Fig. 2.4. The resisting moment could be

found by integrating over the area of the base plate



M = —L X,0,,dA

3
M = kb f:/zlezdxl _ ki’j

with the known vertical displacement, the rotation at the top of the concrete block

x,=01s

From these last two equations the base fixity can found as

M _bd’E
0 12«

Similar to Model 2 by setting the depth of the concrete block under the base plate as
a=d

the base fixity is found to be the same as in Eq. (2.1).

A4 TWO-DIMENSIONAL ELASTOSTATIC PROBLEM: NORMAL LOADS
ON THE BOUNDARY OF HALF-SPACE

The stress function for Fig. 2.5a where the load extends indefinitely to the left is given

in Timoshenko and Goodier (1969) as follows:

@ (p,x,,xz) = —%((xlz +x22)tan—1 ﬁ—xlxzj

X
where the stress field could be found by differentiating the stress function as
oL =90 On =0 On==0

the results of which are



2
px,

OnT T )
ﬂ(xl +x, )

From Hooke’s law and assuming the problem to be plane strain the, strain field could

be obtained. By integration of the strain field the displacement field is found as

u, = _%[(1—21/”1 tan™' §—?+(1—V)x2 1n(x12 +x22)+x2j

u, = _p(ilz—;;v)[(l—m/)xz tan”' icc—?—(l—v)x1 ln(xl2 +x,’ )J

Similar to the previous problem, the stress function for Fig. 2.5b where the linearly
increasing load extending indefinitely to the left is given in Timoshenko and Goodier

(1969) as follows:

o, (p,xl,xz,d) = Mid((xf + 3x1xzz)tan_1 %+ X, ln(xl2 +x,° ) ~ xlzsz
1

where the stress field could be found by differentiating the stress function as
oL =0 On =0 On="0

the results of which are

5
o, =2 | x tan" 22 4 x, ln(xl2 +x22)+ﬁ
d X, 3



X
oy =L| xtan” 22—y,
nd X,

X a4 X
_&tan 1_2

O, =
12
d X,

From Hooke’s law and assuming the problem to be plane strain the strain field could

be obtained. By integration of the strain field the displacement field is found as

p(1+v)[[| (1-2v) x'=x’ i
u, = ErdE ) (21 ’ )—x22 tan ]))CC—?jt(l—v)xlx2 1n(x12+x22)
+(1+2v)x1x2]
6

2 . 2 _ 2
u, = pf:c;v) [(1—21/)x1x2 tan”' %— (XI V()ZCI = )) ln(xl2 +x22)
1

(1-v)(x*-x7) _x_zzj

6 3

+

The stress function for the Fig. 2.5¢ problem may be found by superposition the stress

function for Fig. 2.5a and 2.5b as
P=¢ (q’xl’x2)+¢l (anl +d>x2)+¢z (_Zanlaxzad)+¢2 (2q,x1 +d’x2,d)

the stress field could then be found by differentiating this new stress function or by
similar superposition of the stress field of Fig. 2.5a and 2.5b. Normal stress on the
boundary x, =0 between x, =0 and x, =d is found to be

q(2xl +d)
d

Oy ==

which is a linear bending stress under the base plate. The resisting moment could be

found by integrating over the area of the base plate

10



M = —L X,0,,dA

M :%'[_Od(le +d ) x,dx, :%
Displacement field could either be found from Hooke’s law and assuming the problem
to be plane strain or by superposition of the resulting displacement field of Fig. 2.5a
and 2.5b. The vertical displacement, u,(x,,x,) on the boundary x,=0 between

x, =0 and x, =d is found and plotted in Fig. 2.6

u, (x,,0) = %(}g (x, —i-d)ln(x—‘zJ+§(2x1 +d)J

(x1 +d )2
at the edge of the base plate the displacement is

q(l—vz)d

= (O’O) B 3nE

the dashed line in Fig. 2.6 is used as an approximate rotation of the base plate

S 2,(0.0)_2(1-v")
d RV )

Dividing the resisting moment with this last equation, the base fixity equation is

obtained

M d’nE

11



A.5 THREE-DIMENSIONAL ELASTOSTATIC PROBLEM: NORMAL
LOADS ON THE BOUNDARY OF HALF-SPACE

The displacement field for the Boussinesq problem of concentrated normal force on
boundary of half-space is as follows:

P (}gx (1—2V)J

“" 4z G r(r+x;)

A G r

2 p—

where

G= £ and Feyx x4 X
2(1+v)

As shown in Sokolnikoff (1983) the solution can be generalized for distribution of
normal loads. Let p(‘f,n) be the distributed normal load at coordinate (5,77) on the
boundary. Inserting this in the previous equations and integrating over the boundary

plane the generalized equation is obtained as

1 <
ua=m[x3xajjAp(r3n)d§dn (1-20) ] pHx dfd]

u, = 4EG[ [ 2 577)d§d77+21 I é”)dng

where

r= \/(xl —5)2 +(x, —77)2 +x,

12



For the case of a linear bending stress the distribution is given as

pl(n) =25

where

3
Consider a square plate of a unit width, d =b =1 with a unit moment applied, M =1.
The vertical displacement u, (xl,xz,x3) is found at the center edge of the plate and
d/64 away from the boundary to avoid singularity from the numerical integration

. ioi _7.746
\2°764) 4rG

where it is used to find an approximate rotation of the base plate

2u ﬂ 0 i
g 27764) 7.746(1+v)
B d B nE

thus the base fixity can be found as

M nE

0 7.746(1+v)

The result is found to be higher then Eq. (2.1) by a factor of

127

= 4.05
7.746(1+v)bd?

Similar to the square plate problem, consider a rectangular plate, d =2b=1 with a
unit moment applied, M =1. The vertical displacement u, (x,,x,,x;) is found at the
center edge of the plate and d/64 away from the boundary to avoid singularity from

the numerical integration

13



. ioi 12253
N2°764) 4rG

where it is used to find an approximate rotation of the base plate

[ d
o 2(2764) 12.253(1+v)
- d - TE

thus the base fixity can be found as

M nE

0 12253(1+v)

The result is found to be higher than Eq. (2.1) by a factor of

127

= 5.128
12.253(1+v)bd*

A.6 DOUBLE AXIAL SPRING

The double axial spring model shown in Fig. 5.15b is used to model the base fixity in
the frame analysis. Unlike the simple torsional spring model shown in Fig. 5.15a the
double axial spring model can capture the upper bound limit of base fixities behavior.
The resistant moment M developed from the double axial spring model shown in

Fig. 5.15¢ is
M =k,0,A

For small deformations, the angle of rotation & can be approximated as

The axial spring stiffness &, can then be computed from these last two equations as

14



Recall Eq. (2.16) the upper bound limit for the base fixity equation is given as

M _
P

S
4

Let the resistant moment M and total reaction force P be from the double axial
spring model shown in Fig. 5.15¢ then this last equation becomes

koA _ S

2ko, A
The upper bound limit is reached when the left spring is completely unloaded
(6, =9,) and all the force is transferred to the right spring as shown in Fig. 5.15d.
Imposing this condition the springs moment arm, A can then computed from the last

equation as

15
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Base Fixity Charts




Chart Al Plate Type A, (c=0, ¢, = 0.05 in.)
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Chart A2 Plate Type A, (c=0,¢,=0.1in.)
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Chart B1 Plate Type B, (c =0, ¢, = 0.05 in.)
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Chart B2 Plate Type B, (c=0, ¢, = 0.1 in.)
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Chart C1-1 Plate Type C, (c =0, ¢,=0.05 in.)
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Chart C1-11 Plate Type C, (c =0, ¢,=0.05 in.)
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Chart C2-1 Plate Type C, (c=0, ¢, =0.1in.)
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Chart C2-11 Plate Type C, (c=0, ¢, =0.1in.)
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Chart D1-1 Plate Type D, (¢ =0, ¢, = 0.05 in.)
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Chart D1-11 Plate Type D, (c =0, #,, = 0.05 in.)
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Chart D2-1 Plate Type D, (c=0, ¢, = 0.1 in.)
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Chart D2-11 Plate Type D, (c=0, ¢, = 0.1 in.)
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Appendix

Thin-Walled Sections

C.1 ELASTIC BUCKLING OF COMPRESSION MEMBERS UNDER
ECCENTRIC LOAD

The elastic buckling loads can be computed by solving the following cubic equation:
P’ +c,P’+¢c,P+c,=0
The lowest positive elastic buckling load is the governing critical compression load.

P, =min (P

el>

Py, Py)

where

2 2 =2
¢=a +a —r,

¢,=7 (P, +P,+P,)-Pa’~Pa’

exty T Lty

ex” ey ex™ et ey” et

¢,=-7(P,P,+P.P,+P,P,)

-2
Cy = ,/;) PexI)ev])et



“ (kL)
~ 7Bl
Tk

a,=y,—e,

2 2 2 2 2
v, =1 +rn x4y,

o

—2 2
ro :’/;) +ﬂxey+ﬁyex

B. =I—fAy(x2+y2)dA—2yo

and

P

el

P, and P, = roots of the cubic equation.

E = Modulus of elasticity

G = Shear modulus

J = St. Venant torsion constant of cross section
C, = Torsional warping constant of cross section
KL = Effective length of compression member

I = Moment of inertia about the x-axis



I, = Moment of inertia about the y-axis

r. = Radius of gyration of cross section about the x-axis
r, = Radius of gyration of cross section about the y-axis
x, = x-coordinate of the shear center

v, = y-coordinate of the shear center

e, = Eccentricity about the x-axis

e, = Eccentricity about the y-axis

x- and y-axis = Centroidal principal axes

If the load acts along the shear center axis (ex =X,,e, = yo) we have

Pelzljex
])eZ:I)ey
P.=P

If the load acts along the shear center y-axis (e, =x,) we have

P = ﬁ((ay +p,)x (P, +P,) -4p PeyPe,]
F,=F,
2
a
where B :1—[%j
r()

If the load acts along the shear center x-axis (ey = yo) we have

1
P, =ﬁ((1’a +P) (P +P,) —4ﬁf;&)

P,=P

e3 ey



2
where ,6’:1—[%}

C.2 ELASTIC LATERAL BUCKLING OF FLEXURAL MEMBERS UNDER
BIAXIAL BENDING

The elastic lateral buckling loads can be computed by solving the following equation:

1 2 2 2
Mopor == r i) ((ﬂxcwy)w(ﬁxcwy) +4r,P, (¢*/P, +1/Pex)j

The lowest positive lateral elastic buckling load is the governing critical load.
M, =min(M,,.M,,)

eyl?

where ¢ =M, /M, is the defined moment ratio.

C.3 ELASTIC LATERAL BUCKLING OF FLEXURAL MEMBERS
BENDING ABOUT THE y-axis

The elastic lateral buckling loads can be computed by solving the following equation:

P
Meyl,eyZ - 2€X (IBy i\/ﬂy2 +4V02 (Pe't/Pe'x))

The lowest positive lateral elastic buckling load is the governing critical load.

eyl 9

M, =min(M,_,.M,,)



C4 ELASTIC LATERAL BUCKLING OF FLEXURAL MEMBERS
BENDING ABOUT THE x-axis

The elastic lateral buckling loads can be computed by solving the following equation:

exl,ex2 —

Ey (ﬂx i\/ﬂxz +4r? (Pet/Pey))

The lowest positive lateral elastic buckling load is the governing critical load.

M, =min(M,,M,,)

exl?



Appendix

Beam-Columns

Pekoz and Celebi (1969) presented an approximate analysis approach for elastic beam-
columns with equal end eccentricities. For the simply supported case, the functions for
deflections were assumed to satisfy the geometric boundary conditions and have the

forms.

. Tz
¢=C, smT

These deflection functions are then used in the elastic beam-column differential
equations where the unknown coefficients 4,, B,, and C, are solved by applying the

Galerkin method.



4, = A];j {Pax (Pexax +Peyeyay)—ex (Pex _P)[(Pa —P)Foz + Paj ]}

ey

PZ

B,=—{Pa,(Pe,a, +Pe.a)-e, (P, ~P)(P,~ Py +Pa’ ]}

ex x x
ex

2
C, =PX[(PW —P)eyax —(Pex —P) exay]

where

P —-P 0 —Pa

ey y

A:% 0 P -P  Pa

ex

—Pa Pa, 7'(P,—P)

y

and P is the applied eccentric load. Definitions of the other variables are given in the

Appendix C. Inserting the solved deformation functions in the basic beam equations

2

M, =£1 %
dz

d’u

My :EIyE

M =67 _Ec

L
dz v dz?

The corresponding bending moments about principal axes and twisting moment in the

beam-columns are obtained as follows:

M, = Pe,~B,P, sin"—~
L

74
M, =Pe —AF, smT



3
M, =C, [ETGJ+ d IEE;CWJCOS%

The maximum values of these moments are given in Eq. (4.13) to (4.15)



Appendix E

Design Results




Table E.1 Correlation of Design Procedures with the FEM Results

ggsgi?éifl Section | £y | Pax :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM
33 | 0.87 | 0.822 0.851 | 0.696 0.713 | 0.958 0.958 0.862
Cl 55 1 094 | 0.762 0.789 | 0.649 0.666 | 0.897 0.897 0.807
70 | 0.99 | 0.718 0.744 | 0.613 0.629 | 0.847 0.847 0.762
33 | 1.16 | 0.823 0.851 | 0.713 0.731 | 0.962 0.962 0.867
Gl C2 55 | 1.23 | 0.776 0.803 | 0.677 0.694 | 0.919 0919 0.828
70 | 1.23 1 0.776 0.803 | 0.678 0.696 | 0.923 0.923 0.831
33 | 1.45 | 0.824 0.851 | 0.724 0.739 | 0.966 0.966 0.870
C3 55 | 1.48 | 0.805 0.832 | 0.713 0.728 | 0.959 0.959 0.864
70 | 1.48 | 0.805 0.832 | 0.715 0.730 | 0.966 0.966 0.870
33 | 2.31 | 0.813 0.898 | 0.726 0.775 | 0.984 0.984 0.889
Cl 55 | 2.36 | 0.797 0.880 | 0.726 0.776 | 0.979 0.979 0.882
70 | 2.39 [ 0.788 0.870 | 0.721 0.772 | 0.971 0.971 0.875
33 | 3.08 | 0.816 0.898 | 0.735 0.782 | 0.987 0.987 0.891
G2 C2 55 | 3.14 | 0.800 0.881 | 0.736 0.784 | 0.983 0.983 0.886
70 | 3.14 | 0.800 0.880 | 0.741 0.790 | 0.987 0.987 0.890
33 | 3.85 | 0.819 0.898 | 0.740 0.786 | 0.989 0.989 0.893
C3 55 | 3.90 | 0.810 0.888 | 0.748 0.796 | 0.993 0.993 0.896
70 | 3.90 | 0.810 0.888 | 0.753 0.802 | 0.998 0.998 0.900
33 | 5.81 | 0.746 0.963 | 0.666 0.792 | 0.973 0.973 0.893
Cl 55 | 6.08 | 0.714 0.921 | 0.662 0.798 | 0.982 0.982 0.894
70 | 6.16 | 0.704 0.909 | 0.662 0.803 | 0.982 0.982 0.892
33 | 7.76 | 0.752 0.963 | 0.670 0.791 | 0.974 0.974 0.894
G3 C2 55 | 811 | 0.719 0.921 | 0.666 0.799 | 0.983 0.983 0.895
70 | 8.17 [ 0.714 0.914 | 0.670 0.808 | 0.990 0.990 0.899
33 | 9.70 | 0.759 0.962 | 0.674 0.791 | 0.976 0.976 0.895
C3 55 | 10.14 | 0.726 0.921 | 0.671 0.799 | 0.985 0.985 0.896
70 | 10.27 | 0.716 0.909 | 0.672 0.804 | 0.986 0.986 0.895
33 | 9.86 | 0.830 1.082 | 0.727 0.889 | 0.938 0.938 0.919
Cl 55 | 11.18 | 0.733 1.023 | 0.673 0.884 | 0.964 0.964 0.942
70 | 11.59 | 0.707 0.987 | 0.660 0.874 | 0.956 0.956 0.935
33 | 13.33 | 0.832 1.080 | 0.725 0.884 | 0.934 0.934 0.915
G4 C2 55 | 15.16 | 0.733 1.024 | 0.672 0.881 | 0.965 0.965 0.941
70 | 15.71 | 0.707 0.988 | 0.659 0.871 | 0.959 0.959 0.936
33 1 16.93 | 0.834 1.078 | 0.724 0.878 | 0.930 0.930 0.911
C3 55 1 19.32| 0.733 1.026 | 0.670 0.876 | 0.966 0.966 0.940
70 120.02 | 0.708 0.990 | 0.658 0.868 | 0.962 0.962 0.937
33 | 10.15 | 0.872 1.073 | 0.764 0.901 | 0.940 0.940 0.928
Cl 55 | 11.53 | 0.775 1.023 | 0.712 0.900 | 0.967 0.967 0.953
70 | 11.97 | 0.746 0.985 | 0.697 0.887 | 0.955 0.955 0.943
33 | 13.74 | 0.872 1.071 | 0.761 0.895 | 0.936 0.936 0.924
G5 C2 55 | 15.67 | 0.774 1.025 | 0.710 0.898 | 0.968 0.968 0.954
70 | 16.27 | 0.745 0.987 | 0.695 0.885 | 0.957 0.957 0.944
33 | 17.50 | 0.872 1.068 | 0.759 0.889 | 0.931 0.931 0.918
C3 55 120.05|0.774 1.028 | 0.707 0.895 | 0.969 0.969 0.953
70 |20.82 | 0.745 0.989 | 0.692 0.883 | 0.960 0.960 0.946




Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM
33 | 1.75 | 0.796 0.856 | 0.702 0.733 | 0.952 0.952 0.857
Cl 55 | 1.76 | 0.792 0.851 | 0.703 0.733 | 0.954 0.954 0.859
70 | 1.76 | 0.792 0.851 | 0.704 0.735 | 0.956 0.956 0.860
33 | 2.31 | 0.810 0.868 | 0.726 0.757 | 0.971 0971 0.875
G6 C2 55 | 2.31 | 0.810 0.868 | 0.731 0.763 | 0.980 0.980 0.882
70 | 2.31 | 0.810 0.868 | 0.733 0.765 | 0.982 0.982 0.884
33 | 2.85 | 0.821 0.877 | 0.742 0.775 | 0.986 0.986 0.888
C3 55 | 2.85 | 0.821 0.877 | 0.748 0.781 | 0.996 0.996 0.897
70 | 2.85 | 0.821 0.877 | 0.750 0.783 | 0.999 0.999 0.899
33 | 3.21 | 0.784 0.899 | 0.716 0.787 | 0.983 0.983 0.888
Cl 55 | 3.27 | 0.769 0.882 | 0.717 0.791 | 0.980 0.980 0.885
70 | 3.27 [ 0.769 0.882 | 0.722 0.797 | 0.985 0.985 0.888
33 | 428 | 0.787 0.899 | 0.723 0.792 | 0.986 0.986 0.891
G7 C2 55 | 431 | 0.781 0.891 | 0.733 0.805 | 0.994 0.994 0.897
70 | 431 | 0.781 0.891 | 0.738 0.812 | 0.999 0.999 0.901
33 | 5.35 | 0.791 0.899 | 0.728 0.796 | 0.987 0.987 0.893
C3 55 | 5.46 | 0.775 0.881 | 0.729 0.801 | 0.984 0.984 0.888
70 | 5.49 [ 0.771 0.875 | 0.730 0.803 | 0.983 0.983 0.887
33 | 6.73 | 0.722 0.969 | 0.649 0.796 | 0.959 0.959 0.885
Cl 55 | 7.07 | 0.688 0.923 | 0.642 0.800 | 0.973 0.973 0.889
70 | 7.17 [ 0.678 0.911 | 0.640 0.804 | 0.974 0.974 0.888
33 | 898 | 0.728 0.969 | 0.654 0.795 | 0.961 0.961 0.887
G8 C2 55 | 9.43 | 0.693 0.923 | 0.646 0.800 | 0.975 0.975 0.890
70 | 9.56 | 0.684 0.910 | 0.645 0.804 | 0.976 0.976 0.890
33 | 11.24 | 0.735 0.969 | 0.658 0.794 | 0.963 0.963 0.888
C3 55 | 11.79 | 0.701 0.923 | 0.652 0.799 | 0.977 0.977 0.892
70 | 11.96 | 0.691 0.910 | 0.651 0.804 | 0.979 0.979 0.891
33 | 10.23 | 0.830 1.069 | 0.731 0.890 | 0.925 0.925 0.910
Cl 55 | 11.60 | 0.735 1.023 | 0.677 0.891 | 0.949 0.949 0.932
70 | 12.04 | 0.708 0.986 | 0.663 0.880 | 0.939 0.939 0.923
33 | 13.84 | 0.831 1.066 | 0.729 0.884 | 0.920 0.920 0.905
G9 C2 55 | 15.76 | 0.734 1.024 | 0.675 0.888 | 0.950 0.950 0.931
70 | 16.36 | 0.707 0.987 | 0.660 0.877 | 0.941 0.941 0.923
33 | 17.61 | 0.832 1.064 | 0.726 0.877 | 0.916 0.916 0.900
C3 55 120.14 | 0.733 1.026 | 0.672 0.883 | 0.951 0.951 0.930
70 120.90 | 0.707 0.989 | 0.659 0.873 | 0.943 0.943 0.924
33 ] 10.43 | 0.872 1.061 | 0.768 0.900 | 0.928 0.928 0.919
Cl 55 | 11.85 | 0.779 1.021 | 0.718 0.905 | 0.954 0.954 0.943
70 | 12.31 | 0.750 0.984 | 0.702 0.891 | 0.940 0.940 0.931
33 | 14.14 | 0.871 1.058 | 0.765 0.894 | 0.923 0.923 0.913
G10 C2 55 1 16.13 | 0.777 1.024 | 0.715 0.903 | 0.955 0.955 0.943
70 | 16.76 | 0.748 0.986 | 0.699 0.889 | 0.942 0.942 0.931
33 | 18.03 | 0.870 1.055 | 0.761 0.887 | 0.918 0.918 0.907
C3 55 120.67 | 0.776 1.026 | 0.711 0.900 | 0.955 0.955 0.942
70 | 21.48 | 0.747 0.988 | 0.696 0.887 | 0.944 0.944 0.932




Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM
33 | 482 | 0.736 0.903 | 0.689 0.799 | 0.979 0.979 0.887
Cl 55 | 4.86 | 0.730 0.896 | 0.697 0.815 | 0.991 0.991 0.895
70 | 498 | 0.712 0.873 | 0.684 0.802 | 0.972 0.972 0.877
33 | 6.41 | 0.742 0.905 | 0.695 0.804 | 0.984 0.984 0.892
Gl1 C2 55 | 6.56 | 0.725 0.884 | 0.693 0.808 | 0.981 0.981 0.886
70 | 6.57 [ 0.724 0.883 | 0.697 0.815 | 0.986 0.986 0.890
33 | 794 | 0.755 0.913 | 0.706 0.813 | 0.995 0.995 0.901
C3 55 | 815 | 0.736 0.890 | 0.703 0.816 | 0.990 0.990 0.895
70 | 8.15 | 0.736  0.890 | 0.708 0.824 | 0.996 0.996 0.900
33 | 837 | 0.681 0.982 | 0.620 0.803 | 0.924 0.924 0.864
Cl 55 | 8.87 | 0.644 0.928 | 0.606 0.802 | 0.948 0.948 0.873
70 | 9.01 | 0.634 0.913 | 0.603 0.805 | 0.951 0.951 0.874
33 | 11.17 | 0.688 0.981 | 0.625 0.803 | 0.927 0.927 0.866
Gl12 C2 55 | 11.83 | 0.650 0.928 | 0.611 0.802 | 0.952 0.952 0.876
70 | 12.02 | 0.640 0.913 | 0.608 0.805 | 0.955 0.955 0.877
33 | 13.98 | 0.697 0.981 | 0.631 0.801 | 0.930 0.930 0.868
C3 55 | 14.80 | 0.658 0.927 | 0.617 0.801 | 0.956 0.956 0.879
70 | 15.03 | 0.648 0.913 | 0.615 0.805 | 0.959 0.959 0.879
33 | 10.76 | 0.832 1.047 | 0.739 0.890 | 0.905 0.905 0.894
Cl 55 | 12.21 | 0.742 1.021 | 0.688 0.903 | 0.928 0.928 0.917
70 | 12.68 | 0.715 0.983 | 0.673 0.889 | 0.915 0.915 0.904
33 | 14.61 | 0.831 1.044 | 0.736 0.884 | 0.900 0.900 0.889
GI13 C2 55 | 16.64 | 0.740 1.023 | 0.685 0.899 | 0.928 0.928 0.915
70 | 17.28 | 0.713 0.985 | 0.669 0.886 | 0.915 0.915 0.904
33 | 18.64 | 0.829 1.040 | 0.732 0.876 | 0.894 0.894 0.882
C3 55 | 21.35 | 0.738 1.025 | 0.681 0.895 | 0.927 0.927 0.913
70 [ 22.17 | 0.711 0.987 | 0.666 0.883 | 0.916 0.916 0.904
33 | 10.87 | 0.872 1.043 | 0.774 0.898 | 0.910 0.910 0.903
Cl 55 | 12.34 | 0.787 1.019 | 0.729 0913 | 0.934 0.934 0.926
70 | 12.81 | 0.758 0.982 | 0.713 0.897 | 0.918 0.918 0.912
33 | 14.76 | 0.869 1.039 | 0.770 0.892 | 0.904 0.904 0.897
Gl4 C2 55 ] 16.83 | 0.785 1.021 | 0.725 0911 | 0.934 0.934 0.926
70 | 17.48 | 0.756 0.983 | 0.709 0.895 | 0.919 0.919 0.912
33 | 18.86 | 0.867 1.035 | 0.765 0.884 | 0.898 0.898 0.890
C3 55 1 21.62 | 0.783 1.024 | 0.721 0.908 | 0.933 0.933 0.924
70 |22.4710.753 0.985 | 0.705 0.893 | 0.920 0.920 0.912
33 | 11.80 | 0.634 0.976 | 0.588 0.825 | 0.825 0.825 0.802
Cl 55 | 13.38 | 0.558 0.965 | 0.533 0.826 | 0.827 0.827 0.796
70 | 13.80 | 0.541 0.935 | 0.521 0.818 | 0.818 0.818 0.788
33 | 16.07 | 0.629 0.955 | 0.583 0.807 | 0.816 0.816 0.792
G15 C2 55 | 18.18 | 0.556 0.947 | 0.530 0.811 | 0.825 0.825 0.792
70 | 18.65 | 0.542 0.923 | 0.521 0.807 | 0.821 0.821 0.788
33 ]120.52 | 0.628 0.935 | 0.580 0.790 | 0.808 0.808 0.784
C3 55 122.83 | 0.564 0.942 | 0.537 0.806 | 0.836 0.836 0.799
70 | 23.08 | 0.558 0.932 | 0.536 0.815 | 0.847 0.847 0.809




Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 11.57 | 0.853 1.016 | 0.772 0.897 | 0.882 0.885 0.877

Cl 55 | 13.20 | 0.775 1.013 | 0.726 0.922 | 0.895 0.897 0.890

70 | 13.68 | 0.748 0.978 | 0.710 0.906 | 0.878 0.880 0.874

33 | 15.79 | 0.846 1.008 | 0.764 0.888 | 0.873 0.876 0.868

Gl6 C2 55 | 18.07 | 0.772 1.014 | 0.721 0919 | 0.893 0.895 0.888
70 | 18.74 1 0.744 0.979 | 0.705 0.903 | 0.876 0.878 0.872

33 | 20.31 | 0.838 0.999 | 0.755 0.875 | 0.862 0.865 0.856

C3 55 |23.33|0.767 1.014 | 0.716 0914 | 0.890 0.892 0.884

70 | 24.21 | 0.739 0.981 | 0.699 0.901 | 0.874 0.876 0.869

33 | 11.55 | 0.885 1.017 | 0.800 0.902 | 0.887 0.908 0.883

Cl 55 | 13.20 | 0.815 1.013 | 0.762 0.927 | 0.900 0.915 0.896

70 | 13.67 | 0.787 0.978 | 0.745 0910 | 0.882 0.895 0.879

33 | 15.77 | 0.879 1.009 | 0.792 0.893 | 0.878 0.899 0.874

G17 C2 55 | 18.06 | 0.812 1.015 | 0.758 0.925 | 0.898 0.914 0.894
70 | 18.73 1 0.783 0.979 | 0.741 0.909 | 0.881 0.893 0.877

33 120.29 | 0.870 1.000 | 0.782 0.881 | 0.867 0.888 0.863

C3 55 12332 |0.809 1.014 | 0.752 0.920 | 0.895 0.912 0.891

70 | 2421 | 0.779 0.981 | 0.735 0.907 | 0.878 0.892 0.875

33 | 12.25 | 0.907 0.991 | 0.846 0917 | 0.875 0.920 0.873

Cl 55 | 14.07 | 0.866 1.004 | 0.826 0.949 | 0.873 0.904 0.871

70 | 14.57 | 0.836 0.973 | 0.805 0.930 | 0.851 0.876 0.850

33 | 16.76 | 0.899 0.982 | 0.837 0.907 | 0.865 0.911 0.863

G18 C2 55 1 19.33 | 0.863 1.002 | 0.821 0.945 | 0.869 0.902 0.868
70 | 20.04 | 0.833 0.974 | 0.800 0.928 | 0.848 0.873 0.847

33 | 21.62 | 0.888 0.971 | 0.825 0.895 | 0.853 0.900 0.851

C3 55 | 25.07 | 0.859 0.998 | 0.816 0.938 | 0.864 0.899 0.863

70 |26.02 | 0.828 0.974 | 0.794 0.926 | 0.843 0.870 0.842

33 | 12.24 | 0.925 0.996 | 0.859 0919 | 0.873 0.931 0.872

Cl 55 | 14.09 | 0.891 1.010 | 0.847 0.952 | 0.870 0.910 0.869

70 | 14.61 | 0.860 0.979 | 0.825 0.933 | 0.848 0.879 0.847

33 | 16.74 | 0.917 0.987 | 0.850 0.909 | 0.863 0.921 0.862

G19 C2 55 ] 19.36 | 0.889 1.008 | 0.843 0.948 | 0.867 0.908 0.866
70 |20.09 | 0.857 0.979 | 0.821 0.932 | 0.844 0.876 0.843

33 | 21.59 | 0.906 0.976 | 0.839 0.897 | 0.851 0.911 0.850

C3 55 1 25.11 | 0.886 1.004 | 0.839 0.942 | 0.862 0.905 0.861

70 |26.09 | 0.853 0.980 | 0.816 0.931 | 0.840 0.873 0.839

33 | 12.34 | 0.933 0.994 | 0.872 0.924 | 0.872 0.933 0.871

Cl 55 | 14.26 | 0.906 1.008 | 0.864 0.956 | 0.864 0.906 0.864

70 | 14.79 | 0.874 0.978 | 0.841 0.937 | 0.841 0.874 0.841

33 1 16.90 | 0.924 0.984 | 0.862 0914 | 0.862 0.923 0.861

G20 C2 55 ] 19.60 | 0.904 1.005 | 0.861 0.952 | 0.861 0.904 0.860
70 120.34 | 0.871 0.978 | 0.838 0.936 | 0.838 0.871 0.837

33 | 21.80 | 0.913 0.972 | 0.850 0.901 | 0.850 0.912 0.849

C3 55 2543|0901 1.001 | 0.856 0.945 | 0.856 0.901 0.856

70 | 26.43 | 0.868 0.979 | 0.833 0.935 | 0.833 0.867 0.832




Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 0.57 | 0.827 0.848 | 0.666 0.674 | 0.947 0.947 0.853

C4 55 | 0.62 | 0.761 0.780 | 0.615 0.622 | 0.877 0.877 0.789

70 | 0.66 | 0.707 0.725 | 0.572 0.579 | 0.816 0.816 0.734

33 | 0.76 | 0.829 0.848 | 0.688 0.694 | 0.953 0.953 0.858

Gl C5 55 | 0.82 | 0.762 0.780 | 0.635 0.641 | 0.883 0.883 0.795
70 | 0.88 | 0.709 0.725 | 0.591 0.597 | 0.823 0.823 0.740

33 | 095 | 0.831 0.848 | 0.703 0.708 | 0.957 0.957 0.862

C6 55 | 1.03 | 0.764 0.780 | 0.650 0.655 | 0.889 0.889 0.801

70 | 1.05 | 0.748 0.763 | 0.637 0.642 | 0.874 0.874 0.786

33 | 1.51 | 0.835 0.897 | 0.722 0.752 | 0.977 0.977 0.882

C4 55 | 1.54 | 0.819 0.879 | 0.718 0.750 | 0.970 0.970 0.874

70 | 1.56 | 0.809 0.868 | 0.713 0.744 | 0.961 0.961 0.866

33 | 2.01 | 0.840 0.897 | 0.734 0.763 | 0.982 0.982 0.886

G2 C5 55 | 2.05 | 0.824 0.879 | 0.732 0.761 | 0.975 0.975 0.879
70 | 2.08 | 0.814 0.868 | 0.727 0.756 | 0.966 0.966 0.871

33 | 2.51 | 0.846 0.897 | 0.744 0.770 | 0.985 0.985 0.889

C6 55 | 2.56 | 0.829 0.879 | 0.743 0.769 | 0.978 0.978 0.882

70 | 2.58 [ 0.822 0.872 | 0.741 0.768 | 0.974 0.974 0.879

33 | 3.81 | 0.790 0.959 | 0.689 0.782 | 0.971 0.971 0.889

C4 55 | 3.97 | 0.760 0.922 | 0.687 0.785 | 0.974 0.974 0.886

70 | 4.00 | 0.753 0.914 | 0.688 0.789 | 0.975 0.975 0.886

33 | 5.09 | 0.802 0.958 | 0.697 0.782 | 0.974 0.974 0.892

G3 C5 55 | 5.30 | 0.771 0.921 | 0.695 0.785 | 0.978 0.978 0.889
70 | 535 [ 0.764 0.912 | 0.697 0.790 | 0.978 0.978 0.888

33 | 637 | 0.816 0.958 | 0.707 0.782 | 0.977 0.977 0.894

C6 55 | 6.63 | 0.784 0.921 | 0.706 0.786 | 0.981 0.981 0.891

70 | 6.70 | 0.775 0.911 | 0.707 0.790 | 0.980 0.980 0.890

33 | 693 | 0.859 1.107 | 0.731 0.876 | 0.932 0.932 0.908

C4 55 | 7.61 | 0.782 1.067 | 0.697 0.881 | 0.970 0.970 0.939

70 | 7.71 [ 0.771 1.053 | 0.698 0.889 | 0.981 0.981 0.950

33 | 9.49 | 0.868 1.105| 0.732 0.867 | 0.929 0.929 0.903

G4 C5 55 1 10.49 | 0.787 1.071 | 0.697 0.875 | 0.977 0.977 0.942
70 | 10.65 | 0.775 1.055] 0.698 0.882 | 0.989 0.989 0.953

33 | 12.20 | 0.878 1.100 | 0.733 0.856 | 0.927 0.927 0.900

C6 55 | 13.57 1 0.794 1.072 | 0.698 0.866 | 0.981 0.981 0.940

70 | 13.81 | 0.780 1.053 | 0.698 0.872 | 0.997 0.997 0.953

33 | 7.22 | 0.897 1.095| 0.764 0.889 | 0.931 0.931 0.915

C4 55 | 7.97 | 0.819 1.066 | 0.730 0.900 | 0.972 0.972 0.952

70 | 8.08 | 0.807 1.051 | 0.731 0.905 | 0.980 0.980 0.961

33 ] 995 | 0901 1.094 | 0.762 0.879 | 0.927 0.927 0.910

G5 C5 55 | 11.06 | 0.822 1.075 | 0.729 0.897 | 0.980 0.980 0.957
70 | 11.24 | 0.809 1.058 | 0.729 0.902 | 0.990 0.990 0.966

33 | 12.86 | 0.907 1.092 | 0.760 0.869 | 0.924 0.924 0.905

C6 55 | 14.43 | 0.828 1.085 | 0.728 0.892 | 0.985 0.985 0.957

70 | 14.70 | 0.813 1.065 | 0.727 0.896 | 1.000 1.000 0.971
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM
33 | 1.15 | 0.810 0.852 | 0.679 0.700 | 0.941 0.941 0.847
C4 55 | 1.22 | 0.764 0.804 | 0.644 0.664 | 0.893 0.893 0.803
70 | 1.22 [ 0.764 0.804 | 0.644 0.665 | 0.894 0.894 0.804
33 | 1.53 | 0.813 0.852 | 0.696 0.716 | 0.948 0.948 0.853
G6 C5 55 | 1.55 | 0.800 0.839 | 0.689 0.709 | 0.939 0.939 0.845
70 | 1.55 | 0.800 0.839 | 0.690 0.710 | 0.940 0.940 0.846
33 | 1.90 | 0.821 0.856 | 0.713 0.733 | 0.957 0.957 0.861
C6 55 | 1.90 | 0.821 0.856 | 0.718 0.737 | 0.964 0.964 0.868
70 | 1.90 | 0.821 0.856 | 0.719 0.738 | 0.966 0.966 0.870
33 | 2.09 | 0.812 0.897 | 0.724 0.772 | 0.976 0.976 0.882
C4 55 | 2.14 | 0.796 0.879 | 0.721 0.770 | 0.969 0.969 0.874
70 | 2.16 | 0.786 0.869 | 0.716 0.765 | 0.961 0.961 0.866
33 | 2.79 | 0.819 0.897 | 0.735 0.778 | 0.981 0.981 0.886
G7 C5 55 | 2.85 | 0.803 0.879 | 0.733 0.778 | 0.974 0.974 0.879
70 | 2.86 | 0.800 0.877 | 0.736 0.780 | 0.975 0.975 0.880
33 | 3.49 | 0.826 0.897 | 0.742 0.784 | 0.984 0.984 0.889
C6 55 | 3.54 | 0.815 0.885 | 0.746 0.789 | 0.984 0.984 0.888
70 | 3.54 | 0.815 0.885 | 0.750 0.794 | 0.988 0.988 0.891
33 | 443 | 0.768 0.964 | 0.676 0.784 | 0.959 0.959 0.882
C4 55 | 4.62 | 0.736 0.924 | 0.670 0.786 | 0.965 0.965 0.881
70 | 4.66 | 0.729 0.915 | 0.671 0.790 | 0.967 0.967 0.881
33 | 591 | 0.782 0.963 | 0.685 0.784 | 0.964 0.964 0.885
G8 C5 55 | 6.17 | 0.749 0.923 | 0.680 0.786 | 0.971 0.971 0.885
70 | 624 | 0.741 0913 | 0.681 0.789 | 0.971 0.971 0.884
33 | 7.40 | 0.797 0.962 | 0.695 0.784 | 0.968 0.968 0.888
C6 55 | 7.72 | 0.764 0.922 | 0.692 0.787 | 0.975 0.975 0.888
70 | 7.81 | 0.755 0.911 | 0.692 0.790 | 0.975 0.975 0.886
33 | 7.25 | 0.854 1.090 | 0.731 0.874 | 0.914 0914 0.895
C4 55 | 8.00 | 0.776 1.061 | 0.696 0.885 | 0.951 0.951 0.926
70 | 8.13 [ 0.764 1.045 | 0.694 0.889 | 0.957 0.957 0.933
33 | 997 | 0.860 1.088 | 0.730 0.865 | 0.911 0.911 0.890
G9 C5 55 | 11.06 | 0.780 1.069 | 0.694 0.879 | 0.959 0.959 0.929
70 | 11.26 | 0.767 1.050 | 0.693 0.884 | 0.966 0.966 0.937
33 | 12.84 | 0.868 1.083 | 0.730 0.853 | 0.909 0.909 0.885
C6 55 | 14.37 | 0.787 1.073 | 0.695 0.872 | 0.963 0.963 0.928
70 | 14.65 | 0.771 1.053 | 0.693 0.876 | 0.976 0.976 0.940
33 | 7.48 | 0.891 1.078 | 0.764 0.884 | 0.915 0.915 0.902
C4 55 | 8.28 | 0.815 1.057 | 0.731 0.900 | 0.953 0.953 0.937
70 | 8.42 | 0.802 1.039 | 0.729 0.902 | 0.957 0.957 0.942
33 ] 10.33 | 0.894 1.077 | 0.761 0.875 | 0911 0911 0.896
G10 C5 55 | 11.53 | 0.819 1.068 | 0.729 0.898 | 0.962 0.962 0.942
70 | 11.74 | 0.803 1.049 | 0.727 0.901 | 0.967 0.967 0.949
33 | 13.39 | 0.898 1.074 | 0.758 0.865 | 0.906 0.906 0.890
C6 55 | 15.09 | 0.824 1.080 | 0.727 0.895 | 0.966 0.966 0.943
70 | 15.40 | 0.807 1.058 | 0.724 0.897 | 0.978 0.978 0.955
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 3.15 | 0.773 0.900 | 0.711 0.788 | 0.973 0.973 0.881

C4 55 | 3.21 | 0.758 0.883 | 0.709 0.789 | 0.970 0.970 0.876

70 | 3.21 | 0.758 0.882 | 0.712 0.794 | 0.973 0.973 0.878

33 | 420 | 0.783 0.901 | 0.720 0.792 | 0.978 0.978 0.885

Gl1 C5 55 | 424 | 0.775 0.891 | 0.726 0.802 | 0.984 0.984 0.889
70 | 434 | 0.758 0.872 | 0.714 0.790 | 0.967 0.967 0.873

33 | 5.25 | 0.794 0.901 | 0.729 0.796 | 0.981 0.981 0.888

C6 55 | 5.26 | 0.792 0.898 | 0.742 0.812 | 0.995 0.995 0.899

70 | 5.40 | 0.772 0.875 | 0.727 0.798 | 0.975 0.975 0.880

33 | 5.53 |0.729 0.973 | 0.650 0.789 | 0.930 0.930 0.864

C4 55 | 5.81 | 0.695 0.927 | 0.640 0.786 | 0.944 0.944 0.867

70 | 5.88 | 0.687 0.916 | 0.639 0.789 | 0.946 0.946 0.867

33 | 7.39 | 0.746 0.972 | 0.661 0.789 | 0.938 0.938 0.869

Gl12 C5 55 | 7.75 | 0.711 0.926 | 0.652 0.787 | 0.953 0.953 0.873
70 | 7.86 | 0.702 0.914 | 0.650 0.789 | 0.953 0.953 0.872

33 | 9.25 | 0.765 0.971 | 0.674 0.789 | 0.945 0.945 0.874

C6 55 | 9.70 | 0.728 0.925 | 0.665 0.787 | 0.960 0.960 0.878

70 | 9.84 | 0.719 0.913 | 0.664 0.790 | 0.961 0.961 0.877

33 | 7.76 | 0.845 1.058 | 0.732 0.868 | 0.887 0.887 0.873

C4 55 | 8.61 | 0.770 1.046 | 0.695 0.887 | 0.919 0.919 0.902

70 | 8.78 | 0.754 1.025 | 0.690 0.886 | 0.919 0.919 0.903

33 | 10.73 | 0.847 1.055 | 0.728 0.858 | 0.882 0.882 0.866

GI13 C5 55 | 11.99 | 0.772 1.058 | 0.692 0.884 | 0.926 0.926 0.905
70 | 12.25 1 0.755 1.035 | 0.687 0.884 | 0.927 0.927 0.908

33 | 1391 | 0.850 1.050 | 0.724 0.846 | 0.876 0.876 0.859

C6 55 | 15.68 | 0.776 1.069 | 0.690 0.879 | 0.930 0.930 0.905

70 | 16.06 | 0.758 1.045 | 0.685 0.879 | 0.938 0.938 0.913

33 | 7.89 | 0.882 1.049 | 0.764 0.877 | 0.891 0.891 0.882

C4 55 | 877 | 0.811 1.040 | 0.732 0.897 | 0.923 0.923 0.912

70 | 896 | 0.794 1.018 | 0.726 0.895 | 0.921 0.921 0.911

33 | 10.95 | 0.881 1.045 | 0.758 0.866 | 0.884 0.884 0.873

Gl4 C5 55 | 12.28 | 0.813 1.053 | 0.728 0.898 | 0.930 0.930 0.917
70 | 12.56 | 0.795 1.030 | 0.723 0.896 | 0.930 0.930 0.917

33 | 14.27 | 0.881 1.041 | 0.752 0.854 | 0.877 0.877 0.865

C6 55 | 16.17 | 0.817 1.066 | 0.726 0.895 | 0.934 0.934 0.917

70 | 16.57 | 0.797 1.043 | 0.720 0.895 | 0.940 0.940 0.924

33 | 830 | 0.650 0.948 | 0.592 0.782 | 0.816 0.816 0.784

C4 55 1 9.00 | 0.599 0.937 | 0.561 0.788 | 0.836 0.836 0.794

70 | 9.17 | 0.588 0.921 | 0.556 0.786 | 0.835 0.835 0.792

33 | 11.09 | 0.671 0.947 | 0.609 0.782 | 0.833 0.833 0.798

G15 C5 55 ] 12.02 | 0.619 0.936 | 0.578 0.788 | 0.863 0.863 0.813
70 | 12.25 1 0.608 0.919 | 0.573 0.787 | 0.862 0.862 0.812

33 | 13.87 | 0.697 0.946 | 0.628 0.781 | 0.852 0.852 0.813

C6 55 | 15.03 | 0.643 0.936 | 0.598 0.789 | 0.887 0.887 0.830

70 | 1532 1 0.631 0.918 | 0.592 0.788 | 0.890 0.890 0.830
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM
33 | 8.63 | 0.840 0.997 | 0.744 0.857 | 0.846 0.849 0.839
C4 55 | 9.68 | 0.777 1.005 | 0.712 0.886 | 0.865 0.868 0.858
70 | 9.97 1 0.754 0.977 | 0.700 0.875 | 0.854 0.857 0.847
33 | 12.13 | 0.830 0.985 | 0.731 0.840 | 0.831 0.834 0.824
Gl6 C5 55 | 13.74 | 0.771 1.012 | 0.702 0.881 | 0.864 0.867 0.855
70 | 14.16 | 0.748 0.985 | 0.690 0.872 | 0.853 0.856 0.845
33 | 15.99 | 0.821 0.974 | 0.718 0.824 | 0.816 0.820 0.808
C6 55 | 18.36 | 0.766 1.016 | 0.692 0.871 | 0.858 0.861 0.847
70 | 18.94 | 0.743 0.999 | 0.681 0.872 | 0.855 0.858 0.845
33 | 8.63 | 0.872 0.997 | 0.772 0.863 | 0.852 0.875 0.847
C4 55 | 9.69 | 0.817 1.005 | 0.747 0.893 | 0.872 0.891 0.867
70 | 9.97 10.793 0.976 | 0.734 0.881 | 0.860 0.876 0.855
33 | 12.13 | 0.862 0.985 | 0.758 0.847 | 0.837 0.861 0.831
G17 C5 55 | 13.76 | 0.813 1.011 | 0.738 0.889 | 0.871 0.892 0.865
70 | 14.19 | 0.788 0.984 | 0.725 0.880 | 0.859 0.877 0.854
33 | 16.02 | 0.851 0.973 | 0.744 0.830 | 0.822 0.846 0.816
C6 55 | 18.42 | 0.810 1.014 | 0.730 0.881 | 0.865 0.888 0.858
70 [19.02 | 0.785 0.997 | 0.718 0.880 | 0.862 0.882 0.855
33 | 9.23 | 0.886 0.962 | 0.815 0.878 | 0.840 0.893 0.839
C4 55 | 10.44 | 0.857 0.984 | 0.804 0913 | 0.846 0.888 0.845
70 | 10.75 1 0.832 0.958 | 0.788 0.898 | 0.830 0.865 0.828
33 | 13.11 | 0.867 0.943 | 0.795 0.856 | 0.820 0.874 0.818
G18 C5 55 | 15.04 | 0.850 0.979 | 0.794 0.902 | 0.838 0.883 0.836
70 | 15.53 | 0.823 0.959 | 0.776 0.894 | 0.821 0.858 0.819
33 | 17.56 | 0.846 0.921 | 0.772 0.832 | 0.797 0.852 0.795
C6 55 | 20.52 | 0.840 0.967 | 0.780 0.885 | 0.822 0.870 0.820
70 | 21.28 | 0.812 0.962 | 0.763 0.889 | 0.810 0.851 0.808
33 | 9.22 | 0903 0.967 | 0.828 0.880 | 0.839 0.905 0.838
C4 55 | 10.45 | 0.882 0.990 | 0.824 0917 | 0.845 0.896 0.843
70 | 10.77 | 0.856 0.964 | 0.807 0.901 | 0.828 0.871 0.827
33 | 13.09 | 0.884 0.948 | 0.807 0.858 | 0.818 0.886 0.817
G19 C5 55 | 15.04 | 0.877 0.985 | 0.815 0.906 | 0.837 0.892 0.835
70 | 15.5510.849 0.966 | 0.797 0.898 | 0.819 0.865 0.818
33 | 17.53 | 0.863 0.926 | 0.784 0.834 | 0.796 0.865 0.794
C6 55 120.52 | 0.867 0.974 | 0.801 0.890 | 0.821 0.880 0.820
70 | 21.30 | 0.841 0.970 | 0.786 0.895 | 0.809 0.859 0.808
33 | 9.28 | 0911 0.965 | 0.841 0.886 | 0.841 0911 0.840
C4 55 ] 10.54 | 0.898 0.991 | 0.844 0.925 | 0.844 0.897 0.843
70 | 10.86 | 0.872 0.965 | 0.826 0.909 | 0.826 0.871 0.825
33 | 13.18 | 0.893 0.946 | 0.821 0.865 | 0.821 0.892 0.820
G20 C5 55 | 15.18 | 0.894 0.985 | 0.836 0914 | 0.836 0.894 0.835
70 | 15.68 | 0.866 0.968 | 0.818 0.907 | 0.818 0.866 0.817
33 | 17.64 | 0.872 0.925 | 0.799 0.842 | 0.799 0.872 0.798
C6 55 120.71 | 0.882 0.973 | 0.821 0.898 | 0.821 0.882 0.820
70 | 21.49 | 0.860 0.973 | 0.808 0.905 | 0.808 0.859 0.807
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 0.89 | 0.849 0.849 | 0.705 0.705 | 0.962 0.962 0.867

C7 55 1 097 | 0.776 0.776 | 0.649 0.649 | 0.904 0.904 0.815

70 | 1.01 | 0.746 0.746 | 0.625 0.625 | 0.890 0.890 0.804

33 | 1.18 | 0.849 0.849 | 0.722 0.722 | 0.966 0.966 0.871

Gl C8 55 | 1.25 | 0.805 0.805 | 0.689 0.689 | 0.946 0.946 0.855
70 | 1.25 | 0.805 0.805 | 0.691 0.691 | 0.974 0.974 0.884

33 | 1.48 | 0.849 0.849 | 0.733 0.733 | 0.969 0.969 0.874

C9 55 | 1.50 | 0.834 0.834 | 0.725 0.725 | 0.987 0.987 0.894

70 | 1.76 | 0.711 0.711 | 0.620 0.620 | 0.871 0.871 0.793

33 | 2.35 | 0.898 0.898 | 0.772 0.772 | 0.990 0.990 0.894

C7 55 | 2.40 | 0.880 0.880 | 0.773 0.773 | 0.988 0.988 0.891

70 | 2.43 | 0.870 0.870 | 0.770 0.770 | 0.985 0.985 0.889

33 | 3.14 | 0.898 0.898 | 0.779 0.779 | 0.992 0.992 0.896

G2 C8 55 | 3.20 | 0.882 0.882 | 0.782 0.782 | 0.991 0.991 0.895
70 | 3.20 | 0.882 0.882 | 0.788 0.788 | 1.000 1.000 0.902

33 | 392 | 0.898 0.898 | 0.785 0.785 | 0.993 0.993 0.897

C9 55 | 4.00 | 0.881 0.881 | 0.788 0.788 [ 0.991 0.991 0.895

70 | 4.05 | 0.870 0.870 | 0.785 0.785 | 0.988 0.988 0.892

33 | 599 | 0959 0.959 | 0.785 0.785 | 0.996 0.996 0.906

C7 55 | 6.24 | 0921 0.921 | 0.794 0.794 | 0.998 0.998 0.904

70 | 6.32 | 0.909 0.909 | 0.800 0.800 | 0.998 0.998 0.903

33 | 7.99 | 0959 0.959 | 0.785 0.785 | 0.995 0.995 0.906

G3 C8 55 | 832 | 0921 0.921 | 0.795 0.795 | 0.998 0.998 0.904
70 | 8.43 | 0.909 0.909 | 0.801 0.801 | 0.998 0.998 0.903

33 1 9.99 | 0959 0.959 | 0.784 0.784 | 0.995 0.995 0.906

C9 55 | 10.41 | 0.921 0.921 | 0.795 0.795 | 0.998 0.998 0.904

70 | 10.54 | 0.909 0.909 | 0.801 0.801 | 0.998 0.998 0.903

33 | 12.77 | 1.074 1.074 | 0.812 0.812 | 0.986 0.986 0.935

C7 55 | 15.18 | 1.043 1.043 | 0.808 0.808 | 0.998 0.998 0.922

70 | 15.92 1 0.996 0.996 | 0.799 0.799 | 1.000 1.000 0.917

33 | 17.03 | 1.074 1.074 | 0.812 0.812 | 0.984 0.984 0.933

G4 C8 55 120.24 | 1.043 1.043 | 0.807 0.807 | 0.997 0.997 0.921
70 [ 21.22 10.996 0.996 | 0.798 0.798 | 1.000 1.000 0.916

33 | 21.28 | 1.074 1.074 | 0.811 0.811 | 0.983 0.983 0.932

C9 55 12530 | 1.043 1.043 | 0.806 0.806 | 0.996 0.996 0.920

70 26.5310.996 0.996 | 0.798 0.798 | 0.999 0.999 0.916

33 | 14.03 | 1.074 1.074 | 0.821 0.821 | 0.980 0.980 0.941

C7 55 | 17.49 | 1.060 1.060 | 0.814 0.814 | 0.996 0.996 0.928

70 | 18.61 | 1.029 1.029 | 0.809 0.809 | 1.000 1.000 0.922

33 | 18.70 | 1.074 1.074 | 0.820 0.820 | 0.979 0.979 0.940

G5 C8 55 12332 | 1.060 1.060 | 0.814 0.814 | 0.994 0.994 0.927
70 | 24.82 | 1.029 1.029 | 0.808 0.808 | 0.999 0.999 0.921

33 12338 | 1.074 1.074 | 0.819 0.819 | 0.978 0.978 0.939

C9 55 129.15| 1.060 1.060 | 0.813 0.813 | 0.993 0.993 0.926

70 | 31.03 | 1.029 1.029 | 0.808 0.808 | 0.998 0.998 0.921
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 1.79 | 0.852 0.852 | 0.726 0.726 | 0.958 0.958 0.862

C7 55 | 1.79 | 0.852 0.852 | 0.731 0.731 | 0.975 0.975 0.878

70 | 1.79 [ 0.852 0.852 | 0.732 0.732 | 0.988 0.988 0.890

33 | 2.34 | 0.869 0.869 | 0.755 0.755 | 0.980 0.980 0.883

G6 C8 55 | 2.52 | 0.807 0.807 | 0.706 0.706 | 0.931 0.931 0.839
70 | 2.52 | 0.807 0.807 | 0.708 0.708 | 0.947 0.947 0.855

33 | 290 | 0.878 0.878 | 0.773 0.773 | 0.994 0.994 0.896

C9 55 | 3.05 | 0.835 0.835| 0.741 0.741 | 0.969 0.969 0.875

70 | 3.05 | 0.835 0.8350.743 0.743 | 0.991 0.991 0.896

33 | 3.27 | 0.899 0.899 | 0.785 0.785 | 0.990 0.990 0.894

C7 55 | 3.33 | 0.883 0.883 | 0.790 0.790 | 0.991 0.991 0.894

70 | 3.33 | 0.883 0.883 | 0.796 0.796 | 0.999 0.999 0.902

33 | 436 | 0.899 0.899 | 0.790 0.790 | 0.991 0.991 0.895

G7 C8 55 | 4.45 | 0.881 0.881 | 0.794 0.794 | 0.990 0.990 0.893
70 | 4.50 | 0.870 0.870 | 0.792 0.792 | 0.986 0.986 0.891

33 | 5.44 | 0.900 0.900 | 0.794 0.794 | 0.993 0.993 0.897

C9 55 | 5.56 | 0.881 0.881 | 0.798 0.798 | 0.991 0.991 0.894

70 | 5.59 [ 0.876 0.876 | 0.802 0.802 | 0.994 0.994 0.898

33 | 6.96 | 0.964 0.964 | 0.787 0.787 | 0.993 0.993 0.905

C7 55 | 7.27 10923 0.923 | 0.795 0.795 | 0.997 0.997 0.903

70 | 7.37 [ 0911 0.911 | 0.801 0.801 | 0.998 0.998 0.902

33 | 9.28 | 0.964 0.964 | 0.787 0.787 | 0.993 0.993 0.905

G8 C8 55 | 9.69 | 0923 0.923 | 0.795 0.795 | 0.997 0.997 0.903
70 | 9.82 | 0911 0.911 | 0.801 0.801 | 0.998 0.998 0.902

33 | 11.60 | 0.964 0.964 | 0.787 0.787 | 0.992 0.992 0.905

C9 55 | 12121 0923 0.923 | 0.796 0.796 | 0.997 0.997 0.903

70 | 12.28 | 0.911 0.911 | 0.802 0.802 | 0.998 0.998 0.902

33 | 13.54 | 1.058 1.058 | 0.810 0.810 | 0.977 0.977 0.931

C7 55 | 16.33 | 1.044 1.044 | 0.809 0.809 | 0.994 0.994 0.920

70 | 17.19 | 1.003 1.003 | 0.802 0.802 | 0.997 0.997 0.916

33 | 18.06 | 1.058 1.058 | 0.809 0.809 | 0.976 0.976 0.930

G9 C8 55 | 21.77 | 1.044 1.044 | 0.808 0.808 | 0.993 0.993 0.920
70 12292 | 1.003 1.003 | 0.801 0.801 | 0.997 0.997 0.915

33 | 22.57 | 1.058 1.058 | 0.808 0.808 | 0.974 0.974 0.929

C9 55 127.22 | 1.044 1.044 | 0.808 0.808 | 0.992 0.992 0.919

70 | 28.65 | 1.003 1.003 | 0.800 0.800 | 0.996 0.996 0.915

33 | 14.69 | 1.061 1.061 | 0.819 0.819 | 0.971 0.971 0.936

C7 55 | 18.61 | 1.054 1.054 | 0.813 0.813 | 0.989 0.989 0.926

70 11991 | 1.035 1.035 | 0.812 0.812 | 0.995 0.995 0.921

33 | 19.59 | 1.061 1.061 | 0.819 0.819 | 0.970 0.970 0.935

G10 C8 55 124.82 | 1.054 1.054 | 0.813 0.813 | 0.988 0.988 0.925
70 | 26.55 | 1.035 1.035)0.811 0.811 | 0.994 0.994 0.920

33 | 2449 | 1.061 1.061 | 0.818 0.818 | 0.968 0.968 0.934

C9 55 | 31.02 | 1.054 1.054 | 0.812 0.812 | 0.987 0.987 0.924

70 |33.19 | 1.035 1.035| 0.810 0.810 | 0.994 0.994 0.919
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Table E.1 (Continued)

ggsgi?éifl Section | £y | Pun :m ;’lb ;’lc :ld P“ sz PzC
(ksi) (kips) FEM FEM FEM FEM FEM FEM FEM

33 | 492 | 0902 0.902 | 0.797 0.797 | 0.989 0.989 0.894

C7 55 | 5.03 | 0.882 0.882 | 0.801 0.801 | 0.989 0.989 0.892

70 | 5.08 | 0.873 0.873 | 0.801 0.801 | 0.987 0.987 0.891

33 | 6.53 | 0906 0.906 | 0.803 0.803 | 0.995 0.995 0.899

Gl1 C8 55 | 6.69 | 0.884 0.884 | 0.807 0.807 [ 0.992 0.992 0.895
70 | 6.78 | 0.872 0.872 | 0.804 0.804 | 0.987 0.987 0.891

33 | 820 | 0.902 0.902 | 0.801 0.801 | 0.991 0.991 0.896

C9 55 | 831 | 0.890 0.890 | 0.814 0.814 | 0.999 0.999 0.903

70 | 8.43 | 0.877 0.877 | 0.810 0.810 | 0.993 0.993 0.897

33 | 870 | 0973 0.973 | 0.791 0.791 | 0.986 0.986 0.902

C7 55 | 9.14 | 0926 0.926 | 0.796 0.796 | 0.995 0.995 0.902

70 | 9.27 10913 0.913 | 0.802 0.802 | 0.996 0.996 0.902

33 | 11.60 | 0.973 0.973 | 0.791 0.791 | 0.985 0.985 0.902

Gl12 C8 55 | 12.18 | 0.926 0.926 | 0.796 0.796 | 0.995 0.995 0.902
70 | 12.36 | 0.913 0.913 | 0.802 0.802 | 0.996 0.996 0.902

33 | 14.50 | 0.973 0.973 | 0.791 0.791 | 0.985 0.985 0.901

C9 55 | 15.23 10926 0.926 | 0.797 0.797 | 0.994 0.994 0.902

70 | 154510913 0.913 | 0.802 0.802 | 0.996 0.996 0.902

33 | 14.85 | 1.031 1.031 | 0.805 0.805 | 0.959 0.959 0.922

C7 55 | 18.38 | 1.035 1.035 | 0.807 0.807 | 0.983 0.983 0.917

70 [ 19.50 | 1.017 1.017 | 0.807 0.807 | 0.990 0.990 0.914

33 | 19.80 | 1.031 1.031 | 0.804 0.804 | 0.958 0.958 0.921

GI13 C8 55 | 24.51 | 1.035 1.035 | 0.807 0.807 | 0.982 0.982 0.916
70 |26.00 | 1.017 1.017 | 0.806 0.806 | 0.990 0.990 0.913

33 | 24.75 | 1.031 1.031 | 0.803 0.803 | 0.957 0.957 0.920

C9 55 | 30.64 | 1.035 1.035| 0.806 0.806 | 0.981 0.981 0.915

70 | 32.50 | 1.017 1.017 | 0.806 0.806 | 0.989 0.989 0.912

33 | 15.80 | 1.038 1.038 | 0.816 0.816 | 0.953 0.953 0.926

C7 55 120.59 | 1.037 1.037 | 0.810 0.810 | 0.976 0.976 0.921

70 [ 22.26 | 1.032 1.032 | 0.812 0.812 | 0.985 0.985 0.917

33 | 21.07 | 1.038 1.038 | 0.816 0.816 | 0.952 0.952 0.925

Gl4 C8 55 | 27.46 | 1.037 1.037 | 0.809 0.809 | 0.975 0.975 0.920
70 129.68 | 1.032 1.032 | 0.811 0.811 | 0.985 0.985 0.916

33 12634 | 1.038 1.038 | 0.815 0.815 | 0.951 0.951 0.924

C9 55 | 3432 | 1.037 1.037 | 0.808 0.808 | 0.974 0.974 0.919

70 | 37.10 | 1.032 1.032 | 0.810 0.810 | 0.984 0.984 0.915

33 | 13.06 | 0.942 0.942 | 0.782 0.782 | 0.963 0.963 0.894

C7 55 | 14.12 | 0.939 0.939 | 0.800 0.800 | 0.986 0.986 0.898

70 | 14.39 1 0.921 0.921 | 0.803 0.803 | 0.990 0.990 0.898

33 | 17.41 | 0.942 0.942 | 0.781 0.781 | 0.963 0.963 0.894

G15 C8 55 | 18.82 1 0.939 0.939 | 0.801 0.801 | 0.986 0.986 0.898
70 | 19.18 | 0.922 0.922 | 0.804 0.804 | 0.991 0.991 0.899

33 | 21.77 | 0.942 0.942 | 0.781 0.781 | 0.962 0.962 0.894

C9 55 123.53 10939 0.939 | 0.800 0.800 | 0.986 0.986 0.898

70 12398 | 0921 0.921 | 0.803 0.803 | 0.990 0.990 0.899
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Table E.1 (Continued)

Boundary
Condition

Section

(ksi)

FEM

(kips)

2

]

d

2b

FEM

FEM

FEM

FEM

FEM

Gl6

C7

33

55

70

17.69
23.55
25.64

0.976
0.987
0.998

0.795
0.792
0.800

0.911
0.943
0.960

0.917
0.949
0.965

0.891
0.897
0.900

C8

33

55

70

23.59
31.40
34.18

0.976
0.987
0.998

0.794
0.792
0.800

0.910
0.942
0.959

0.916
0.947
0.964

0.890
0.896
0.899

C9

33

55

70

29.49
39.25
42.73

0.976
0.987
0.998

0.793
0.791
0.799

0.909
0.941
0.958

0.915
0.946
0.963

0.889
0.895
0.898

G17

C7

33

55

70

18.22
25.38
28.33

0.993
0.990
0.997

0.811
0.798
0.800

0.907
0.931
0.946

0.946
0.971
0.984

0.893
0.896
0.898

C8

33

55

70

24.29
33.84
37.77

0.993
0.990
0.997

0.810
0.797
0.799

0.906
0.929
0.945

0.945
0.970
0.983

0.892
0.895
0.897

C9

33

55

70

30.36
42.31
47.21

0.993
0.990
0.997

0.809
0.796
0.799

0.905
0.928
0.944

0.944
0.969
0.982

0.891
0.894
0.896

G18

C7

33

55

70

20.58
32.22
38.73

0.981
0.937
0.921

0.854
0.806
0.786

0.889
0.858
0.847

0.984
0.961
0.956

0.884
0.847
0.831

C8

33

55

70

27.44
42.97
51.64

0.981
0.937
0.921

0.854
0.805
0.785

0.889
0.857
0.847

0.984
0.960
0.956

0.883
0.846
0.831

C9

33

55

70

34.30
53.71
64.55

0.981
0.937
0.921

0.853
0.804
0.785

0.888
0.856
0.846

0.983
0.960
0.956

0.883
0.845
0.830

G19

C7

33

55

70

20.82
33.12
40.43

0.995
0.951
0.932

0.863
0.817
0.796

0.879
0.843
0.827

0.994
0.963
0.950

0.875
0.836
0.816

C8

33

55

70

27.76
44.16
5391

0.995
0.951
0.932

0.862
0.817
0.795

0.878
0.842
0.826

0.994
0.963
0.950

0.875
0.835
0.816

C9

33

55

70

34.71
55.19
67.38

0.995
0.951
0.932

0.861
0.816
0.795

0.878
0.842
0.825

0.994
0.962
0.950

0.874
0.834
0.815

G20

C7

33

55

70

20.97
33.76
41.79

1.011
0.970
0.947

0.888
0.846
0.822

0.888
0.846
0.822

1.010
0.969
0.946

0.885
0.841
0.815

C8

33

55

70

27.96
45.01
55.73

1.011
0.970
0.947

0.887
0.845
0.821

0.887
0.845
0.821

1.010
0.969
0.946

0.884
0.840
0.814

C9

33

55

70

34.95
56.26
69.66

1.011
0.970
0.947

0.886
0.845
0.820

0.886
0.845
0.820

1.010
0.969
0.946

0.884
0.840
0.814
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Table E.2 Load Case 1 - Correlation of Design Procedures with the FEM Results

/4 W W /4 /48
Frame* KX Fy VVFEM la le 2a 2b 2¢
(ksi) (kips) I/VFEM I/VFEM I/VFEM I/VFEM I/VFEM

33 | 825 | 0.841 0.701 | 0.899 0.899 0.853
Al1-B1-CI-D1 | 2.404 | 55 | 9.08 | 0.811 0.707 | 0.960 0.960 0.884
70 | 931 [ 0.791 0.706 | 0.974 0.974 0.890
33 | 10.76 | 0.768 0.656 | 0.805 0.805 0.784
Al-B1-CI-D2 | 2.010 | 55 | 12.48 | 0.782 0.682 | 0.901 0.901 0.850
70 | 12.96 | 0.760 0.678 | 0.934 0.934 0.869
33 | 1232 0.729 0.632 | 0.744 0.744 0.733
Al1-B1-CI-D3 | 1.793 | 55 | 15.05 | 0.744 0.654 | 0.833 0.833 0.802
70 | 15.85] 0.738 0.659 | 0.877 0.877 0.833
33 | 1295 | 0.727 0.637 | 0.727 0.735 0.720
Al1-B1-C1-D4 | 1.651 | 55 | 16.99 | 0.714 0.632 | 0.775 0.783 0.757
70 | 18.15 ] 0.713 0.639 | 0.819 0.828 0.792
33 | 12.83 | 0.757 0.669 | 0.746 0.768 0.740
Al1-B1-CI-D5 | 1.550 | 55 | 18.51 | 0.691 0.615 | 0.732 0.754 0.719
70 | 20.01 | 0.692 0.622 | 0.771 0.793 0.752
33 | 1296 | 0.767 0.681 | 0.747 0.778 0.742
Al1-B1-CI-D6 | 1.473 | 55 | 19.54 | 0.679 0.608 | 0.705 0.735 0.696
70 | 21.54 | 0.675 0.608 | 0.732 0.763 0.719
33 | 9.84 | 0.867 0.716 | 0.926 0.926 0.868
Al1-B1-C2-D1 | 2.571 | 55 | 10.68 | 0.822 0.716 | 0.972 0.972 0.891
70 | 1091 | 0.804 0.717 | 0.981 0.981 0.894
33 | 12.80 | 0.803 0.678 | 0.851 0.851 0.820
Al-B1-C2-D2 | 2.179 | 55 | 14.44 | 0.801 0.697 | 0.936 0.936 0.871
70 | 14.88 | 0.777 0.693 | 0.959 0.959 0.883
33 | 1489 | 0.758 0.650 | 0.789 0.789 0.770
Al1-B1-C2-D3 | 1.952 | 55 | 17.46 | 0.776  0.678 | 0.887 0.887 0.841
70 | 18.18 | 0.757 0.675 | 0.924 0.924 0.863
33 | 1635 ] 0.731 0.633 | 0.747 0.747 0.735
Al1-B1-C2-D4 | 1.800 | 55 | 19.90 | 0.748 0.657 | 0.837 0.837 0.806
70 1209510742 0.661 | 0.881 0.881 0.836
33 | 16.81 | 0.738 0.645 | 0.742 0.744 0.733
Al1-B1-C2-D5 | 1.689 | 55 | 21.89 | 0.725 0.640 | 0.793 0.795 0.771
70 | 23.28 1 0.724 0.647 | 0.838 0.840 0.806
33 | 17.11 | 0.745 0.655 | 0.740 0.754 0.733
Al1-B1-C2-D6 | 1.604 | 55 | 23.52 | 0.706 0.626 | 0.757 0.772 0.742
70 | 25.26 | 0.707 0.633 | 0.800 0.815 0.776

*Frames are name as:

L Beam to column connection D1, D2, D3, D4, D5, or D6
Column C1, C2, C3, C4, C5, C6, C7, C8, or C9
Upright frame B1 or B2

—— Frame dimension Al, A2, or A3
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 11.33 | 0.882 0.724 | 0.940 0.940 0.877

Al-B1-C3-D1 | 2.696 | 55 | 12.20 | 0.829 0.722 | 0.977 0.977 0.893
70 | 12.45 ] 0.812 0.724 | 0.984 0.984 0.896

33 | 14.59 | 0.830 0.694 | 0.883 0.883 0.842

Al-B1-C3-D2 | 2.314 | 55 | 16.18 | 0.811 0.706 | 0.954 0.954 0.882
70 1 16.62 | 0.790 0.704 | 0.971 0.971 0.889

33 | 17.07 | 0.786 0.667 | 0.827 0.827 0.801

Al1-BI-C3-D3 | 2.082 | 55 | 19.53 | 0.796 0.692 | 0.919 0.919 0.862
70 120.20 | 0.771 0.687 | 0.948 0.948 0.877

33 | 1894 | 0.754 0.647 | 0.781 0.781 0.764

Al-B1-C3-D4 | 1.924 | 55 | 22.33 | 0.774 0.675 | 0.880 0.880 0.836
70 | 23.30 | 0.757 0.674 | 0918 0.918 0.860

33 120.29 | 0.735 0.636 | 0.751 0.751 0.738

Al1-BI-C3-D5 | 1.807 | 55 | 24.69 | 0.752 0.659 | 0.840 0.840 0.809
70 | 2598 | 0.745 0.664 | 0.884 0.884 0.838

33 1 20.89 | 0.737 0.642 | 0.743 0.743 0.733

Al1-B1-C3-D6 | 1.716 | 55 | 26.70 | 0.733 0.646 | 0.805 0.805 0.782
70 | 2832 | 0.731 0.653 | 0.851 0.851 0.815

33 | 654 | 0.833 0.690 | 0.864 0.864 0.825

Al-B1-C4-D1 | 2.161 | 55 | 7.27 | 0.821 0.707 | 0.939 0.939 0.870
70 | 7.46 | 0.800 0.706 | 0.959 0.959 0.881

33 | 857 | 0.753 0.641 | 0.757 0.757 0.741

Al-B1-C4-D2 | 1.780 | 55 | 10.17 | 0.778 0.672 | 0.852 0.852 0.813
70 | 10.63 | 0.766 0.675 | 0.892 0.892 0.840

33 | 955 | 0.727 0.628 | 0.711 0.729 0.702

Al-B1-C4-D3 | 1.585 | 55 | 12.18 | 0.733 0.640 | 0.773 0.792 0.753
70 | 12.96 | 0.735 0.649 | 0.816 0.836 0.786

33 | 952 | 0.760 0.663 | 0.729 0.766 0.723

Al-B1-C4-D4 | 1.461 | 55 | 13.61 | 0.702 0.618 | 0.718 0.754 0.705
70 | 14.72 | 0.706  0.627 | 0.754 0.792 0.736

33 | 9.68 | 0.766 0.674 | 0.727 0.773 0.722

A1-B1-C4-D5 | 1.374 | 55 | 14.54 | 0.686 0.608 | 0.686 0.730 0.677
70 | 16.06 | 0.684 0.610 | 0.709 0.755 0.697

33 | 9.86 | 0.766 0.678 | 0.720 0.773 0.716

A1-B1-C4-D6 | 1.309 | 55 | 15.14 | 0.680 0.605 | 0.667 0.717 0.660
70 | 17.04 | 0.670 0.600 | 0.679 0.729 0.670
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 770 | 0.867 0.710 | 0.900 0.900 0.851

Al-B1-C5-D1 | 2335 | 55 | 8.40 | 0.834 0.718 | 0.958 0.958 0.881
70 | 859 | 0.815 0.719 | 0.972 0.972 0.888

33 1 10.23 | 0.790 0.663 | 0.806 0.806 0.782

Al-B1-C5-D2 | 1.940 | 55 | 11.73 | 0.809 0.695 | 0.900 0.900 0.847
70 | 12.14 | 0.787 0.692 | 0.933 0.933 0.865

33 | 11.83 | 0.744 0.636 | 0.742 0.742 0.729

Al-B1-C5-D3 | 1.728 | 55 | 14.21 | 0.771 0.667 | 0.835 0.835 0.802
70 | 1492 | 0.766 0.674 | 0.877 0.877 0.830

33 | 12.40 | 0.746 0.645 | 0.730 0.748 0.721

Al1-BI-C5-D4 | 1.592 | 55 | 16.12 | 0.739 0.644 | 0.778 0.797 0.757
70 | 17.13 1 0.742 0.654 | 0.822 0.841 0.791

33 | 12.49 | 0.765 0.666 | 0.738 0.770 0.731

Al1-B1-C5-D5 | 1.495 | 55 | 17.58 | 0.715 0.627 | 0.736 0.769 0.721
70 | 18.92 | 0.719 0.637 | 0.775 0.809 0.754

33 | 1290 | 0.758 0.663 | 0.723 0.764 0.717

Al1-B1-C5-D6 | 1.422 | 55 | 18.70 | 0.698 0.615 | 0.706 0.747 0.695
70 |20.37 | 0.701 0.623 | 0.738 0.781 0.722

33 | 875 | 0.888 0.721 | 0.921 0.921 0.862

Al1-B1-C6-D1 | 2.471 | 55 | 9.44 | 0.843 0.726 | 0.968 0.968 0.886
70 | 9.63 | 0.826 0.728 | 0.978 0.978 0.891

33 | 11.63 | 0.820 0.681 | 0.844 0.844 0.811

Al-B1-C6-D2 | 2.072 | 55 | 13.05 | 0.826 0.707 | 0.929 0.929 0.865
70 | 13.43 | 0.802 0.705 | 0.953 0.953 0.877

33 | 13.63 | 0.772 0.652 | 0.780 0.780 0.761

Al1-B1-C6-D3 | 1.849 | 55 | 15.89 | 0.799 0.687 | 0.878 0.878 0.832
70 [ 16.53 | 0.784 0.688 | 0.915 0.915 0.855

33 | 15.01 | 0.742 0.634 | 0.737 0.737 0.724

Al1-B1-C6-D4 | 1.704 | 55 | 18.16 | 0.770 0.666 | 0.828 0.828 0.796
70 1 19.09 | 0.768 0.674 | 0.871 0.871 0.826

33 | 15.67 | 0.738 0.637 | 0.723 0.739 0.713

A1-BI-C6-D5 | 1.599 | 55 | 19.99 | 0.745 0.648 | 0.785 0.803 0.762
70 | 21.22 1 0.749 0.659 | 0.829 0.847 0.796

33 | 16.36 | 0.727 0.631 | 0.703 0.730 0.696

A1-BI-C6-D6 | 1.520 | 55 | 21.47 | 0.725 0.634 | 0.750 0.780 0.734
70 123.03 | 0.731 0.645 | 0.792 0.823 0.767
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 854 | 0956 0.750 | 0.936 0.936 0.874

Al-B1-C7-D1 | 2.431 | 55 | 9.25 | 0.948 0.774 | 0.978 0.978 0.894
70 | 9.45 [ 0928 0.779 | 0.986 0.986 0.896

33 | 11.33 | 0.879 0.712 | 0.871 0.871 0.834

Al-B1-C7-D2 | 2.032 | 55 | 12.84 | 0.949 0.768 | 0.952 0.952 0.880
70 | 13.24 |1 0.947 0.780 | 0.972 0.972 0.890

33 | 13.23 | 0.828 0.684 | 0.813 0.813 0.791

Al-B1-C7-D3 | 1.813 | 55 | 15.63 | 0.913 0.748 | 0.917 0.917 0.862
70 16310941 0.773 | 0.949 0.949 0.879

33 | 14.34 | 0.808 0.678 | 0.784 0.790 0.769

Al-B1-C7-D4 | 1.670 | 55 | 17.82 | 0.879 0.728 | 0.879 0.886 0.838
70 | 18.82 | 0.919 0.759 | 0.924 0.929 0.864

33 | 14.85| 0.809 0.686 | 0.777 0.802 0.766

Al1-B1-C7-D5 | 1.568 | 55 | 19.56 | 0.852 0.712 | 0.846 0.874 0.814
70 1 20.89 | 0.896 0.745 | 0.896 0.923 0.848

33 | 14.89 | 0.829 0.707 | 0.787 0.826 0.778

Al1-B1-C7-D6 | 1.490 | 55 | 20.97 | 0.831 0.700 | 0.816 0.860 0.792
70 | 22.63 | 0.875 0.732 | 0.869 0.914 0.830

33 | 10.13 | 0977 0.759 | 0.953 0.953 0.883

Al1-B1-C8-D1 | 2.606 | 55 | 10.87 | 0.942 0.771 | 0.983 0.983 0.896
70 | 11.08 | 0.924 0.778 | 0.989 0.989 0.898

33 | 13.35| 0917 0.730 | 0.905 0.905 0.857

Al1-B1-C8-D2 | 2.209 | 55 | 14.77 | 0.960 0.775 | 0.968 0.968 0.889
70 | 15.16 | 0.938 0.778 | 0.981 0.981 0.895

33 | 15.75 | 0.866 0.704 | 0.856 0.856 0.824

Al1-BI-C8-D3 | 1.978 | 55 | 18.01 | 0.943 0.763 | 0.945 0.945 0.877
70 | 18.61 | 0.951 0.779 | 0.968 0.968 0.889

33 | 17.55| 0.830 0.684 | 0.815 0.815 0.792

Al-B1-C8-D4 | 1.824 | 55 | 20.67 | 0.916 0.747 | 0919 0.919 0.863
70 | 21.57 1 0.943 0.772 | 0.950 0.950 0.880

33 | 18.75 | 0.811 0.677 | 0.790 0.790 0.773

A1-BI-C8-D5 | 1.713 | 55 | 22.90 | 0.890 0.733 | 0.891 0.891 0.845
70 | 24.10 | 0927 0.762 | 0.932 0.932 0.869

33 | 19.50 | 0.805 0.678 | 0.777 0.791 0.764

A1-BI-C8-D6 | 1.627 | 55 | 24.78 | 0.868 0.719 | 0.864 0.880 0.828
70 |26.29 | 0910 0.751 | 0912 0.926 0.858
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 11.63 | 0987 0.762 | 0.961 0.961 0.889

Al1-B1-C9-D1 | 2.739 | 55 | 12.41 | 0.938 0.769 | 0.986 0.986 0.898
70 [ 12.63 10921 0.775 | 0.991 0.991 0.899

33 | 15.14 | 0.943 0.741 | 0.926 0.926 0.869

Al-B1-C9-D2 | 2.351 | 55 | 16.52 | 0.955 0.772 | 0.975 0.975 0.893
70 11690 | 0933 0.776 | 0.986 0.986 0.897

33 11790 | 0.896 0.718 | 0.886 0.886 0.844

Al-B1-C9-D3 | 2.115 | 55 | 20.05 | 0.957 0.770 | 0.960 0.960 0.885
70 |20.61 | 0944 0.776 | 0.977 0.977 0.893

33 | 20.06 | 0.860 0.700 | 0.849 0.849 0.819

Al1-B1-C9-D4 | 1.954 | 55 | 23.06 | 0.939 0.759 | 0.940 0.940 0.875
70 | 23.87 1 0952 0.777 | 0.965 0.965 0.887

33 | 21.75| 0.834 0.686 | 0.819 0.819 0.796

Al1-B1-C9-D5 | 1.836 | 55 | 25.65 | 0.918 0.747 | 0.920 0.920 0.863
70 126.75 10945 0.771 | 0.951 0.951 0.880

33 | 23.00 | 0.818 0.679 | 0.798 0.798 0.780

Al1-B1-C9-D6 | 1.744 | 55 | 27.89 | 0.897 0.735 | 0.898 0.898 0.850
70 129.28 1 0933 0.763 | 0.937 0.937 0.872

33 | 826 | 0.787 0.669 | 0.874 0.874 0.832

Al1-B2-C1-D1 | 2.404 | 55 | 9.09 | 0.739 0.659 | 0.939 0.939 0.869
70 | 933 | 0.720 0.656 | 0.955 0.955 0.878

33 | 10.73 | 0.719 0.624 | 0.769 0.769 0.752

Al1-B2-C1-D2 | 2.010 | 55 | 12.48 | 0.697 0.623 | 0.856 0.856 0.816
70 [ 12.96 | 0.671 0.613 | 0.890 0.890 0.839

33 | 12.24 | 0.684 0.601 | 0.708 0.708 0.699

Al1-B2-C1-D3 | 1.793 | 55 | 15.01 | 0.664 0.597 | 0.773 0.773 0.753
70 | 15.83 | 0.637 0.583 | 0.808 0.808 0.780

33 | 1292 | 0.679 0.602 | 0.687 0.693 0.681

Al1-B2-C1-D4 | 1.651 | 55 | 16.86 | 0.639 0.577 | 0.714 0.721 0.702
70 | 18.09 | 0.615 0.564 | 0.740 0.747 0.725

33 | 1293 | 0.699 0.624 | 0.696 0.714 0.691

A1-B2-C1-D5 | 1.550 | 55 | 1832 | 0.619 0.562 | 0.671 0.688 0.663
70 | 19.86 | 0.599 0.551 | 0.691 0.707 0.680

33 | 13.35] 0.693 0.621 | 0.681 0.706 0.677

A1-B2-C1-D6 | 1.473 | 55 | 19.66 | 0.598 0.545 | 0.633 0.656 0.628
70 | 21.22 | 0.587 0.541 | 0.656 0.678 0.648

22




Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 985 | 0.813 0.685 | 0.905 0.905 0.854

Al1-B2-C2-D1 | 2.571 | 55 | 10.70 | 0.757 0.673 | 0.956 0.956 0.880
70 11094 | 0.741 0.673 | 0.967 0.967 0.884

33 | 12.79 | 0.753 0.646 | 0.820 0.820 0.793

Al1-B2-C2-D2 | 2.179 | 55 | 14.44 | 0.720 0.642 | 0.905 0.905 0.850
70 | 1490 | 0.698 0.636 | 0.931 0.931 0.865

33 | 14.84 | 0.711 0.618 | 0.754 0.754 0.739

Al1-B2-C2-D3 | 1.952 | 55 | 17.45 | 0.694 0.621 | 0.839 0.839 0.805
70 | 18.18 | 0.666 0.609 | 0.875 0.875 0.829

33 | 16.24 | 0.687 0.603 | 0.712 0.712 0.702

Al1-B2-C2-D4 | 1.800 | 55 | 19.85 | 0.669 0.601 | 0.780 0.780 0.758
70 12093 | 0.643 0.588 | 0.815 0.815 0.786

33 11697 | 0.683 0.604 | 0.694 0.696 0.687

Al1-B2-C2-D5 | 1.689 | 55 | 21.77 | 0.650 0.585 | 0.733 0.735 0.719
70 |23.22 | 0.625 0.573 | 0.763 0.765 0.744

33 | 17.24 | 0.690 0.613 | 0.692 0.704 0.687

Al1-B2-C2-D6 | 1.604 | 55 | 23.32 | 0.634 0.573 | 0.698 0.710 0.688
70 | 25.13 | 0.613 0.562 | 0.722 0.733  0.708

33 | 11.34 | 0.829 0.695 | 0.923 0.923 0.865

Al1-B2-C3-D1 | 2.696 | 55 | 12.23 | 0.771 0.684 | 0.965 0.965 0.884
70 | 12.48 | 0.755 0.685 | 0.974 0.974 0.888

33 | 14.59 | 0.779 0.663 | 0.856 0.856 0.821

Al1-B2-C3-D2 | 2.314 | 55 | 16.19 | 0.738 0.657 | 0.931 0.931 0.866
70 | 16.64 | 0.718 0.653 | 0.951 0.951 0.876

33 | 17.03 | 0.738 0.636 | 0.794 0.794 0.773

Al1-B2-C3-D3 | 2.082 | 55 | 19.53 | 0.714 0.637 | 0.882 0.882 0.836
70 120.20 | 0.690 0.628 | 0.914 0.914 0.855

33 | 18.87 | 0.709 0.617 | 0.747 0.747 0.733

Al-B2-C3-D4 | 1.924 | 55 | 22.31 | 0.695 0.621 | 0.831 0.831 0.799
70 | 23.29 | 0.667 0.609 | 0.868 0.868 0.825

33 ] 20.19 | 0.692 0.606 | 0.716 0.716 0.706

A1-B2-C3-D5 | 1.807 | 55 | 24.64 | 0.675 0.605 | 0.786 0.786 0.764
70 | 25951 0.649 0.593 | 0.822 0.822 0.791

33 12096 | 0.687 0.606 | 0.701 0.701 0.693

A1-B2-C3-D6 | 1.716 | 55 | 26.58 | 0.659 0.592 | 0.748 0.748 0.732
70 | 28.26 | 0.635 0.581 | 0.781 0.781 0.759
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Table E.2 (Continued)

w w /4
Frame Kx Fy VVFEM la Ic 24 2p 2¢
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 654 | 0.785 0.660 | 0.835 0.835 0.802
Al1-B2-C4-DI1 | 2.161 | 55 | 7.28 | 0.749 0.657 | 0.907 0.907 0.848
70 | 748 | 0.728 0.652 | 0.926 0.926  0.858

33 | 854 | 0.708 0.611 | 0.720 0.720 0.708
Al1-B2-C4-D2 | 1.780 | 55 | 10.17 | 0.698 0.616 | 0.792 0.792 0.766
70 | 10.63 | 0.672 0.604 | 0.823 0.823 0.788

33 | 9.40 | 0.690 0.604 | 0.680 0.696 0.673
Al1-B2-C4-D3 | 1.585 | 55 | 12.11 | 0.659 0.586 | 0.709 0.725 0.695
70 | 12.94 |1 0.637 0.575 | 0.731 0.747 0.714

33 | 974 | 0.692 0.611 | 0.670 0.700 0.665
A1-B2-C4-D4 | 1.461 | 55 | 13.51 | 0.630 0.564 | 0.653 0.682 0.645
70 | 14.61 | 0.613 0.555 | 0.668 0.697 0.658

33 | 977 | 0707 0.629 | 0.676 0.715 0.672
Al1-B2-C4-D5 | 1.374 | 55 | 14.56 | 0.609 0.548 | 0.616 0.651 0.610
70 | 1592 1 0.593 0.538 | 0.625 0.659 0.618

33 | 978 | 0.719 0.642 | 0.680 0.726 0.677
A1-B2-C4-D6 | 1.309 | 55 | 14.90 | 0.612 0.553 | 0.608 0.647 0.603
70 | 17.06 | 0.574 0.522 | 0.589 0.626 0.584

33 | 771 | 0.820 0.682 | 0.878 0.878 0.832
Al1-B2-C5-DI1 | 2335 | 55 | 841 | 0.773 0.677 | 0.937 0.937 0.867
70 | 8.61 | 0.755 0.675 10949 0.949 0.871

33 | 10.21 | 0.746  0.635 | 0.773 0.773 0.754
Al1-B2-C5-D2 | 1.940 | 55 | 11.73 | 0.733 0.643 | 0.858 0.858 0.815
70 | 12.14 | 0.708 0.634 | 0.887 0.887 0.833

33 | 11.79 | 0.703 0.608 | 0.707 0.707 0.697
A1-B2-C5-D3 | 1.728 | 55 | 14.20 | 0.697 0.615 | 0.778 0.778 0.754
70 | 1491 | 0.673 0.604 | 0.809 0.809 0.778

33 | 1257 | 0.691 0.604 | 0.681 0.697 0.674
Al1-B2-C5-D4 | 1.592 | 55 | 16.06 | 0.667 0.592 | 0.718 0.734 0.704
70 | 17.11 | 0.649 0.584 | 0.743 0.759 0.724

33 | 12.98 | 0.690 0.608 | 0.671 0.698 0.665
Al1-B2-C5-D5 | 1.495 | 55 | 17.51 | 0.644 0.575 | 0.674 0.701 0.664
70 | 18.84 | 0.630 0.568 | 0.694 0.721 0.682

33 | 13.02 | 0.703 0.622 | 0.675 0.710 0.671
Al1-B2-C5-D6 | 1.422 | 55 | 18.72 | 0.625 0.560 | 0.640 0.673 0.633
70 | 20.28 | 0.613 0.554 | 0.656 0.689 0.647
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 875 | 0.844 0.697 | 0.904 0.904 0.850

Al1-B2-C6-D1 | 2.471 | 55 | 9.46 | 0.792 0.691 | 0.952 0.952 0.875
70 | 9.66 | 0.775 0.691 | 0.961 0.961 0.879

33 | 11.62 | 0.779 0.656 | 0.816 0.816 0.788

Al1-B2-C6-D2 | 2.072 | 55 | 13.05 | 0.757 0.662 | 0.899 0.899 0.844
70 | 13.44 | 0.735 0.656 | 0.922 0.922 0.856

33 | 13.60 | 0.732 0.627 | 0.748 0.748 0.733

Al1-B2-C6-D3 | 1.849 | 55 | 15.89 | 0.730 0.640 | 0.833 0.833 0.798
70 | 16.53 | 0.704 0.630 | 0.866 0.866 0.819

33 | 1497 | 0.703 0.608 | 0.704 0.704 0.694

Al1-B2-C6-D4 | 1.704 | 55 | 18.14 | 0.702 0.618 | 0.775 0.775 0.752
70 1 19.09 | 0.681 0.609 | 0.808 0.808 0.777

33 | 15.54 | 0.703 0.613 | 0.693 0.707 0.685

Al1-B2-C6-D5 | 1.599 | 55 | 19.96 | 0.678 0.600 | 0.728 0.744 0.713
70 | 21.21 | 0.663 0.594 | 0.757 0.773 0.736

33 | 15.64 | 0.716 0.628 | 0.698 0.723  0.691

Al1-B2-C6-D6 | 1.520 | 55 | 21.46 | 0.658 0.585 | 0.692 0.716 0.680
70 12299 | 0.646 0.581 | 0.717 0.742 0.701

33 | 857 | 0953 0.748 | 0.933 0.933 0.871

Al1-B2-C7-D1 | 2.431 | 55 | 930 | 0.943 0.771 | 0.973 0.973 0.890
70 | 950 [ 0923 0.775 | 0.981 0.981 0.892

33 | 11.35| 0.878 0.711 | 0.869 0.869 0.833

Al-B2-C7-D2 | 2.032 | 55 | 12.88 | 0.946 0.766 | 0.949 0.949 0.878
70 | 13.28 1 0944 0.778 | 0.968 0.968 0.888

33 | 13.24 | 0.827 0.684 | 0.813 0.813 0.791

Al1-B2-C7-D3 | 1.813 | 55 | 15.66 | 0.912 0.746 | 0.915 0915 0.860
70 | 16.36 | 0.939 0.771 | 0.947 0.947 0.877

33 | 1437 | 0.806 0.676 | 0.782 0.788 0.767

Al1-B2-C7-D4 | 1.670 | 55 | 17.86 | 0.877 0.726 | 0.878 0.884 0.836
70 | 18.86 | 0.917 0.757 | 0.922 0.927 0.862

33 | 1493 | 0.805 0.682 | 0.772 0.797 0.762

A1-B2-C7-D5 | 1.568 | 55 | 19.59 | 0.851 0.711 | 0.844 0.872 0.813
70 12094 ] 0.894 0.743 | 0.894 0.921 0.846

33 | 15.20 | 0.812 0.693 | 0.772 0.810 0.763

A1-B2-C7-D6 | 1.490 | 55 | 21.00 | 0.829 0.699 | 0.815 0.859 0.791
70 | 22.68 | 0.873 0.731 | 0.867 0.912 0.828

25




Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 10.17 | 0.974 0.756 | 0.950 0.950 0.880

Al1-B2-C8-D1 | 2.606 | 55 | 10.91 | 0.938 0.768 | 0.979 0.979 0.893
70 | 11.13 1 0920 0.774 | 0.985 0.985 0.894

33 | 13.38 | 0915 0.729 | 0.904 0.904 0.855

Al1-B2-C8-D2 | 2.209 | 55 | 14.81 | 0.958 0.773 | 0.965 0.965 0.887
70 | 15.20 | 0.936 0.776 | 0.978 0.978 0.893

33 | 15.77 | 0.865 0.703 | 0.855 0.855 0.823

Al1-B2-C8-D3 | 1.978 | 55 | 18.04 | 0.941 0.762 | 0.943 0.943 0.875
70 | 18.66 | 0.949 0.778 | 0.965 0.965 0.887

33 | 17.56 | 0.829 0.684 | 0.814 0.814 0.792

Al1-B2-C8-D4 | 1.824 | 55 | 20.71 | 0.914 0.746 | 0.917 0917 0.861
70 | 21.61 | 0.941 0.771 | 0.949 0.949 0.878

33 | 18.87 | 0.806 0.673 | 0.785 0.785 0.769

Al1-B2-C8-D5 | 1.713 | 55 | 22.94 | 0.888 0.731 | 0.889 0.889 0.844
70 | 24.14 [ 0926 0.761 | 0.930 0.930 0.868

33 | 19.31 | 0.813 0.684 | 0.785 0.799 0.772

Al1-B2-C8-D6 | 1.627 | 55 | 24.81 | 0.866 0.719 | 0.863 0.879 0.827
70 | 26.33 1 0.908 0.750 | 0.910 0.925 0.856

33 | 11.67 | 0.984 0.759 | 0.958 0.958 0.885

Al1-B2-C9-D1 | 2.739 | 55 | 12.45| 0935 0.766 | 0.982 0.982 0.895
70 | 12.68 | 0918 0.772 | 0.987 0.987 0.896

33 | 15.17 | 0.942 0.740 | 0.924 0.924 0.868

Al1-B2-C9-D2 | 2.351 | 55 | 16.56 | 0.952 0.770 | 0.973 0.973 0.891
70 11694 | 0931 0.774 | 0.983 0.983 0.895

33 11792 | 0.895 0.717 | 0.885 0.885 0.843

Al1-B2-C9-D3 | 2.115 | 55 | 20.08 | 0.955 0.769 | 0.958 0.958 0.883
70 | 20.65] 0942 0.775 | 0.975 0.975 0.892

33 | 20.07 | 0.860 0.699 | 0.849 0.849 0.818

Al1-B2-C9-D4 | 1.954 | 55 | 23.10 | 0.938 0.758 | 0.939 0.939 0.874
70 123910950 0.776 | 0.963 0.963 0.886

33 | 21.76 | 0.834 0.686 | 0.819 0.819 0.796

A1-B2-C9-D5 | 1.836 | 55 | 25.68 | 0.917 0.746 | 0918 0.918 0.862
70 126.79 1 0943 0.770 | 0.950 0.950 0.879

33 | 23.01 | 0.818 0.679 | 0.797 0.797 0.779

A1-B2-C9-D6 | 1.744 | 55 | 27.92 | 0.896 0.734 | 0.897 0.897 0.849
70 1293310931 0.762 | 0.936 0.936 0.871
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 7.17 | 0.896 0.728 | 0.938 0.938 0.882

A2-B1-C1-D1 | 2.561 | 55 | 7.97 | 0.830 0.715 | 0.972 0.972 0.893
70 | 8.18 | 0.809 0.714 | 0.980 0.980 0.894

33 | 930 | 0.850 0.707 | 0.877 0.877 0.848

A2-B1-C1-D2 | 2.119 | 55 | 11.09 | 0.817 0.701 | 0.931 0.931 0.873
70 | 11.57 | 0.783 0.689 | 0.952 0.952 0.881

33 | 10.53 | 0.824 0.697 | 0.832 0.832 0.815

A2-BI-C1-D3 | 1.885 | 55 | 13.32 | 0.794 0.685 | 0.881 0.881 0.842
70 | 14.15 ] 0.767 0.675 | 0.910 0.910 0.858

33 | 11.27 | 0.812 0.696 | 0.806 0.806 0.794

A2-B1-C1-D4 | 1.736 | 55 | 1490 | 0.776 0.673 | 0.840 0.840 0.814
70 | 16.15 | 0.755 0.665 | 0.867 0.867 0.829

33 | 11.73 | 0.808 0.697 | 0.790 0.802 0.782

A2-B1-C1-D5 | 1.631 | 55 | 16.03 | 0.764 0.667 | 0.809 0.822 0.790
70 | 17.71 | 0.741 0.655 | 0.829 0.841 0.801

33 | 11.90 | 0.816 0.709 | 0.790 0.815 0.783

A2-BI-CI1-D6 | 1.552 | 55 | 16.86 | 0.758 0.664 | 0.787 0.813 0.773
70 | 18.93 | 0.731 0.648 | 0.798 0.824 0.778

33 | 849 | 0910 0.735 | 0.955 0.955 0.890

A2-BI-C2-D1 | 2.755 | 55 | 9.28 | 0.839 0.723 | 0.979 0.979 0.896
70 | 948 | 0.820 0.725 | 0.986 0.986 0.897

33 | 11.15| 0.871 0.716 | 0.907 0.907 0.866

A2-B1-C2-D2 | 2.305 | 55 | 12.80 | 0.824 0.707 | 0.955 0.955 0.885
70 | 13.24 1 0.797 0.702 | 0.970 0.970 0.890

33 | 12.83 | 0.844 0.705 | 0.866 0.866 0.840

A2-B1-C2-D3 | 2.056 | 55 | 15.52 | 0.814 0.698 | 0.921 0.921 0.867
70 1625 0.781 0.687 | 0.944 0.944 0.877

33 | 1397 | 0.826 0.699 | 0.834 0.834 0.817

A2-B1-C2-D4 | 1.893 | 55 | 17.63 | 0.797 0.687 | 0.884 0.884 0.844
70 | 18.71 | 0.770 0.678 | 0914 0.914 0.860

33 | 14.75 | 0.816 0.697 | 0.813 0.813 0.800

A2-B1-C2-D5 | 1.777 | 55 | 19.27 | 0.783 0.678 | 0.852 0.852 0.823
70 120.75]0.762 0.670 | 0.881 0.881 0.839

33 | 15.31 | 0.811 0.697 | 0.799 0.801 0.789

A2-BI-C2-D6 | 1.688 | 55 | 20.54 | 0.773 0.672 | 0.827 0.829 0.804
70 | 22.44 | 0.751 0.662 | 0.851 0.853 0.818
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 972 | 0913 0.737 | 0.963 0.963 0.893

A2-B1-C3-D1 | 2.904 | 55 | 10.50 | 0.845 0.728 | 0.983 0.983 0.897
70 | 10.72 | 0.828 0.732 | 0.988 0.988 0.898

33 | 12.73 | 0.888 0.724 | 0.927 0.927 0.876

A2-B1-C3-D2 | 2.456 | 55 | 14.29 | 0.831 0.714 | 0.967 0.967 0.891
70 | 14.70 | 0.808 0.712 | 0.978 0.978 0.894

33 | 14.82 | 0.861 0.712 | 0.890 0.890 0.856

A2-B1-C3-D3 | 2.198 | 55 | 17.35| 0.823 0.705 | 0.944 0.944 0.879
70 | 18.02 | 0.793 0.697 | 0.962 0.962 0.887

33 | 16.30 | 0.842 0.704 | 0.860 0.860 0.836

A2-B1-C3-D4 | 2.026 | 55 | 19.85 | 0.814 0.698 | 0.915 0915 0.864
70 120.83 1 0.782 0.687 | 0.941 0.941 0.876

33 | 17.39 | 0.828 0.699 | 0.836 0.836 0.818

A2-BI-C3-D5 | 1.901 | 55 | 21.89 | 0.801 0.688 | 0.887 0.887 0.846
70 | 23.21 | 0.774 0.680 | 0916 0.916 0.862

33 | 18.20 | 0.820 0.698 | 0.819 0.819 0.805

A2-B1-C3-D6 | 1.805 | 55 | 23.56 | 0.789 0.681 | 0.861 0.861 0.829
70 | 25.26 | 0.768 0.674 | 0.891 0.891 0.846

33 | 573 | 0.894 0.721 | 0.908 0.908 0.860

A2-B1-C4-D1 | 2285 | 55 | 6.44 | 0.844 0.716 | 0.956 0.956 0.882
70 | 6.63 | 0.819 0.714 | 0.968 0.968 0.887

33 | 736 | 0.844 0.700 | 0.836 0.836 0.815

A2-B1-C4-D2 | 1.872 | 55 | 9.03 | 0.823 0.696 | 0.891 0.891 0.844
70 | 950 [ 0.793 0.689 | 0918 0.918 0.860

33 | 820 | 0.822 0.693 | 0.795 0.802 0.782

A2-B1-C4-D3 | 1.667 | 55 | 10.69 | 0.795 0.679 | 0.833 0.840 0.805
70 | 11.52 | 0.776  0.674 | 0.860 0.867 0.822

33 | 861 | 0.818 0.698 | 0.779 0.808 0.770

A2-B1-C4-D4 | 1.539 | 55 | 11.75 | 0.779 0.671 | 0.794 0.825 0.776
70 | 12.98 | 0.758 0.661 | 0.812 0.842 0.786

33 | 881 | 0.823 0.707 | 0.774 0.818 0.767

A2-B1-C4-D5 | 1.451 | 55 | 12.47 | 0.770 0.668 | 0.769 0.814 0.755
70 | 14.03 | 0.745 0.652 | 0.777 0.821 0.758

33 | 892 | 0.829 0.716 | 0.773 0.827 0.767

A2-B1-C4-D6 | 1.386 | 55 | 12.97 | 0.765 0.666 | 0.752 0.805 0.741
70 | 14.81 | 0.736  0.647 | 0.752 0.804 0.737
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 673 | 0916 0.732 | 0.933 0.933 0.875

A2-B1-C5-D1 | 2.479 | 55 | 7.39 | 0.853 0.725 | 0.969 0.969 0.890
70 | 7.58 | 0.832 0.726 | 0.978 0.978 0.892

33 | 888 | 0.868 0.709 | 0.870 0.870 0.838

A2-B1-C5-D2 | 2.043 | 55 | 10.43 | 0.841 0.710 | 0.927 0.927 0.867
70 | 10.85 | 0.809 0.702 | 0.948 0.948 0.877

33 | 10.11 | 0.841 0.699 | 0.826 0.826 0.807

A2-B1-C5-D3 | 1.817 | 55 | 12.60 | 0.820 0.694 | 0.879 0.879 0.837
70 | 13321 0.795 0.688 | 0.907 0.907 0.853

33 | 10.88 | 0.825 0.695 | 0.798 0.803 0.785

A2-B1-C5-D4 | 1.675 | 55 | 14.14 | 0.801 0.683 | 0.838 0.843 0.809
70 | 15.23 1 0.783 0.678 | 0.866 0.870 0.825

33 | 11.33 | 0.821 0.697 | 0.784 0.808 0.774

A2-BI-C5-D5 | 1.575 | 55 | 15.26 | 0.788 0.676 | 0.808 0.833 0.787
70 [ 16.72 | 0.769 0.668 | 0.829 0.854 0.799

33 | 11.59 | 0.823 0.704 | 0.779 0.815 0.771

A2-B1-C5-D6 | 1.501 | 55 | 16.09 | 0.779 0.672 | 0.786 0.823  0.769
70 | 17.90 | 0.757 0.660 | 0.800 0.837 0.777

33 | 7.60 | 0928 0.738 | 0.947 0.947 0.883

A2-B1-C6-D1 | 2.635 | 55 | 825 | 0.860 0.731 | 0.976 0.976 0.893
70 | 844 | 0.841 0.734 | 0.983 0.983 0.895

33 | 10.16 | 0.888 0.718 | 0.895 0.895 0.854

A2-B1-C6-D2 | 2.186 | 55 | 11.60 | 0.848 0.716 | 0.948 0.948 0.878
70 | 11.98 | 0.822 0.713 | 0.964 0.964 0.885

33 | 11.75 | 0.859 0.706 | 0.853 0.853 0.827

A2-B1-C6-D3 | 1.946 | 55 | 14.13 | 0.839 0.707 | 0.910 0.910 0.857
70 | 14.78 | 0.808 0.699 | 0.936 0.936 0.869

33 | 12.81 | 0.840 0.699 | 0.823 0.823  0.805

A2-B1-C6-D4 | 1.792 | 55 | 16.08 | 0.821 0.695 | 0.874 0.874 0.834
70 | 17.03 [ 0.799 0.690 | 0.903 0.903 0.850

33 | 13.54 | 0.829 0.697 | 0.802 0.805 0.788

A2-B1-C6-D5 | 1.684 | 55 | 17.56 | 0.807 0.686 | 0.843 0.846 0.812
70 | 18.88 | 0.790 0.682 | 0.871 0.874 0.829

33 | 14.02 | 0.825 0.699 | 0.790 0.809 0.779

A2-B1-C6-D6 | 1.602 | 55 | 18.70 | 0.796 0.680 | 0.819 0.838 0.795
70 120.39 | 0.778 0.674 | 0.842 0.862 0.809
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 7.41 | 1.007 0.770 | 0.963 0.963 0.895

A2-B1-C7-D1 | 2.589 | 55 | 811 | 0953 0.773 | 0.985 0.985 0.899
70 | 830 [ 0931 0.776 | 0.989 0.989 0.899

33 | 987 | 0958 0.752 | 0.924 0.924 0.879

A2-B1-C7-D2 | 2.143 | 55 | 11.38 | 0.982 0.780 | 0.970 0.970 0.896
70 | 11.80 | 0.955 0.780 | 0.980 0.980 0.897

33 | 11.37 | 0926 0.743 | 0.890 0.890 0.860

A2-BI1-C7-D3 | 1.907 | 55 | 13.85 | 0.965 0.770 | 0.947 0.947 0.885
70 | 14.54 | 0972 0.783 | 0.967 0.967 0.892

33 | 12.33 | 0.908 0.739 | 0.865 0.865 0.844

A2-B1-C7-D4 | 1.757 | 55 | 15.69 | 0.945 0.760 | 0.924 0.924 0.874
70 1 16.73 1 0.963 0.777 | 0.950 0.950 0.884

33 | 12.97 | 0.900 0.741 | 0.850 0.861 0.834

A2-B1-C7-D5 | 1.651 | 55 | 17.08 | 0.929 0.754 | 0.904 0916 0.864
70 | 18.50 | 0.950 0.769 | 0.931 0.942 0.875

33 | 13.36 | 0.899 0.747 | 0.843 0.872 0.830

A2-B1-C7-D6 | 1.571 | 55 | 18.14 | 0.918 0.751 | 0.887 0.918 0.854
70 11993 10937 0.763 | 0914 0.944 0.866

33 | 872 | 1.014 0.771 | 0.973 0.973 0.900

A2-BI-C8-D1 | 2.792 | 55 | 9.42 | 0.945 0.770 | 0.988 0.988 0.900
70 | 9.62 | 0926 0.775 | 0.991 0.991 0.900

33 | 11.67 | 0983 0.759 | 0.944 0.944 0.888

A2-B1-C8-D2 | 2.336 | 55 | 13.07 | 0.972 0.775 | 0.980 0.980 0.899
70 | 13.47 1 0943 0.776 | 0.986 0.986 0.899

33 | 13.69 | 0949 0.748 | 0915 0915 0.874

A2-B1-C8-D3 | 2.084 | 55 | 1598 | 0.981 0.777 | 0.965 0.965 0.893
70 | 16.61 | 0.961 0.779 | 0.978 0.978 0.897

33 | 15.09 | 0.927 0.742 | 0.891 0.891 0.861

A2-B1-C8-D4 | 1.920 | 55 | 18.33 | 0.967 0.769 | 0.947 0.947 0.885
70 1 19.23 1 0973 0.782 | 0.968 0.968 0.893

33 ] 16.09 | 0913 0.739 | 0.872 0.872 0.849

A2-B1-C8-D5 | 1.802 | 55 | 20.22 | 0.951 0.761 | 0.930 0.930 0.877
70 | 21.45] 0968 0.777 | 0.955 0.955 0.887

33 | 16.84 | 0.904 0.738 | 0.857 0.857 0.839

A2-BI-C8-D6 | 1.713 | 55 | 21.75 | 0.938 0.756 | 0.915 0.915 0.869
70 | 2334 ] 0958 0.772 | 0.941 0.941 0.880
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Table E.2 (Continued)

w w /4 W /4
Frame Kx Fy VVFEM la Ic 24 2p 2¢
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 994 | 1.009 0.766 | 0.978 0.978 0.901
A2-B1-C9-D1 | 2.950 | 55 | 10.66 | 0.940 0.767 | 0.990 0.990 0.900
70 | 10.87 1 0923 0.773 | 0.992 0.992 0.900

33 | 13.221 0999 0.763 | 0.956 0.956 0.892
A2-B1-C9-D2 | 2.495 | 55 | 14.55| 0.961 0.771 | 0.984 0.984 0.900
70 | 1493 1 0937 0.773 | 0.989 0.989 0.900

33 | 15.63 | 0969 0.753 | 0.932 0932 0.882
A2-B1-C9-D3 | 2.233 | 55 | 17.77 | 0.982 0.776 | 0.975 0.975 0.897
70 | 1837 1 0951 0.775 | 0.983 0.983 0.899

33 | 17.43 |1 0945 0.745 | 0.909 0.909 0.871
A2-B1-C9-D4 | 2.058 | 55 | 20.47 | 0.980 0.774 | 0.962 0.962 0.892
70 | 21.31 1 0965 0.777 | 0.977 0.977 0.896

33 | 1876 | 0.929 0.741 | 0.891 0.891 0.861
A2-B1-C9-D5 | 1.932 | 55 | 22.75| 0.968 0.768 | 0.948 0.948 0.885
70 | 23.85]1 0973 0.779 | 0.968 0.968 0.893

33 | 19.79 |1 0917 0.739 | 0.876 0.876 0.852
A2-B1-C9-D6 | 1.835 | 55 | 24.66 | 0.956 0.762 | 0.934 0.934 0.879
70 | 26.07 | 0970 0.777 | 0.958 0.958 0.888

33 | 7.18 | 0.838 0.696 | 0916 0916 0.865
A2-B2-C1-DI | 2.561 | 55 | 7.98 | 0.764 0.672 | 0.955 0.955 0.880
70 | 819 | 0.744 0.670 | 0.967 0.967 0.885

33 | 930 | 0.794 0.673 | 0.841 0.841 0.816
A2-B2-C1-D2 | 2.119 | 55 | 11.10 | 0.728 0.642 | 0.893 0.893 0.845
70 | 11.58 | 0.698 0.630 | 0917 0917 0.857

33 | 10.53 | 0.769 0.661 | 0.790 0.790 0.777
A2-B2-C1-D3 | 1.885 | 55 | 13.33 | 0.707 0.626 | 0.826 0.826 0.798
70 | 14.16 | 0.668 0.604 | 0.851 0.851 0.814

33 | 11.27 | 0.757 0.657 | 0.761 0.761 0.752
A2-B2-C1-D4 | 1.736 | 55 | 1491 | 0.690 0.613 | 0.775 0.775 0.758
70 | 16.16 | 0.649 0.588 | 0.792 0.792 0.769

33 | 11.62 | 0.759 0.664 | 0.752 0.762 0.745
A2-B2-C1-D5 | 1.631 | 55 | 16.03 | 0.679 0.606 | 0.741 0.751 0.728
70 | 17.72 1 0.636 0.578 | 0.746  0.756  0.730

33 | 11.86 | 0.763 0.671 | 0.746 0.768 0.741
A2-B2-C1-D6 | 1.552 | 55 | 16.86 | 0.672 0.602 | 0.717 0.737 0.707
70 | 1893 | 0.628 0.571 | 0.712 0.731 0.701
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 850 | 0.853 0.705 | 0.939 0.939 0.878

A2-B2-C2-D1 | 2.755 | 55 | 9.29 | 0.781 0.687 | 0.968 0.968 0.888
70 | 950 | 0.764 0.687 | 0.976 0.976 0.890

33 | 11.15| 0.816 0.684 | 0.878 0.878 0.842

A2-B2-C2-D2 | 2.305 | 55 | 12.81 | 0.748 0.658 | 0.930 0.930 0.867
70 | 13.24 | 0.723 0.652 | 0.948 0.948 0.876

33 | 12.83 | 0.790 0.671 | 0.829 0.829 0.808

A2-B2-C2-D3 | 2.056 | 55 | 15.53 | 0.727 0.641 | 0.879 0.879 0.836
70 1 16.26 | 0.694 0.626 | 0.905 0.905 0.851

33 | 1398 | 0.772 0.663 | 0.794 0.794 0.780

A2-B2-C2-D4 | 1.893 | 55 | 17.64 | 0.712 0.629 | 0.831 0.831 0.802
70 | 18.72 | 0.673 0.608 | 0.857 0.857 0.818

33 | 14.76 | 0.762 0.659 | 0.771 0.771 0.760

A2-B2-C2-D5 | 1.777 | 55 | 19.27 | 0.699 0.619 | 0.792 0.792 0.772
70 | 20.76 | 0.658 0.596 | 0.813 0.813 0.785

33 | 15.30 | 0.757 0.659 | 0.756 0.758 0.748

A2-B2-C2-D6 | 1.688 | 55 | 20.54 | 0.689 0.612 | 0.762 0.764 0.747
70 | 22.44 | 0.647 0586 | 0.775 0.777 0.755

33 | 973 | 0.857 0.707 | 0.951 0.951 0.884

A2-B2-C3-D1 | 2.904 | 55 | 10.52 | 0.793 0.696 | 0.974 0.974 0.891
70 | 10.73 1 0.777 0.698 | 0.981 0.981 0.893

33 | 12.73 | 0.834 0.694 | 0.904 0.904 0.859

A2-B2-C3-D2 | 2.456 | 55 | 14.30 | 0.764 0.671 | 0.950 0.950 0.879
70 | 14.71 | 0.742 0.668 | 0.963 0.963 0.884

33 | 14.82 | 0.808 0.680 | 0.859 0.859 0.830

A2-B2-C3-D3 | 2.198 | 55 | 17.36 | 0.743 0.654 | 0913 0913 0.858
70 | 18.03 | 0.715 0.644 | 0.935 0.935 0.869

33 1 16.29 | 0.789 0.671 | 0.824 0.824 0.804

A2-B2-C3-D4 | 2.026 | 55 | 19.86 | 0.729 0.642 | 0.874 0.874 0.832
70 | 20.83 | 0.695 0.626 | 0.900 0.900 0.848

33 | 17.39 | 0.776  0.665 | 0.797 0.797 0.783

A2-B2-C3-D5 | 1.901 | 55 | 21.90 | 0.718 0.633 | 0.836 0.836 0.806
70 |23.21 ] 0.679 0.613 | 0.863 0.863 0.823

33 | 18.20 | 0.767 0.662 | 0.778 0.778 0.767

A2-B2-C3-D6 | 1.805 | 55 | 23.56 | 0.707 0.625 | 0.805 0.805 0.782
70 | 25.26 | 0.667 0.603 | 0.828 0.828 0.798
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Table E.2 (Continued)

w w /4
Frame Kx Fy VVFEM la Ic 24 2p 2¢
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 573 | 0.843 0.693 | 0.882 0.882 0.842
A2-B2-C4-DI1 | 2.285 | 55 | 6.45 | 0.776 0.671 | 0.929 0.929 0.862
70 | 6.65 | 0.753 0.666 | 0.940 0.940 0.867

33 | 736 | 0.793 0.667 | 0.797 0.797 0.780
A2-B2-C4-D2 | 1.872 | 55 | 9.04 | 0.740 0.641 | 0.838 0.838 0.803
70 | 952 10702 0.623 | 0.859 0.859 0.814

33 | 820 | 0.769 0.658 | 0.752 0.758 0.742
A2-B2-C4-D3 | 1.667 | 55 | 10.70 | 0.712 0.621 | 0.767 0.772 0.747
70 | 11.53 ] 0.673  0.598 | 0.779 0.785 0.755

33 | 8.62 | 0.764 0.660 | 0.734 0.760 0.727
A2-B2-C4-D4 | 1.539 | 55 | 11.76 | 0.695 0.610 | 0.723 0.748 0.711
70 | 12.99 | 0.655 0.584 | 0.723  0.747 0.707

33 | 881 | 0.767 0.668 | 0.728 0.766 0.723
A2-B2-C4-D5 | 1.451 | 55 | 12.47 | 0.685 0.605 | 0.696 0.732 0.687
70 | 14.04 | 0.642 0.573 | 0.685 0.719 0.674

33 | 892 | 0.772 0.676 | 0.726 0.773 0.722
A2-B2-C4-D6 | 1.386 | 55 | 12.96 | 0.680 0.603 | 0.679 0.721 0.671
70 | 14.81 | 0.633  0.568 | 0.659 0.699 0.651

33 | 673 | 0.868 0.706 | 0.916 0916 0.861
A2-B2-C5-D1 | 2479 | 55 | 7.41 | 0.797 0.688 | 0.952 0.952 0.876
70 | 7.60 | 0.777 0.686 | 0.959 0.959 0.878

33 | 888 | 0.820 0.681 | 0.838 0.838 0.811
A2-B2-C5-D2 | 2.043 | 55 | 10.44 | 0.763 0.660 | 0.890 0.890 0.840
70 | 10.86 | 0.734 0.648 | 0.909 0.909 0.848

33 | 10.11 | 0.791 0.668 | 0.789 0.789 0.773
A2-B2-C5-D3 | 1.817 | 55 | 12.60 | 0.742 0.642 | 0.826 0.826 0.795
70 | 13.33 1 0.705 0.623 | 0.847 0.847 0.807

33 | 10.88 | 0.776  0.662 | 0.758 0.763 0.748
A2-B2-C5-D4 | 1.675 | 55 | 14.15| 0.722 0.629 | 0.777 0.782 0.757
70 | 1524 | 0.685 0.606 | 0.792 0.796 0.765

33 | 11.33 ] 0.771 0.663 | 0.743 0.764 0.735
A2-B2-C5-D5 | 1.575 | 55 | 15.27 | 0.709 0.620 | 0.743 0.764 0.728
70 | 16.74 | 0.671 0.596 | 0.748 0.768 0.729

33 | 11.59 | 0772 0.669 | 0.737 0.769 0.730
A2-B2-C5-D6 | 1.501 | 55 | 16.08 | 0.700 0.615 | 0.719 0.750 0.708
70 | 17.90 | 0.661 0.588 | 0.716 0.746 0.702
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 7.61 | 0.883 0.715 | 0.934 0.934 0.872

A2-B2-C6-D1 | 2.635 | 55 | 827 | 0.813 0.701 | 0.963 0.963 0.883
70 | 845 [ 0.796 0.701 | 0.969 0.969 0.884

33 | 10.16 | 0.844 0.693 | 0.870 0.870 0.834

A2-B2-C6-D2 | 2.186 | 55 | 11.61 | 0.784 0.675 | 0.922 0.922 0.860
70 | 12.00 | 0.759 0.668 | 0.937 0.937 0.866

33 | 11.76 | 0.814 0.679 | 0.821 0.821 0.799

A2-B2-C6-D3 | 1.946 | 55 | 14.14 | 0.766 0.660 | 0.871 0.871 0.827
70 | 14.80 | 0.732 0.645 | 0.893 0.893 0.838

33 | 12.81 | 0.795 0.671 | 0.788 0.788  0.773

A2-B2-C6-D4 | 1.792 | 55 | 16.08 | 0.749 0.647 | 0.825 0.825 0.794
70 | 17.05 | 0.713 0.628 | 0.847 0.847 0.807

33 | 13.54 | 0.783 0.667 | 0.765 0.768 0.754

A2-B2-C6-D5 | 1.684 | 55 | 17.56 | 0.734 0.637 | 0.788 0.791 0.766
70 | 18.89 | 0.698 0.617 | 0.805 0.808 0.776

33 | 14.02 | 0.779 0.668 | 0.752 0.769 0.744

A2-B2-C6-D6 | 1.602 | 55 | 18.70 | 0.723 0.630 | 0.761 0.778 0.744
70 |20.40 | 0.688 0.608 | 0.770 0.787 0.748

33 | 7.43 | 1.004 0.768 | 0.961 0.961 0.893

A2-B2-C7-D1 | 2.589 | 55 | 8.13 | 0.950 0.770 | 0.981 0.981 0.896
70 | 833 [ 0927 0.773 | 0.985 0.985 0.896

33 | 988 | 0957 0.751 | 0.922 0.922 0.878

A2-B2-C7-D2 | 2.143 | 55 | 11.41 | 0.980 0.778 | 0.968 0.968 0.894
70 | 11.84 | 0952 0.778 | 0.978 0.978 0.895

33 | 11.38 | 0.925 0.742 | 0.889 0.889 0.860

A2-B2-C7-D3 | 1.907 | 55 | 13.87 | 0.964 0.769 | 0.945 0.945 0.883
70 | 14.57 1 0.970 0.781 | 0.965 0.965 0.891

33 | 12.34 | 0.908 0.739 | 0.865 0.865 0.844

A2-B2-C7-D4 | 1.757 | 55 | 15.71 | 0.943 0.759 | 0.923 0.923 0.873
70 1 16.76 | 0.961 0.775 | 0.948 0.948 0.883

33 | 1298 | 0.899 0.740 | 0.849 0.860 0.833

A2-B2-C7-D5 | 1.651 | 55 | 17.10 | 0.928 0.753 | 0.903 0.914 0.863
70 | 18.53 |1 0.948 0.768 | 0.930 0.940 0.874

33 | 13.38 | 0.898 0.746 | 0.842 0.871 0.829

A2-B2-C7-D6 | 1.571 | 55 | 18.17 | 0.917 0.750 | 0.886 0.917 0.853
70 | 19.97 | 0936 0.762 | 0.913 0.942 0.865
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 874 | 1.011 0.769 | 0.971 0.971 0.897

A2-B2-C8-D1 | 2.792 | 55 | 9.45 | 0.942 0.767 | 0.985 0.985 0.897
70 | 9.65 [ 0922 0.772 | 0.988 0.988 0.897

33 | 11.69 | 0982 0.758 | 0.942 0.942 0.887

A2-B2-C8-D2 | 2.336 | 55 | 13.09 | 0.970 0.774 | 0.978 0.978 0.897
70 | 13.49 10941 0.774 | 0.984 0.984 0.897

33 | 13.70 | 0.949 0.747 | 0914 0914 0.874

A2-B2-C8-D3 | 2.084 | 55 | 16.00 | 0.979 0.775 | 0.963 0.963 0.892
70 | 16.64 | 0.960 0.778 | 0.976 0.976 0.895

33 | 15.09 | 0.927 0.741 | 0.890 0.890 0.860

A2-B2-C8-D4 | 1.920 | 55 | 18.35 | 0.966 0.768 | 0.946 0.946 0.884
70 1 19.26 | 0.971 0.780 | 0.966 0.966 0.891

33 | 16.10 | 0913 0.739 | 0.871 0.871 0.848

A2-B2-C8-D5 | 1.802 | 55 | 20.24 | 0.950 0.761 | 0.929 0.929 0.876
70 | 21.48 | 0.966 0.776 | 0.953 0.953 0.885

33 | 16.85| 0903 0.738 | 0.857 0.857 0.838

A2-B2-C8-D6 | 1.713 | 55 | 21.77 | 0.937 0.755 | 0.914 0.914 0.868
70 | 23.37 1 0957 0.771 | 0.940 0.940 0.879

33 | 996 | 1.006 0.764 | 0.976 0.976 0.899

A2-B2-C9-D1 | 2.950 | 55 | 10.69 | 0.937 0.765 | 0.987 0.987 0.898
70 1 10.90 | 0.920 0.770 | 0.989 0.989 0.897

33 | 13.24 | 0998 0.762 | 0.954 0.954 0.891

A2-B2-C9-D2 | 2.495 | 55 | 14.58 | 0.959 0.769 | 0.982 0.982 0.898
70 | 1497 | 0935 0.772 | 0.987 0.987 0.898

33 | 15.65| 0969 0.752 | 0.931 0.931 0.882

A2-B2-C9-D3 | 2.233 | 55 | 17.79 | 0.981 0.775 | 0.973 0.973 0.896
70 | 18.40 | 0.949 0.773 | 0.982 0.982 0.897

33 | 17.44 | 0945 0.745 | 0.909 0.909 0.870

A2-B2-C9-D4 | 2.058 | 55 | 20.50 | 0.978 0.773 | 0.961 0.961 0.890
70 | 21.34 1 0963 0.776 | 0.975 0.975 0.895

33 | 18.77 | 0.928 0.740 | 0.891 0.891 0.860

A2-B2-C9-D5 | 1.932 | 55 | 22.77 | 0.967 0.767 | 0.947 0.947 0.884
70 | 23.88 10972 0.778 | 0.967 0.967 0.892

33 | 19.80 | 0917 0.739 | 0.876 0.876 0.851

A2-B2-C9-D6 | 1.835 | 55 | 24.68 | 0.955 0.761 | 0.933 0.933 0.878
70 | 26.11 | 0969 0.776 | 0.957 0.957 0.887
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Table E.2 (Continued)

/4 w /4 /4 W
Frame K F,o W a Ie 2 2 e

(ksi) (kips) FEM FEM FEM FEM FEM

33 | 259 | 0.892 0.730 | 0.970 0970 0.893
A3-B1-C1-DI | 3.136 | 55 | 2.74 | 0.843 0.736 | 0.988 0.988 0.899
70 | 2.79 |1 0.831 0.740 | 0.993 0.993 0.901

33 | 379 | 0.873 0.716 | 0.921 0921 0.870
A3-B1-C1-D2 | 2.506 | 55 | 4.18 | 0.822 0.712 | 0.969 0.969 0.889
70 | 428 | 0.802 0.712 | 0.980 0.980 0.894

33 | 458 | 0.835 0.697 | 0.875 0.875 0.842
A3-B1-C1-D3 | 2.195 | 55 | 529 | 0.809 0.698 | 0.939 0.939 0.874
70 | 547 1 0.782 0.692 | 0.959 0.959 0.885

33 | 5.13 | 0.809 0.684 | 0.835 0.835 0.813
A3-B1-C1-D4 | 1.999 | 55 | 6.18 | 0.795 0.687 | 0.904 0.904 0.854
70 | 648 | 0.767 0.679 | 0.932 0.932 0.870

33 | 550 | 0.796 0.680 | 0.810 0.810 0.794
A3-B1-C1-D5 | 1.860 | 55 | 6.91 | 0.778 0.676 | 0.869 0.869 0.833
70 | 7.33 1 0.756  0.669 | 0.902 0.902 0.850

33 | 575 |1 0.790 0.680 | 0.793 0.793 0.781
A3-B1-C1-D6 | 1.756 | 55 | 7.48 | 0.764 0.667 | 0.838 0.838 0.811
70 | 8.05 | 0.746  0.661 | 0.869 0.869 0.830

33 | 292 | 0.892 0.735 | 0978 0978 0.897
A3-B1-C2-DI1 | 3.441 | 55 | 3.06 | 0.852 0.744 | 0.993 0.993 0.901
70 | 3.10 | 0.841 0.752 | 0.996 0.996 0.903

33 | 432 | 0.893 0.727 | 0.948 0.948 0.883
A3-B1-C2-D2 | 2.757 | 55 | 4.66 | 0.833 0.723 | 0.981 0.981 0.895
70 | 475 | 0.817 0.727 | 0.988 0.988 0.899

33 | 533 | 0864 0.711 | 0912 00912 0.865
A3-B1-C2-D3 | 2417 | 55 | 594 | 0.820 0.709 | 0.962 0.962 0.888
70 | 6.09 | 0.799 0.708 | 0.976 0.976 0.893

33 | 6.08 | 0.837 0.698 | 0.877 0.877 0.842
A3-B1-C2-D4 | 2.202 | 55 | 7.01 | 0.811 0.700 | 0.940 0.940 0.876
70 | 7.25 |1 0.785 0.695 | 0.961 0.961 0.885

33 | 6.65 | 0.817 0.688 | 0.846 0.846 0.822
A3-B1-C2-D5 | 2.048 | 55 | 7.92 | 0.802 0.693 | 0.915 0915 0.862
70 | 826 | 0.773 0.684 | 0.942 0942 0.875

33 | 7.07 | 0.804 0.683 | 0.824 0.824 0.805
A3-B1-C2-D6 | 1.932 | 55 | 8.69 | 0.789 0.683 | 0.889 0.889 0.846
70 | 9.15 | 0.764 0.676 | 0.920 0.920 0.862
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 320 | 0.893 0.739 | 0.984 0.984 0.898

A3-B1-C3-D1 | 3.694 | 55 | 3.33 | 0.858 0.752 | 0.994 0.994 0.902
70 | 337 [ 0.849 0.760 | 0.999 0.999 0.904

33 | 476 | 0.896 0.732 | 0.962 0.962 0.889

A3-B1-C3-D2 | 2969 | 55 | 5.07 | 0.841 0.731 | 0.987 0.987 0.898
70 | 5.15 | 0.828 0.736 | 0.992 0.992 0.901

33 | 593 | 0.885 0.722 | 0.935 0.935 0.876

A3-B1-C3-D3 | 2.605 | 55 | 6.47 | 0.829 0.718 | 0.974 0.974 0.893
70 | 6.61 | 0.812 0.720 | 0.984 0.984 0.897

33 | 6.84 | 0.861 0.710 | 0.906 0.906 0.860

A3-B1-C3-D4 | 2374 | 55 | 7.66 | 0.820 0.709 | 0.960 0.960 0.886
70 | 7.88 | 0.798 0.707 | 0.975 0.975 0.892

33 | 756 | 0.840 0.699 | 0.878 0.878 0.843

A3-B1-C3-D5 | 2.209 | 55 | 871 | 0.814 0.701 | 0.942 0.942 0.876
70 | 9.00 | 0.787 0.696 | 0.962 0.962 0.886

33 | 814 | 0.823 0.691 | 0.854 0.854 0.827

A3-BI-C3-D6 | 2.083 | 55 | 9.62 | 0.808 0.696 | 0.922 0.922 0.865
70 | 10.01 | 0.778 0.688 | 0.948 0.948 0.878

33 | 2.19 | 0908 0.730 | 0.940 0.940 0.872

A3-B1-C4-D1 | 2.730 | 55 | 2.34 | 0.850 0.728 | 0.977 0.977 0.893
70 | 238 | 0.835 0.733 | 0.985 0.985 0.895

33 | 3.15 | 0.860 0.702 | 0.876 0.876 0.836

A3-B1-C4-D2 | 2.175 | 55 | 3.56 | 0.830 0.708 | 0.938 0.938 0.870
70 | 3.66 | 0.806 0.706 | 0.958 0.958 0.880

33 | 373 | 0.822 0.684 | 0.826 0.826 0.803

A3-B1-C4-D3 | 1.905 | 55 | 446 | 0.813 0.694 | 0.892 0.892 0.844
70 | 4.66 | 0.786 0.687 | 0.921 0.921 0.860

33 | 408 | 0.803 0.678 | 0.792 0.792 0.777

A3-B1-C4-D4 | 1.737 | 55 | 5.14 | 0.791 0.678 | 0.848 0.848 0.813
70 | 547 | 0.773 0.675 | 0.880 0.880 0.833

33 | 428 | 0.800 0.682 | 0.776 0.791 0.766

A3-B1-C4-D5 | 1.621 | 55 | 5.65 | 0.773 0.667 | 0.811 0.826 0.788
70 | 6.11 | 0.758 0.664 | 0.839 0.854 0.805

33 | 438 | 0.805 0.691 | 0.772 0.801 0.763

A3-BI1-C4-D6 | 1.535 | 55 | 6.02 | 0.762 0.661 | 0.784 0.814 0.766
70 | 6.62 | 0.745 0.654 | 0.805 0.835 0.780
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Table E.2 (Continued)

/4 w /4 /4 W
Frame K F,o W a Ie 2 2 e

(ksi) (kips) FEM FEM FEM FEM FEM

33 | 246 | 0906 0.731 | 0.961 0961 0.884
A3-B1-C5-DI | 3.002 | 55 | 2.60 | 0.859 0.740 | 0.984 0.984 0.895
70 | 2.64 | 0.847 0.749 | 0.990 0.990 0.898

33 | 3.62 | 0.891 0.719 | 0916 0916 0.860
A3-B1-C5-D2 | 2.396 | 55 | 3.97 | 0.842 0.719 | 0.962 0.962 0.885
70 | 407 | 0.823 0.721 | 0.974 0.974 0.890

33 | 440 | 0.853 0.699 | 0.866 0.866 0.830
A3-B1-C5-D3 | 2.098 | 55 | 5.05 | 0.831 0.707 | 0.930 0.930 0.867
70 | 521 | 0.805 0.703 | 0.953 0.953 0.878

33 | 495 | 0.826 0.687 | 0.828 0.828 0.806
A3-B1-C5-D4 | 1911 | 55 | 591 | 0.819 0.697 | 0.897 0.897 0.847
70 | 6.17 |1 0.792  0.690 | 0.925 0.925 0.862

33 | 532 | 0.810 0.681 | 0.801 0.801 0.785
A3-B1-C5-D5 | 1.780 | 55 | 6.61 | 0.802 0.685 | 0.863 0.863 0.824
70 | 699 | 0.782 0.681 | 0.895 0.895 0.844

33 | 5.57 | 0.804 0.681 | 0.786 0.789 0.773
A3-B1-C5-D6 | 1.682 | 55 | 7.16 | 0.787 0.676 | 0.834 0.837 0.805
70 | 7.67 | 0.772  0.673 | 0.865 0.869 0.823

33 | 269 | 0907 0.738 | 0.971 0971 0.890
A3-B1-C6-DI1 | 3.231 | 55 | 2.82 | 0.866 0.747 | 0.989 0.989 0.898
70 | 2.86 | 0.855 0.755 ] 0.993 0.993 0.900

33 | 400 | 0909 0.728 | 0.934 0934 0.874
A3-B1-C6-D2 | 2.583 | 55 | 432 | 0.851 0.728 | 0.973 0.973 0.889
70 | 440 | 0.835 0.732 | 0.982 0.982 0.894

33 | 494 | 0.878 0.712 | 0.896 0.896 0.852
A3-B1-C6-D3 | 2.263 | 55 | 5.51 | 0.841 0.716 | 0952 0952 0.879
70 | 5.66 | 0.820 0.716 | 0.968 0.968 0.886

33 | 564 | 0.850 0.698 | 0.861 0.861 0.827
A3-B1-C6-D4 | 2.061 | 55 | 6.50 | 0.835 0.708 | 0.927 0.927 0.865
70 | 6.73 | 0.807 0.704 | 0.950 0.950 0.876

33 | 6.16 | 0.830 0.689 | 0.831 0.831 0.808
A3-B1-C6-D5 | 1.918 | 55 | 7.34 | 0.824 0.700 | 0.900 0.900 0.848
70 | 7.66 | 0.797 0.694 | 0.928 0.928 0.864

33 | 6.55 | 0.816 0.684 | 0.809 0.809 0.791
A3-B1-C6-D6 | 1.811 | 55 | 8.04 | 0.811 0.691 | 0.874 0.874 0.832
70 | 848 | 0.790 0.687 | 0.905 0.905 0.851
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Table E.2 (Continued)

/4 w /4 /4 W
Frame K F,o W a Ie 2 2 e

(ksi) (kips) FEM FEM FEM FEM FEM

33 | 264 | 0974 0.767 | 0.977 0977 0.896
A3-B1-C7-DI1 | 3.162 | 55 | 2.77 | 0926 0.775 | 0.992 0.992 0.900
70 | 2.81 | 0913 0.785 | 0.995 0.995 0.901

33 | 392 |1 0982 0.762 | 0.949 0949 0.885
A3-B1-C7-D2 | 2.527 | 55 | 424 | 0.949 0.776 | 0.983 0.983 0.897
70 | 433 10929 0.782 | 0.989 0.989 0.899

33 | 482 | 0944 0.745 | 0919 0919 0.871
A3-B1-C7-D3 | 2.214 | 55 | 542 | 0.968 0.778 | 0.968 0.968 0.891
70 | 5.57 10942 0.781 | 0.982 0.982 0.896

33 | 547 | 0914 0.733 | 0.892 0.892 0.855
A3-B1-C7-D4 | 2.016 | 55 | 6.39 | 0961 0.772 | 0.953 0.953 0.884
70 | 6.62 | 0955 0.782 | 0971 0971 0.891

33 | 595 | 0.894 0.726 | 0.868 0.868 0.841
A3-B1-C7-D5 | 1.877 | 55 | 7.19 | 0.945 0.764 | 0.936 0936 0.877
70 | 7.54 1 0958 0.781 | 0.959 0.959 0.886

33 | 630 | 0.882 0.724 | 0.851 0.851 0.830
A3-B1-C7-D6 | 1.772 | 55 | 7.87 | 0.929 0.756 | 0.920 0.920 0.868
70 | 833 |1 0950 0.775 ] 0947 0.947 0.880

33 | 296 | 0961 0.762 | 0.986 0.986 0.899
A3-B1-C8-DI | 3.474 | 55 | 3.09 | 0.921 0.780 | 0.994 0.994 0.901
70 | 3.13 | 0.910 0.788 | 0.998 0.998 0.903

33 | 443 |1 0994 0.768 | 0.966 0.966 0.890
A3-B1-C8-D2 | 2.784 | 55 | 4.72 | 0939 0.775 | 0.989 0.989 0.899
70 | 481 | 0922 0.783 | 0.993 0.993 0.901

33 | 553 10974 0.757 | 0942 0942 0.882
A3-B1-C8-D3 | 2.441 | 55 | 6.04 | 0.954 0.775 | 0.980 0.980 0.896
70 | 6.18 | 0.933 0.781 | 0.988 0.988 0.899

33 | 639 | 0946 0.745 | 0.920 0.920 0.871
A3-B1-C8-D4 | 2.223 | 55 | 7.17 | 0.968 0.778 | 0.969 0.969 0.891
70 | 7.37 10943 0.781 | 0.982 0.982 0.896

33 | 7.07 | 0922 0.735 | 0.899 0.899 0.859
A3-B1-C8-D5 | 2.069 | 55 | 8.16 | 0.965 0.774 | 0.958 0.958 0.886
70 | 843 | 0952 0.781 | 0.975 0.975 0.893

33 | 7.60 | 0.905 0.729 | 0.880 0.880 0.848
A3-B1-C8-D6 | 1.951 | 55 | 9.01 | 0.955 0.768 | 0.946 0.946 0.881
70 | 9.38 | 0.960 0.782 | 0.967 0.967 0.889
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Table E.2 (Continued)

w w /4 W /4
Frame Kx Fy VVFEM la Ic 24 2p 2¢
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 324 | 0952 0.763 | 0.988 0.988 0.900
A3-B1-C9-DI | 3.733 | 55 | 3.37 | 0917 0.779 | 0.996 0.996 0.902
70 | 3.40 | 0.908 0.790 | 1.000 1.000 0.904

33 | 485 | 0985 0.765 | 0974 0974 0.896
A3-B1-C9-D2 | 3.000 | 55 | 5.13 | 0932 0.775 | 0.992 0.992 0.901
70 | 521 [ 0918 0.783 | 0.995 0.995 0.902

33 | 6.11 | 0990 0.763 | 0.956 0.956 0.887
A3-B1-C9-D3 | 2.633 | 55 | 6.56 | 0.945 0.774 | 0.986 0.986 0.899
70 | 6.69 | 0927 0.781 | 0.991 0.991 0.900

33 | 7.12 | 0970 0.754 | 0.938 0.938 0.880
A3-B1-C9-D4 | 2.400 | 55 | 7.81 | 0.957 0.775 | 0.978 0.978 0.896
70 | 7.99 10935 0.780 | 0.987 0.987 0.899

33 | 795 | 0947 0.745 | 0.920 0.920 0.871
A3-B1-C9-D5 | 2.233 | 55 | 891 | 0.969 0.776 | 0.970 0.970 0.891
70 | 9.16 | 0943 0.780 | 0.982 0.982 0.897

33 | 8.64 | 0928 0.737 | 0.903 0.903 0.861
A3-B1-C9-D6 | 2.106 | 55 | 9.89 | 0.968 0.775 | 0.961 0.961 0.887
70 | 10.21 | 0.950 0.780 | 0.977 0.977 0.894

33 | 260 | 0.842 0.702 | 0.961 0.961 0.884
A3-B2-C1-DI | 3.136 | 55 | 2.75 | 0.795 0.704 | 0.981 0.981 0.893
70 | 279 1 0.784 0.709 | 0.986 0.986 0.895

33 | 3.79 | 0.817 0.684 | 0.900 0.900 0.854
A3-B2-C1-D2 | 2.506 | 55 | 4.18 | 0.754 0.667 | 0.950 0.950 0.878
70 | 428 | 0.736  0.666 | 0.964 0.964 0.884

33 | 458 | 0.780 0.663 | 0.8340 0.840 0.812
A3-B2-C1-D3 | 2.195 | 55 | 529 | 0.726 0.643 | 0.906 0.906 0.852
70 | 548 1 0.702 0.636 | 0.930 0.930 0.864

33 | 513 | 0.756 0.649 | 0.797 0.797 0.780
A3-B2-C1-D4 | 1.999 | 55 | 6.19 | 0.708 0.628 | 0.857 0.857 0.819
70 | 648 | 0.676 0.614 | 0.886 0.886 0.838

33 | 550 | 0.743 0.643 | 0.768 0.768 0.756
A3-B2-C1-D5 | 1.860 | 55 | 691 | 0.693 0.617 | 0.811 0.811 0.785
70 | 7.33 | 0.657 0.597 | 0.840 0.840 0.804

33 | 575 | 0.737 0.644 | 0.750 0.750 0.741
A3-B2-C1-D6 | 1.756 | 55 | 7.49 | 0.679 0.607 | 0.774 0.774 0.756
70 | 8.05 | 0.642 0.585 | 0.797 0.797 0.772
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 293 | 0.851 0.714 | 0971 0971 0.892

A3-B2-C2-D1 | 3.441 | 55 | 3.07 | 0.812 0.719 | 0.987 0.987 0.896
70 | 3.10 | 0.802 0.725 | 0.992 0.992 0.899

33 | 432 | 0.838 0.698 | 0.933 0.933 0.871

A3-B2-C2-D2 | 2.757 | 55 | 4.67 | 0.776  0.685 | 0.969 0.969 0.888
70 | 476 | 0.761 0.687 | 0.979 0.979 0.892

33 | 533 | 0.810 0.680 | 0.887 0.887 0.844

A3-B2-C2-D3 | 2.417 | 55 | 594 | 0.750 0.663 | 0.944 0.944 0.873
70 | 6.10 | 0.730 0.661 | 0.959 0.959 0.882

33 | 6.08 | 0.784 0.665 | 0.844 0.844 0.815

A3-B2-C2-D4 | 2202 | 55 | 7.01 | 0.731 0.647 | 0.910 0910 0.854
70 | 7.25 [ 0.706 0.640 | 0.933 0.933 0.867

33 | 6.64 | 0.765 0.654 | 0.810 0.810 0.790

A3-B2-C2-D5 | 2.048 | 55 | 7.92 | 0.716 0.635 | 0.873 0.873 0.831
70 | 826 | 0.687 0.623 | 0.902 0.902 0.848

33 | 7.07 | 0.752 0.648 | 0.784 0.784 0.770

A3-B2-C2-D6 | 1.932 | 55 | 8.69 | 0.705 0.626 | 0.839 0.839 0.806
70 | 9.15 | 0.671 0.609 | 0.869 0.869 0.825

33 | 3.21 | 0.857 0.719 | 0.978 0.978 0.894

A3-B2-C3-D1 | 3.694 | 55 | 3.34 | 0.823 0.732 | 0.991 0.991 0.899
70 | 338 | 0.815 0.738 | 0.995 0.995 0.901

33 | 476 | 0.844 0.703 | 0.950 0.950 0.883

A3-B2-C3-D2 | 2969 | 55 | 5.07 | 0.792 0.700 | 0.978 0.978 0.893
70 | 5.16 | 0.779 0.704 | 0.985 0.985 0.896

33 | 593 | 0.831 0.693 | 0916 0916 0.862

A3-B2-C3-D3 | 2.605 | 55 | 6.48 | 0.768 0.679 | 0.961 0.961 0.884
70 | 6.62 | 0.752 0.679 | 0.973 0.973 0.889

33 | 6.84 | 0.808 0.679 | 0.879 0.879 0.840

A3-B2-C3-D4 | 2374 | 55 | 7.67 | 0.750 0.662 | 0.939 0.939 0.872
70 | 7.88 | 0.730 0.659 | 0.957 0.957 0.880

33 | 756 | 0.788 0.667 | 0.847 0.847 0.818

A3-B2-C3-D5 | 2.209 | 55 | 871 | 0.735 0.650 | 0.913 0913 0.856
70 | 9.00 | 0.711 0.643 | 0.936 0.936 0.869

33 | 8.14 | 0.772 0.658 | 0.819 0.819 0.797

A3-B2-C3-D6 | 2.083 | 55 | 9.62 | 0.724 0.640 | 0.885 0.885 0.838
70 | 10.01 | 0.696 0.630 | 0.913 0913 0.854
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Table E.2 (Continued)

/4 w /4 /4 W
Frame K F,o W a Ie 2 2 e

(ksi) (kips) FEM FEM FEM FEM FEM

33 | 2.19 | 0.858 0.703 | 0.927 0.927 0.864
A3-B2-C4-DI1 | 2.730 | 55 | 2.34 | 0.801 0.698 | 0.964 0.964 0.880
70 | 2.39 |1 0.786  0.698 | 0.968 0.968 0.882

33 | 3.15 | 0.810 0.673 | 0.847 0.847 0.814
A3-B2-C4-D2 | 2.175 | 55 | 3.56 | 0.758 0.659 | 0.910 0.910 0.850
70 | 3.67 | 0.736 0.653 | 0.926 0.926 0.856

33 | 373 1 0.771 0.652 | 0.786 0.786 0.767
A3-B2-C4-D3 | 1.905 | 55 | 447 | 0.731 0.637 | 0.842 0.842 0.804
70 | 4.67 | 0.699 0.622 | 0.866 0.866 0.818

33 | 409 | 0.752 0.644 | 0.750 0.750 0.738
A3-B2-C4-D4 | 1.737 | 55 | 5.15 | 0.709 0.621 | 0.785 0.785 0.762
70 | 547 |1 0.674 0.601 | 0.807 0.807 0.775

33 | 428 | 0.748 0.647 | 0.733 0.733 0.725
A3-B2-C4-D5 | 1.621 | 55 | 5.65 | 0.691 0.608 | 0.742 0.742 0.726
70 | 6.12 | 0.656 0.586 | 0.755 0.755 0.734

33 | 438 | 0.752 0.654 | 0.727 0.727 0.721
A3-B2-C4-D6 | 1.535 | 55 | 6.02 | 0.680 0.601 | 0.712 0.712 0.701
70 | 6.63 | 0.644 0.577 | 0.715 0.715 0.701

33 | 247 | 0.866 0.710 | 0.951 0951 0.878
A3-B2-C5-DI1 | 3.002 | 55 | 2.60 | 0.820 0.713 | 0975 0.975 0.889
70 | 2.64 | 0.808 0.717 | 0.980 0.980 0.890

33 | 3.62 | 0.844 0.692 | 0.893 0.893 0.843
A3-B2-C5-D2 | 2.396 | 55 | 3.98 | 0.784 0.681 | 0.943 0.943 0.869
70 | 407 | 0.766 0.679 | 0.954 0954 0.875

33 | 441 | 0.805 0.671 | 0.835 0.835 0.806
A3-B2-C5-D3 | 2.098 | 55 | 5.05 | 0.759 0.659 | 0.899 0.899 0.843
70 | 522 |1 0.734 0.651 | 0919 0919 0.853

33 | 495 | 0779 0.657 | 0.793 0.793 0.773
A3-B2-C5-D4 | 1911 | 55 | 591 | 0.741 0.644 | 0.851 0.851 0.811
70 | 6.18 | 0.710 0.630 | 0.875 0.875 0.826

33 | 533 |1 0.762 0.650 | 0.763 0.763 0.750
A3-B2-C5-D5 | 1.780 | 55 | 6.61 | 0.724 0.632 | 0.808 0.808 0.780
70 | 6.99 | 0.691 0.614 | 0.832 0.832 0.795

33 | 5.57 | 0.756  0.649 | 0.747 0.747 0.737
A3-B2-C5-D6 | 1.682 | 55 | 7.17 | 0.710 0.622 | 0.773 0.773 0.753
70 | 7.68 | 0.676 0.602 | 0.791 0.791 0.764
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Table E.2 (Continued)

/4 w /4 /4 W
Frame K F,o W a Ie 2 2 e

(ksi) (kips) FEM FEM FEM FEM FEM

33 | 270 | 0.874 0.719 | 0.963 0.963 0.885
A3-B2-C6-DI1 | 3.231 | 55 | 2.83 | 0.834 0.727 | 0.981 0.981 0.892
70 | 2.86 | 0.823 0.731 | 0.985 0.985 0.893

33 | 400 | 0.866 0.706 | 0.922 0922 0.862
A3-B2-C6-D2 | 2.583 | 55 | 432 | 0.804 0.698 | 0.959 0.959 0.881
70 | 441 | 0.789 0.698 | 0.968 0.968 0.884

33 | 494 | 0.835 0.687 | 0.875 0.875 0.832
A3-B2-C6-D3 | 2.263 | 55 | 5.51 | 0.782 0.677 | 0.930 0.930 0.863
70 | 5.66 | 0.761 0.673 | 0.945 0945 0.870

33 | 564 | 0.806 0.672 | 0.831 0.831 0.803
A3-B2-C6-D4 | 2.061 | 55 | 6.51 | 0.765 0.663 | 0.895 0.895 0.842
70 | 6.73 1 0.739 0.654 | 0917 0917 0.852

33 | 6.16 | 0.786 0.662 | 0.799 0.799 0.779
A3-B2-C6-D5 | 1918 | 55 | 7.34 | 0.753 0.652 | 0.860 0.860 0.818
70 | 7.67 | 0.721 0.639 | 0.884 0.884 0.832

33 | 6.54 | 0.773 0.656 | 0.775 0.775 0.760
A3-B2-C6-D6 | 1.811 | 55 | 8.05 | 0.740 0.643 | 0.826 0.826 0.794
70 | 848 | 0.706 0.626 | 0.851 0.851 0.809

33 | 265 | 0971 0.764 | 0.974 0974 0.893
A3-B2-C7-DI1 | 3.162 | 55 | 2.78 | 0.923 0.773 | 0.989 0.989 0.897
70 | 2.82 | 0911 0.782 | 0.992 0.992 0.898

33 | 392 | 0980 0.761 | 0.947 0947 0.884
A3-B2-C7-D2 | 2.527 | 55 | 425 | 0946 0.774 | 0.981 0981 0.894
70 | 435 10926 0.780 | 0.986 0.986 0.897

33 | 482 |1 0943 0.745 | 0918 0918 0.870
A3-B2-C7-D3 | 2.214 | 55 | 543 | 0966 0.777 | 0.966 0.966 0.890
70 | 5.58 10940 0.780 | 0.980 0.980 0.894

33 | 548 | 0913 0.733 | 0.891 0.891 0.854
A3-B2-C7-D4 | 2.016 | 55 | 6.40 | 0.959 0.771 | 0.951 0.951 0.883
70 | 6.64 | 0.953 0.781 | 0.969 0.969 0.889

33 | 596 | 0.893 0.726 | 0.867 0.867 0.841
A3-B2-C7-D5 | 1.877 | 55 | 7.20 | 0.944 0.763 | 0.935 0.935 0.876
70 | 7.55 | 0.956 0.779 | 0.958 0.958 0.884

33 | 6.30 | 0.881 0.724 | 0.851 0.851 0.830
A3-B2-C7-D6 | 1.772 | 55 | 7.88 | 0.928 0.755 | 0.919 0.919 0.867
70 | 834 10949 0.774 | 0.946 0946 0.878
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Table E.2 (Continued)

Frame K | B | P We | W | W | W P
(ksi) (kips) VVFEM VVFEM VVFEM VVFEM VVFEM

33 | 297 | 0958 0.760 | 0.984 0.984 0.897

A3-B2-C8-D1 | 3.474 | 55 | 3.10 | 0.918 0.778 | 0.992 0.992 0.899
70 | 3.13 [ 0908 0.786 | 0.995 0.995 0.900

33 | 444 | 0992 0.767 | 0.965 0.965 0.889

A3-B2-C8-D2 | 2.784 | 55 | 473 | 0.937 0.773 | 0.987 0.987 0.898
70 | 482 | 0920 0.782 | 0.991 0.991 0.899

33 | 554 | 0973 0.756 | 0.941 0941 0.881

A3-B2-C8-D3 | 2.441 | 55 | 6.05 | 0.952 0.774 | 0.979 0.979 0.894
70 | 6.19 [ 0931 0.779 | 0.986 0.986 0.897

33 | 640 | 0945 0.744 | 0919 0919 0.871

A3-B2-C8-D4 | 2.223 | 55 | 7.19 | 0.967 0.776 | 0.968 0.968 0.890
70 | 739 [ 0941 0.779 | 0.980 0.980 0.895

33 | 7.07 | 0922 0.735 | 0.898 0.898 0.858

A3-B2-C8-D5 | 2.069 | 55 | 817 | 0.964 0.773 | 0.957 0.957 0.885
70 | 845 [ 0951 0.780 | 0.973 0.973 0.892

33 | 7.60 | 0.904 0.729 | 0.880 0.880 0.848

A3-B2-C8-D6 | 1.951 | 55 | 9.02 | 0.954 0.767 | 0.945 0.945 0.880
70 | 9.40 | 0959 0.781 | 0.966 0.966 0.888

33 | 325 | 0950 0.762 | 0.986 0.986 0.899

A3-B2-C9-D1 | 3.733 | 55 | 3.37 | 0915 0.778 | 0.994 0.994 0.900
70 | 3.41 | 0906 0.789 | 0.997 0.997 0.902

33 | 486 | 0983 0.764 | 0.972 0972 0.894

A3-B2-C9-D2 | 3.000 | 55 | 5.14 | 0.931 0.774 | 0.990 0.990 0.899
70 | 522 | 0916 0.782 | 0.993 0.993 0.900

33 | 6.12 | 0989 0.762 | 0.955 0.955 0.886

A3-B2-C9-D3 | 2.633 | 55 | 6.57 | 0.944 0.773 | 0.984 0.984 0.897
70 | 6.71 | 0925 0.780 | 0.990 0.990 0.899

33 | 7.12 | 0969 0.754 | 0.937 0.937 0.879

A3-B2-C9-D4 | 2.400 | 55 | 7.82 | 0.956 0.774 | 0.977 0.977 0.895
70 | 8.00 | 0934 0.778 | 0.986 0.986 0.898

33 | 7.95 | 0947 0.744 | 0.920 0.920 0.870

A3-B2-C9-D5 | 2.233 | 55 | 892 | 0.968 0.775 | 0.968 0.968 0.890
70 | 9.17 [ 0942 0.779 | 0.981 0.981 0.895

33 | 8.64 | 0928 0.736 | 0.903 0.903 0.861

A3-B2-C9-D6 | 2.106 | 55 | 9.90 | 0.967 0.774 | 0.960 0.960 0.886
70 | 10.23 1 0949 0.779 | 0.976 0.976 0.893
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Table E.3 Load Case 2 - Correlation of Design Procedures with the FEM Results

W W /4 /4
Frame* K, F, Wi L = 20 2
(ksi) (kips) I/VFEM I/VFEM I/VFEM I/VFEM

33 | 1.96 | 0.743 | 0.800 0.800 0.789
Al1-B1-CI-D1 | 2.404 | 55 | 290 | 0.714 | 0.820 0.820 0.804
70 | 342 | 0.699 | 0.833 0.833 0.813
33 | 2.60 | 0.684 | 0.721 0.721 0.713
Al1-B1-C1-D2 | 2.010 | 55 | 3.76 | 0.697 | 0.767 0.767 0.755
70 | 441 | 0.692 | 0.789 0.789 0.774
33 | 2.83 | 0.708 | 0.737 0.737 0.731
Al1-B1-C1-D3 | 1.793 | 55 | 439 | 0.681 | 0.733 0.733 0.723
70 | 5.16 | 0.682 | 0.754 0.754 0.742
33 | 3.11 | 0.695 | 0.719 0.720 0.713
Al1-B1-C1-D4 | 1.651 | 55 | 4.88 | 0.669 | 0.710 0.711 0.701
70 | 5.76 | 0.671 | 0.728 0.729 0.717
33 | 3.40 | 0.673 | 0.693 0.696 0.688
Al1-B1-CI-DS5 | 1.550 | 55 | 5.16 | 0.673 | 0.708 0.711 0.700
70 | 6.25 | 0.663 | 0.709 0.713  0.700
33 | 3.58 | 0.667 | 0.684 0.689 0.679
A1-B1-C1-D6 | 1.473 | 55 | 5.62 | 0.649 | 0.678 0.682 0.671
70 | 6.53 | 0.668 | 0.709 0.713 0.700
33 | 239 | 0.745 | 0.809 0.809 0.798
Al1-B1-C2-D1 | 2.571 | 55 | 3.51 | 0.714 | 0.832 0.832 0.814
70 | 4.14 | 0.699 | 0.845 0.845 0.823
33 | 3.12 | 0.696 | 0.740 0.740 0.731
Al1-B1-C2-D2 | 2.179 | 55 | 4.45 | 0.708 | 0.794 0.794 0.780
70 | 528 | 0.692 | 0.805 0.805 0.788
33 | 3.65 | 0.672 | 0.706 0.706 0.698
Al1-B1-C2-D3 | 1.952 | 55 | 521 | 0.694 | 0.759 0.759 0.747
70 | 6.16 | 0.686 | 0.775 0.775 0.761
33 | 407 | 0.653 | 0.680 0.680 0.674
A1-B1-C2-D4 | 1.800 | 55 | 5.85 | 0.678 | 0.731 0.731 0.721
70 | 6.87 | 0.680 | 0.752  0.752 0.740
33 | 425 | 0.665 | 0.689 0.689 0.683
Al1-B1-C2-D5 | 1.689 | 55 | 6.35 | 0.669 | 0.713 0.713 0.704
70 | 748 1 0.672 | 0.733 0.733  0.721
33 | 431 | 0.688 | 0.709 0.711 0.704
Al1-B1-C2-D6 | 1.604 | 55 | 6.77 | 0.661 | 0.699 0.701 0.690
70 | 8.02 | 0.664 | 0.716 0.718 0.705

*Frames are name as:

L Beam to column connection D1, D2, D3, D4, D5, or D6
Column C1, C2, C3, C4, C5, C6, C7, C8, or C9
Upright frame B1 or B2

—— Frame dimension A1, A2, or A3
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Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 2.81 | 0.742 | 0.812 0.812 0.800

Al1-B1-C3-D1 | 2.696 | 55 | 4.10 | 0.713 | 0.840 0.840 0.821
70 | 4.82 | 0.699 | 0.853 0.853 0.830

33 | 3.46 | 0.732 | 0.783 0.783 0.774

Al1-B1-C3-D2 | 2.314 | 55 | 5.14 | 0.706 | 0.803 0.803 0.788
70 | 6.07 | 0.692 | 0.817 0.817 0.798

33 | 418 | 0.684 | 0.723 0.723 0.715

Al1-B1-C3-D3 | 2.082 | 55 | 593 | 0.705 | 0.781 0.781 0.768
70 | 7.05 | 0.688 | 0.791 0.791 0.775

33 | 4.67 | 0.665 | 0.697 0.697 0.690

Al1-B1-C3-D4 | 1.924 | 55 | 6.71 | 0.685 | 0.747 0.747 0.736
70 | 7.84 | 0.686 | 0.772 0.772  0.758

33 | 486 | 0.681 | 0.710 0.710 0.704

Al1-B1-C3-D5 | 1.807 | 55 | 7.30 | 0.676 | 0.729 0.729 0.719
70 | 8.58 | 0.678 | 0.750 0.750 0.737

33 | 520 | 0.669 | 0.694 0.694 0.688

Al1-B1-C3-D6 | 1.716 | 55 | 7.82 | 0.668 | 0.713 0.713 0.704
70 | 9.23 | 0.670 | 0.732 0.732  0.720

33 | 1.59 | 0.684 | 0.728 0.728 0.719

Al1-B1-C4-D1 | 2.161 | 55 | 2.30 | 0.684 | 0.770 0.770 0.756
70 | 270 | 0.675 | 0.787 0.787 0.770

33 | 1.98 | 0.676 | 0.704 0.704 0.697

Al1-B1-C4-D2 | 1.780 | 55 | 3.00 | 0.665 | 0.717 0.717 0.706
70 | 3.56 | 0.660 | 0.731 0.731 0.719

33 | 2.58 | 0.582 | 0.600 0.602 0.595

Al1-B1-C4-D3 | 1.585 | 55 | 3.38 | 0.670 | 0.707 0.710 0.699
70 | 4.14 | 0.651 | 0.701 0.703  0.690

33 | 2.85 | 0.565 | 0.578 0.583 0.574

Al1-B1-C4-D4 | 1.461 | 55 | 3.84 | 0.640 | 0.667 0.672 0.660
70 | 451 | 0.652 | 0.690 0.695 0.681

33 | 298 | 0.570 | 0.581 0.587 0.577

Al1-B1-C4-D5 | 1.374 | 55 | 4.16 | 0.624 | 0.646 0.653 0.640
70 | 4.87 | 0.641 | 0.671 0.678 0.663

33 | 3.09 | 0.572 | 0.581 0.589 0.578

Al1-B1-C4-D6 | 1.309 | 55 | 4.48 | 0.607 | 0.624 0.632 0.618
70 | 5.17 | 0.633 | 0.657 0.665 0.650
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.91 | 0.696 | 0.748 0.748 0.738
Al1-B1-C5-D1 | 2.335 | 55 | 2.75 | 0.688 | 0.789 0.789 0.773
70 | 3.23 | 0.676 | 0.803 0.803 0.783

33 | 252 | 0.651 | 0.684 0.684 0.677
A1-B1-C5-D2 | 1.940 | 55 | 3.59 | 0.672 | 0.737 0.737 0.725
70 | 422 | 0.667 | 0.755 0.755 0.741

33 | 273 | 0.676 | 0.702 0.702 0.696
A1-B1-C5-D3 | 1.728 | 55 | 422 | 0.654 | 0.700 0.700 0.690
70 | 496 | 0.656 | 0.721 0.721 0.708

33 | 335 | 0595 | 0.613 0.616 0.608
A1-B1-C5-D4 | 1.592 | 55 | 4.52 | 0.667 | 0.705 0.707 0.696
70 | 5.53 |1 0.648 | 0.698 0.700 0.687

33 | 3.71 | 0.569 | 0.583 0.587 0.579
A1-B1-C5-D5 | 1.495 | 55 | 490 | 0.656 | 0.686 0.691 0.678
70 | 5.83 | 0.657 | 0.699 0.704 0.689

33 | 391 | 0.564 | 0.576 0.581 0.572
A1-B1-C5-D6 | 1.422 | 55 | 534 | 0.631 | 0.655 0.661 0.648
70 | 6.21 | 0.650 | 0.685 0.691 0.676

33 | 2.19 | 0.706 | 0.765 0.765 0.754
A1-B1-C6-D1 | 2.471 | 55 | 3.18 | 0.688 | 0.798 0.798 0.781
70 | 3.73 1 0.676 | 0.813 0.813 0.792

33 | 2.84 | 0.671 | 0.711 0.711 0.702
Al1-B1-C6-D2 | 2.072 | 55 | 4.11 | 0.677 | 0.753 0.753 0.740
70 | 4.83 1 0.669 | 0.771 0.771 0.754

33 | 3.42 | 0.631 | 0.660 0.660 0.653
A1-B1-C6-D3 | 1.849 | 55 | 4.81 | 0.665 | 0.721 0.721 0.710
70 | 5.67 | 0.661 | 0.739 0.739 0.726

33 | 349 | 0.672 | 0.697 0.697 0.690
A1-B1-C6-D4 | 1.704 | 55 | 535 | 0.657 | 0.702 0.702 0.692
70 | 635 | 0.654 | 0.715 0.715 0.703

33 | 429 | 0.580 | 0.598 0.600 0.593
A1-B1-C6-D5 | 1.599 | 55 | 5.71 | 0.658 | 0.696 0.698 0.687
70 | 693 | 0.645 | 0.695 0.697 0.684

33 | 457 | 0570 | 0.585 0.589 0.581
A1-B1-C6-D6 | 1.520 | 55 | 6.16 | 0.642 | 0.674 0.678 0.666
70 | 7.18 | 0.657 | 0.701 0.705 0.691
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 2.14 | 0.704 | 0.758 0.758 0.748
A1-B1-C7-D1 | 2.431 | 55 | 3.02 | 0.717 | 0.822 0.822 0.805
70 | 3.55 1 0.708 | 0.842 0.842 0.820

33 | 292 | 0.636 | 0.670 0.670 0.663
Al1-B1-C7-D2 | 2.032 | 55 | 3.98 | 0.694 | 0.762 0.762 0.749
70 | 464 | 0.701 | 0.794 0.794 0.777

33 | 3.58 | 0.586 | 0.611 0.611 0.605
Al1-B1-C7-D3 | 1.813 | 55 | 473 | 0.671 | 0.721 0.721 0.710
70 | 548 | 0.690 | 0.758 0.758 0.744

33 | 404 | 0562 | 0.582 0.582 0.577
A1-B1-C7-D4 | 1.670 | 55 | 535 | 0.650 | 0.689 0.690 0.680
70 | 6.16 | 0.677 | 0.731 0.732  0.719

33 | 400 | 0.603 | 0.620 0.623 0.616
A1-B1-C7-D5 | 1.568 | 55 | 5.87 | 0.632 | 0.665 0.668 0.656
70 | 6.73 | 0.666 | 0.710 0.713 0.699

33 | 448 | 0.563 | 0.577 0.582 0.573
A1-B1-C7-D6 | 1.490 | 55 | 6.28 | 0.622 | 0.649 0.654 0.642
70 | 7.21 | 0.656 | 0.694 0.698 0.684

33 | 255 | 0.722 | 0.785 0.785 0.774
A1-B1-C8-D1 | 2.606 | 55 | 3.65 | 0.716 | 0.835 0.835 0.816
70 | 427 1 0.707 | 0.854 0.854 0.831

33 | 3.40 | 0.664 | 0.706 0.706 0.698
A1-B1-C8-D2 | 2.209 | 55 | 4.66 | 0.710 | 0.794 0.794 0.779
70 | 549 1 0.703 | 0.815 0.815 0.796

33 | 413 | 0.619 | 0.650 0.650 0.643
A1-B1-C8-D3 | 1.978 | 55 | 5.57 | 0.685 | 0.748 0.748 0.735
70 | 648 | 0.695 | 0.781 0.781 0.765

33 | 477 | 0.583 | 0.609 0.609 0.603
A1-B1-C8-D4 | 1.824 | 55 | 6.29 | 0.668 | 0.719 0.719 0.708
70 | 7.29 | 0.687 | 0.756  0.756  0.741

33 | 526 | 0.563 | 0.584 0.584 0.579
Al1-B1-C8-D5 | 1.713 | 55 | 6.92 | 0.652 | 0.694 0.694 0.685
70 | 798 | 0.677 | 0.735 0.735 0.722

33 | 557 | 0558 | 0.577 0.578 0.572
Al1-B1-C8-D6 | 1.627 | 55 | 7.47 | 0.639 | 0.675 0.676 0.666
70 | 8.59 | 0.669 | 0.718 0.720 0.706
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 1 294 | 0.731 | 0.802 0.802 0.790
A1-B1-C9-D1 | 2.739 | 55 | 425 | 0.714 | 0.842 0.842 0.822
70 | 497 10.704 | 0.861 0.861 0.836

33 | 3.85 | 0.681 | 0.730 0.730 0.721
Al1-B1-C9-D2 | 2.351 | 55 | 537 | 0.707 | 0.803 0.803 0.787
70 | 6.30 | 0.700 | 0.825 0.825 0.805

33 | 463 | 0.642 | 0.679 0.679 0.672
Al1-B1-C9-D3 | 2.115 | 55 | 6.34 | 0.692 | 0.766 0.766 0.752
70 | 7.38 1 0.696 | 0.797 0.797 0.780

33 | 533 | 0.608 | 0.638 0.638 0.632
A1-B1-C9-D4 | 1.954 | 55 | 7.16 | 0.678 | 0.738 0.738 0.726
70 | 830 | 0.691 | 0.773 0.773  0.757

33 | 595 | 0.581 | 0.607 0.607 0.601
A1-B1-C9-D5 | 1.836 | 55 | 7.86 | 0.665 | 0.716 0.716 0.705
70 | 9.10 | 0.684 | 0.753 0.753 0.739

33 | 647 | 0.563 | 0.585 0.585 0.580
A1-B1-C9-D6 | 1.744 | 55 | 8.49 | 0.653 | 0.697 0.697 0.687
70 1 9.79 1 0.677 | 0.737 0.737 0.724

33 | 1.95 | 0.735 | 0.793 0.793 0.783
A1-B2-CI1-D1 | 2.404 | 55 | 2.90 | 0.698 | 0.807 0.807 0.792
70 | 3.42 | 0.680 | 0.815 0.815 0.797

33 | 2.60 | 0.675 | 0.713 0.713 0.705
A1-B2-C1-D2 | 2.010 | 55 | 3.75 | 0.679 | 0.753 0.753 0.741
70 | 440 | 0.669 | 0.768 0.768 0.754

33 | 3.06 | 0.645 | 0.673 0.673 0.667
A1-B2-C1-D3 | 1.793 | 55 | 438 | 0.663 | 0.718 0.718 0.708
70 | 5.18 | 0.652 | 0.729 0.729 0.717

33 | 3.19 | 0.667 | 0.691 0.692 0.685
A1-B2-C1-D4 | 1.651 | 55 | 4.88 | 0.648 | 0.691 0.692 0.683
70 | 5.76 | 0.644 | 0.704 0.705 0.694

33 | 3.39 | 0.665 | 0.684 0.688 0.680
Al1-B2-C1-D5 | 1.550 | 55 | 5.11 | 0.659 | 0.696 0.699 0.688
70 | 6.27 | 0.633 | 0.682 0.685 0.673

33 | 405 | 0.581 | 0.595 0.600 0.591
A1-B2-C1-D6 | 1.473 | 55 | 5.67 | 0.622 | 0.652 0.656 0.645
70 | 6.52 | 0.640 | 0.683 0.687 0.675
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 239 | 0.736 | 0.802 0.802 0.791
A1-B2-C2-D1 | 2.571 | 55 | 3.51 | 0.700 | 0.820 0.820 0.803
70 | 4.14 | 0.683 | 0.829 0.829 0.809

33 1 299 | 0.717 | 0.764 0.764 0.755
A1-B2-C2-D2 | 2.179 | 55 | 4.44 | 0.691 | 0.781 0.781 0.767
70 | 528 | 0.671 | 0.786 0.786 0.770

33 | 3.64 | 0.664 | 0.698 0.698 0.691
A1-B2-C2-D3 | 1.952 | 55 | 521 | 0.675 | 0.743 0.743 0.732
70 | 6.15 | 0.662 | 0.754 0.754 0.741

33 | 402 | 0.652 | 0.680 0.680 0.674
A1-B2-C2-D4 | 1.800 | 55 | 5.84 | 0.661 | 0.715 0.715 0.706
70 | 6.87 | 0.653 | 0.730 0.730 0.718

33 | 424 | 0.657 | 0.681 0.681 0.675
A1-B2-C2-D5 | 1.689 | 55 | 6.36 | 0.649 | 0.695 0.695 0.686
70 | 749 1 0.644 | 0.708 0.708 0.698

33 | 434 | 0.672 | 0.693 0.695 0.688
A1-B2-C2-D6 | 1.604 | 55 | 6.80 | 0.639 | 0.678 0.680 0.670
70 | 8.02 | 0.637 | 0.691 0.693 0.682

33 | 2.80 | 0.736 | 0.808 0.808 0.797
A1-B2-C3-D1 | 2.696 | 55 | 4.10 | 0.700 | 0.828 0.828 0.810
70 | 4.82 | 0.684 | 0.838 0.838 0.816

33 | 342 |1 0.731 | 0.784 0.784 0.775
A1-B2-C3-D2 | 2314 | 55 | 5.14 | 0.690 | 0.790 0.790 0.775
70 | 6.07 | 0.674 | 0.800 0.800 0.782

33 | 416 | 0.677 | 0.717 0.717 0.710
A1-B2-C3-D3 | 2.082 | 55 | 597 | 0.681 | 0.761 0.761 0.749
70 | 7.05 | 0.666 | 0.771 0.771 0.756

33 | 4.67 | 0.656 | 0.689 0.689 0.682
A1-B2-C3-D4 | 1.924 | 55 | 6.67 | 0.671 | 0.736  0.736 0.726
70 | 7.87 1 0.659 | 0.748 0.748 0.735

33 | 5.09 | 0.642 | 0.669 0.669 0.664
Al1-B2-C3-D5 | 1.807 | 55 | 7.30 | 0.658 | 0.713 0.713 0.703
70 | 8.58 | 0.652 | 0.728 0.728 0.717

33 | 5.04 | 0.681 | 0.707 0.707 0.701
A1-B2-C3-D6 | 1.716 | 55 | 7.81 | 0.650 | 0.697 0.697 0.688
70 | 9.22 | 0.644 | 0.710 0.710 0.700
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.56 | 0.689 | 0.733 0.733 0.725
A1-B2-C4-D1 | 2.161 | 55 | 229 | 0.658 | 0.742 0.742 0.729
70 | 2.70 1 0.631 | 0.733 0.733 0.718

33 | 2.03 | 0.653 | 0.680 0.680 0.674
Al1-B2-C4-D2 | 1.780 | 55 | 3.02 | 0.632 | 0.682 0.682 0.673
70 | 3.55 | 0.612 | 0.678 0.678 0.667

33 | 258 | 0574 | 0.591 0.593 0.586
A1-B2-C4-D3 | 1.585 | 55 | 3.42 | 0.631 | 0.667 0.670 0.659
70 | 4.13 1 0.599 | 0.646  0.648 0.637

33 | 2.89 | 0.549 | 0.562 0.567 0.558
A1-B2-C4-D4 | 1.461 | 55 | 3.83 | 0.609 | 0.636 0.640 0.629
70 | 447 1 0.602 | 0.638 0.642 0.630

33 | 3.04 | 0.550 | 0.560 0.566 0.557
A1-B2-C4-D5 | 1.374 | 55 | 421 | 0.587 | 0.608 0.614 0.602
70 | 4.87 | 0.587 | 0.615 0.621 0.608

33 | 3.08 | 0.564 | 0.573 0.580 0.569
A1-B2-C4-D6 | 1.309 | 55 | 4.56 | 0.566 | 0.582 0.589 0.577
70 | 5.18 | 0.578 | 0.600 0.607 0.594

33 | 1.88 | 0.698 | 0.751 0.751 0.741
A1-B2-C5-D1 | 2.335 | 55 | 2.75 | 0.664 | 0.761 0.761 0.747
70 | 3.23 1 0.637 | 0.753 0.753 0.736

33 | 250 | 0.649 | 0.682 0.682 0.675
A1-B2-C5-D2 | 1.940 | 55 | 3.57 | 0.648 | 0.713 0.713 0.702
70 | 422 | 0.622 | 0.705 0.705 0.692

33 | 2.74 | 0.664 | 0.690 0.690 0.684
A1-B2-C5-D3 | 1.728 | 55 | 422 | 0.626 | 0.672 0.672 0.663
70 | 495 | 0.609 | 0.670 0.670 0.660

33 | 3.35 | 0.588 | 0.606 0.608 0.601
A1-B2-C5-D4 | 1.592 | 55 | 4.52 | 0.638 | 0.674 0.677 0.666
70 | 5.51 | 0.600 | 0.648 0.650 0.639

33 | 3.74 | 0557 | 0.571 0.575 0.567
A1-B2-C5-D5 | 1.495 | 55 | 499 | 0.615 | 0.644 0.648 0.637
70 | 5.83 | 0.607 | 0.646 0.650 0.638

33 | 394 | 0552 | 0.564 0.569 0.560
A1-B2-C5-D6 | 1.422 | 55 | 536 | 0.599 | 0.623 0.628 0.617
70 | 6.17 | 0.603 | 0.636 0.641 0.628
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 2.17 | 0.704 | 0.764 0.764 0.754
A1-B2-C6-D1 | 2.471 | 55 | 3.17 | 0.668 | 0.775 0.775 0.759
70 | 3.73 1 0.642 | 0.767 0.767 0.749

33 | 2.81 | 0.672 | 0.712 0.712 0.704
A1-B2-C6-D2 | 2.072 | 55 | 4.09 | 0.655 | 0.731 0.731 0.719
70 | 4.82 | 0.630 | 0.724 0.724 0.710

33 | 3.15 | 0.678 | 0.709 0.709 0.702
A1-B2-C6-D3 | 1.849 | 55 | 4.80 | 0.643 | 0.698 0.698 0.688
70 | 5.65 | 0.620 | 0.694 0.694 0.682

33 | 3.49 | 0.664 | 0.688 0.688 0.682
A1-B2-C6-D4 | 1.704 | 55 | 537 | 0.630 | 0.673 0.673 0.665
70 | 6.34 | 0.610 | 0.669 0.669 0.659

33 | 420 | 0.586 | 0.604 0.606 0.599
A1-B2-C6-D5 | 1.599 | 55 | 5.63 | 0.642 | 0.679 0.681 0.671
70 | 6.87 | 0.605 | 0.653 0.655 0.644

33 | 463 | 0556 | 0.571 0.574 0.567
A1-B2-C6-D6 | 1.520 | 55 | 6.13 | 0.620 | 0.651 0.654 0.643
70 | 7.19 ] 0.611 | 0.652 0.655 0.643

33 | 2.13 | 0.706 | 0.760 0.760 0.750
A1-B2-C7-D1 | 2.431 | 55 | 3.01 | 0.718 | 0.823 0.823 0.806
70 | 3.54 1 0.709 | 0.843 0.843 0.822

33 | 292 | 0.636 | 0.671 0.671 0.663
A1-B2-C7-D2 | 2.032 | 55 | 3.98 | 0.695 | 0.762 0.762 0.749
70 | 4.63 | 0.702 | 0.795 0.795 0.778

33 | 3.59 | 0.583 | 0.608 0.608 0.602
Al1-B2-C7-D3 | 1.813 | 55 | 472 | 0.672 | 0.722 0.722 0.711
70 | 548 | 0.690 | 0.758 0.758 0.744

33 | 407 | 0.558 | 0.578 0.578 0.573
A1-B2-C7-D4 | 1.670 | 55 | 535 | 0.649 | 0.689 0.689 0.679
70 | 6.16 | 0.678 | 0.731 0.732 0.719

33 | 428 | 0.563 | 0.580 0.583 0.575
A1-B2-C7-D5 | 1.568 | 55 | 5.89 | 0.631 | 0.663 0.666 0.655
70 | 6.73 | 0.665 | 0.710 0.713 0.699

33 | 452 | 0559 | 0573 0577 0.569
A1-B2-C7-D6 | 1.490 | 55 | 6.31 | 0.620 | 0.647 0.651 0.639
70 | 7.23 | 0.654 | 0.692 0.696 0.681
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 25510722 | 0.786 0.786 0.775
A1-B2-C8-D1 | 2.606 | 55 | 3.64 | 0.716 | 0.835 0.835 0.816
70 | 427 1 0.707 | 0.854 0.854 0.831

33 | 3.40 | 0.664 | 0.707 0.707 0.698
A1-B2-C8-D2 | 2.209 | 55 | 4.70 | 0.705 | 0.788 0.788 0.773
70 | 549 1 0.703 | 0.815 0.815 0.796

33 | 413 | 0.619 | 0.650 0.650 0.643
A1-B2-C8-D3 | 1.978 | 55 | 5.57 | 0.685 | 0.748 0.748 0.735
70 | 648 | 0.696 | 0.782 0.782  0.765

33 | 478 | 0.582 | 0.607 0.607 0.601
A1-B2-C8-D4 | 1.824 | 55 | 6.30 | 0.668 | 0.719 0.719 0.708
70 | 7.29 | 0.687 | 0.756  0.756  0.742

33 | 529 | 0.560 | 0.581 0.581 0.576
Al1-B2-C8-D5 | 1.713 | 55 | 692 | 0.653 | 0.695 0.695 0.685
70 | 7.98 | 0.678 | 0.735 0.735 0.722

33 | 5.61 | 0.555 | 0573 0.575 0.569
A1-B2-C8-D6 | 1.627 | 55 | 7.48 | 0.638 | 0.674 0.676 0.665
70 | 859 | 0.668 | 0.718 0.719 0.706

33 | 294 | 0.732 | 0.803 0.803 0.791
A1-B2-C9-D1 | 2.739 | 55 | 425 | 0.714 | 0.842 0.842 0.822
70 | 497 10.704 | 0.861 0.861 0.836

33 | 3.65 | 0.720 | 0.772 0.772 0.762
A1-B2-C9-D2 | 2.351 | 55 | 537 | 0.707 | 0.804 0.804 0.787
70 | 630 | 0.701 | 0.826 0.826  0.805

33 | 463 | 0.642 | 0.680 0.680 0.672
A1-B2-C9-D3 | 2.115 | 55 | 6.34 | 0.693 | 0.767 0.767 0.753
70 | 7.36 | 0.698 | 0.799 0.799 0.781

33 | 534 | 0.608 | 0.638 0.638 0.631
A1-B2-C9-D4 | 1.954 | 55 | 7.15 | 0.679 | 0.739 0.739 0.727
70 | 830 | 0.691 | 0.773 0.773  0.758

33 | 597 | 0579 | 0.605 0.605 0.599
A1-B2-C9-D5 | 1.836 | 55 | 7.86 | 0.665 | 0.716 0.716 0.705
70 | 9.10 | 0.684 | 0.753 0.753 0.739

33 | 648 | 0.562 | 0.584 0.584 0.579
A1-B2-C9-D6 | 1.744 | 55 | 8.49 | 0.653 | 0.697 0.697 0.687
70 | 9.79 | 0.676 | 0.737 0.737 0.724
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Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 1.66 | 0.754 | 0.814 0.814 0.804

A2-B1-C1-D1 | 2.561 | 55 | 2.48 | 0.718 | 0.830 0.830 0.813
70 | 2.92 | 0.706 | 0.845 0.845 0.825

33 | 2.10 | 0.740 | 0.781 0.781 0.773

A2-B1-C1-D2 | 2.119 | 55 | 3.25 | 0.704 | 0.779 0.779 0.766
70 | 3.82 | 0.697 | 0.799 0.799 0.783

33 | 273 | 0.645 | 0.672 0.672 0.666

A2-B1-C1-D3 | 1.885 | 55 | 3.63 | 0.725 | 0.783 0.783 0.772
70 | 439 | 0.705 | 0.784 0.784 0.771

33 | 3.05 | 0.627 | 0.649 0.649 0.644

A2-B1-C1-D4 | 1.736 | 55 | 427 | 0.673 | 0.718 0.718 0.709
70 | 4.81 | 0.709 | 0.773 0.773 0.761

33 | 3.08 | 0.658 | 0.678 0.680 0.673

A2-B1-C1-D5 | 1.631 | 55 | 4.65 | 0.661 | 0.698 0.699 0.689
70 | 540 | 0.678 | 0.730 0.731 0.719

33 | 3.10 | 0.683 | 0.701 0.705 0.696

A2-B1-C1-D6 | 1.552 | 55 | 495 | 0.652 | 0.684 0.687 0.676
70 | 5778 ] 0.668 | 0.711 0.715 0.702

33 | 2.04 | 0.745 | 0.813 0.813 0.802

A2-B1-C2-D1 | 2.755 | 55 | 2.97 | 0.720 | 0.844 0.844 0.826
70 | 3.51 | 0.704 | 0.856 0.856 0.833

33 | 253 |1 0.747 | 0.796 0.796 0.786

A2-B1-C2-D2 | 2.305 | 55 | 3.87 | 0.706 | 0.796 0.796 0.782
70 | 455 | 0.699 | 0.817 0.817 0.799

33 1 293 |10.732 | 0.770 0.770  0.762

A2-B1-C2-D3 | 2.056 | 55 | 4.41 | 0.718 | 0.788 0.788 0.776
70 | 535 ] 0.691 | 0.786 0.786 0.771

33 | 3.48 | 0.672 | 0.701 0.701 0.695

A2-B1-C2-D4 | 1.893 | 55 | 487 | 0.716 | 0.774 0.774 0.763
70 | 5.82 | 0.705 | 0.785 0.785 0.772

33 | 404 | 0.616 | 0.639 0.639 0.634

A2-B1-C2-D5 | 1.777 | 55 | 5.54 | 0.676 | 0.723 0.723 0.713
70 | 6.27 | 0.706 | 0.774 0.774 0.762

33 | 4.10 | 0.639 | 0.660 0.660 0.655

A2-B1-C2-D6 | 1.688 | 55 | 5.96 | 0.663 | 0.704 0.704 0.695
70 | 6.90 | 0.681 | 0.738 0.738 0.727

98




Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 234 | 0.752 | 0.828 0.828 0.816

A2-B1-C3-D1 | 2904 | 55 | 3.45 | 0.717 | 0.850 0.850 0.831
70 | 4.06 | 0.703 | 0.863 0.863 0.839

33 | 3.11 | 0.705 | 0.757 0.757 0.747

A2-B1-C3-D2 | 2.456 | 55 | 4.43 | 0.709 | 0.811 0.811 0.795
70 | 5.20 | 0.699 | 0.829 0.829 0.810

33 | 337 | 0.739 | 0.783 0.783 0.774

A2-B1-C3-D3 | 2.198 | 55 | 5.21 | 0.697 | 0.778 0.778 0.764
70 | 6.11 | 0.693 | 0.800 0.800 0.784

33 | 3.74 | 0.728 | 0.765 0.765 0.757

A2-B1-C3-D4 | 2.026 | 55 | 5.64 | 0.715 | 0.783 0.783 0.770
70 | 6.85 | 0.688 | 0.779 0.779 0.764

33 | 403 | 0.722 | 0.754 0.754 0.747

A2-B1-C3-D5 | 1.901 | 55 | 6.14 | 0.707 | 0.765 0.765 0.754
70 | 7.30 | 0.699 | 0.779 0.779 0.766

33 | 496 | 0.618 | 0.642 0.642 0.636

A2-B1-C3-D6 | 1.805 | 55 | 6.72 | 0.685 | 0.734 0.734 0.724
70 | 772 1 0.704 | 0.774 0.774 0.762

33 | 1.32 | 0.714 | 0.761 0.761 0.752

A2-B1-C4-D1 | 2.285 | 55 | 1.96 | 0.697 | 0.789 0.789 0.774
70 | 232 | 0.683 | 0.800 0.800 0.782

33 | 1.92 | 0.613 | 0.640 0.640 0.634

A2-B1-C4-D2 | 1.872 | 55 | 2.62 | 0.668 | 0.723 0.723 0.712
70 | 3.08 | 0.669 | 0.745 0.745 0.732

33 | 2.06 | 0.642 | 0.663 0.664 0.657

A2-B1-C4-D3 | 1.667 | 55 | 3.08 | 0.649 | 0.688 0.689 0.679
70 | 3.59 | 0.661 | 0.716 0.716 0.704

33 | 2.04 | 0.699 | 0.717 0.721 0.712

A2-B1-C4-D4 | 1.539 | 55 | 3.39 | 0.639 | 0.669 0.673 0.662
70 | 3.95 | 0.656 | 0.699 0.703 0.689

33 | 2.47 | 0.607 | 0.620 0.626 0.616

A2-B1-C4-D5 | 1.451 | 55 | 3.45 | 0.667 | 0.693 0.699 0.686
70 | 424 | 0.650 | 0.685 0.690 0.676

33 | 253 | 0.618 | 0.629 0.636 0.625

A2-B1-C4-D6 | 1.386 | 55 | 3.49 | 0.687 | 0.710 0.717 0.703
70 | 426 | 0.678 | 0.709 0.716 0.700

99




Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.58 | 0.722 | 0.779 0.779 0.769
A2-B1-C5-D1 | 2.479 | 55 | 236 | 0.691 | 0.797 0.797 0.780
70 | 2.77 1 0.681 | 0.813 0.813 0.793

33 | 221 | 0.649 | 0.683 0.683 0.676
A2-B1-C5-D2 | 2.043 | 55 | 3.11 | 0.676 | 0.745 0.745 0.733
70 | 3.65 | 0.673 | 0.767 0.767 0.752

33 | 271 | 0598 | 0.622 0.622 0.616
A2-B1-C5-D3 | 1.817 | 55 | 3.67 | 0.661 | 0.711 0.711 0.701
70 | 430 | 0.664 | 0.735 0.735 0.722

33 | 2.75 | 0.639 | 0.660 0.661 0.655
A2-B1-C5-D4 | 1.675 | 55 | 4.10 | 0.647 | 0.686 0.687 0.677
70 | 478 1 0.660 | 0.715 0.716  0.704

33 | 275 | 0.678 | 0.697 0.700 0.691
A2-B1-C5-D5 | 1.575 | 55 | 442 | 0.640 | 0.673 0.676 0.665
70 | 5.16 | 0.655 | 0.701 0.704 0.691

33 | 2.80 | 0.697 | 0.714 0.719 0.709
A2-B1-C5-D6 | 1.501 | 55 | 4.52 | 0.659 | 0.688 0.692 0.680
70 | 547 1 0.651 | 0.690 0.694 0.680

33 | 1.86 | 0.710 | 0.773 0.773  0.762
A2-B1-C6-D1 | 2.635 | 55 | 2.71 | 0.691 | 0.806 0.806 0.789
70 | 3.18 | 0.679 | 0.821 0.821 0.800

33 | 249 | 0.668 | 0.708 0.708 0.700
A2-B1-C6-D2 | 2.186 | 55 | 3.55 | 0.682 | 0.763 0.763 0.749
70 | 4.15 | 0.678 | 0.785 0.785 0.768

33 | 3.02 | 0.627 | 0.657 0.657 0.650
A2-B1-C6-D3 | 1.946 | 55 | 4.19 | 0.670 | 0.729 0.729 0.718
70 | 491 | 0.669 | 0.752  0.752 0.738

33 | 3.44 | 0599 | 0.623 0.623 0.617
A2-B1-C6-D4 | 1.792 | 55 | 4.70 | 0.657 | 0.704 0.704 0.694
70 | 5.50 | 0.663 | 0.730 0.730 0.718

33 | 3.42 | 0.642 | 0.663 0.664 0.657
A2-B1-C6-D5 | 1.684 | 55 | 5.13 | 0.645 | 0.685 0.685 0.676
70 | 597 | 0.659 | 0.715 0.715 0.703

33 | 3.44 | 0.669 | 0.689 0.691 0.683
A2-B1-C6-D6 | 1.602 | 55 | 545 | 0.640 | 0.674 0.677 0.666
70 | 635 | 0.655 | 0.703 0.705 0.692
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.87 | 0.690 | 0.746 0.746 0.736
A2-B1-C7-D1 | 2.589 | 55 | 2.60 | 0.711 | 0.821 0.821 0.804
70 | 3.04 | 0.708 | 0.846 0.846 0.824

33 | 2.62 | 0.618 | 0.653 0.653 0.646
A2-B1-C7-D2 | 2.143 | 55 | 333 | 0.722 | 0.796 0.796 0.782
70 | 4.03 | 0.699 | 0.797 0.797 0.780

33 | 3.19 | 0.576 | 0.601 0.601 0.595
A2-B1-C7-D3 | 1.907 | 55 | 4.15 | 0.668 | 0.720 0.720 0.709
70 | 478 1 0.690 | 0.762 0.762 0.748

33 | 3.42 | 0.583 | 0.604 0.604 0.599
A2-B1-C7-D4 | 1.757 | 55 | 4.70 | 0.649 | 0.690 0.690 0.681
70 | 538 | 0.680 | 0.737 0.737 0.725

33 | 3.58 | 0592 | 0.611 0.612 0.606
A2-B1-C7-D5 | 1.651 | 55 | 5.12 | 0.638 | 0.673 0.674 0.664
70 | 5.86 | 0.671 | 0.719 0.720 0.707

33 | 3.70 | 0.601 | 0.618 0.621 0.613
A2-B1-C7-D6 | 1.571 | 55 | 537 | 0.641 | 0.671 0.674 0.663
70 | 6.26 | 0.664 | 0.705 0.708 0.695

33 | 220 | 0.708 | 0.775 0.775 0.763
A2-B1-C8-D1 | 2.792 | 55 | 3.10 | 0.714 | 0.838 0.838 0.819
70 | 3.63 | 0.705 | 0.858 0.858 0.834

33 | 2.77 | 0.708 | 0.754 0.754 0.745
A2-B1-C8-D2 | 2.336 | 55 | 4.10 | 0.696 | 0.784 0.784 0.768
70 | 476 | 0.700 | 0.817 0.817 0.797

33 | 3.69 | 0.605 | 0.637 0.637 0.630
A2-B1-C8-D3 | 2.084 | 55 | 4.89 | 0.681 | 0.746 0.746 0.733
70 | 5.61 | 0.698 | 0.790 0.790 0.773

33 | 424 | 0574 | 0.600 0.600 0.594
A2-B1-C8-D4 | 1.920 | 55 | 553 | 0.665 | 0.718 0.718 0.707
70 | 6.36 | 0.687 | 0.760 0.760  0.745

33 | 449 | 0.580 | 0.602 0.602 0.597
A2-B1-C8-D5 | 1.802 | 55 | 6.09 | 0.650 | 0.695 0.695 0.684
70 | 697 | 0.679 | 0.741 0.741 0.728

33 | 467 | 0.587 | 0.607 0.607 0.602
A2-B1-C8-D6 | 1.713 | 55 | 6.53 | 0.641 | 0.680 0.680 0.671
70 | 749 | 0.672 | 0.725 0.725 0.713
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 252 | 0717 | 0.793 0.793 0.781
A2-B1-C9-DI1 | 2950 | 55 | 3.59 | 0.711 | 0.845 0.845 0.825
70 | 4.19 | 0.703 | 0.865 0.865 0.840

33 | 337 | 0.670 | 0.721 0.721 0.711
A2-B1-C9-D2 | 2.495 | 55 | 4.66 | 0.699 | 0.800 0.800 0.784
70 | 541 | 0.701 | 0.831 0.831 0.810

33 | 3.59 | 0.720 | 0.764 0.764 0.755
A2-B1-C9-D3 | 2.233 | 55 | 5.52 | 0.690 | 0.768 0.768 0.754
70 | 642 | 0.693 | 0.799 0.799 0.781

33 | 478 | 0592 | 0.623 0.623 0.616
A2-B1-C9-D4 | 2.058 | 55 | 6.28 | 0.674 | 0.737 0.737 0.724
70 | 7.10 ] 0.702 | 0.791 0.791 0.775

33 | 529 | 0573 | 0.599 0.599 0.593
A2-B1-C9-D5 | 1.932 | 55 | 6.90 | 0.662 | 0.716 0.716 0.705
70 | 7.94 | 0.683 | 0.757 0.757 0.743

33 | 555 | 0577 | 0.600 0.600 0.594
A2-B1-C9-D6 | 1.835 | 55 | 7.47 | 0.650 | 0.697 0.697 0.686
70 | 856 | 0.677 | 0.742 0.742  0.728

33 | 1.71 | 0.722 | 0.782 0.782 0.772
A2-B2-C1-D1 | 2.561 | 55 | 2.47 | 0.706 | 0.820 0.820 0.804
70 | 291 | 0.690 | 0.831 0.831 0.811

33 1 2.09 | 0.736 | 0.778 0.778 0.770
A2-B2-C1-D2 | 2.119 | 55 | 3.18 | 0.701 | 0.781 0.781 0.769
70 | 3.82 | 0.676 | 0.780 0.780 0.766

33 1 279 | 0.623 | 0.650 0.650 0.644
A2-B2-C1-D3 | 1.885 | 55 | 3.65 | 0.701 | 0.761 0.761 0.751
70 | 438 | 0.680 | 0.763 0.763 0.751

33 | 3.03 | 0.621 | 0.643 0.643 0.638
A2-B2-C1-D4 | 1.736 | 55 | 428 | 0.654 | 0.701 0.701 0.692
70 | 4.82 | 0.680 | 0.749 0.749 0.738

33 | 3.09 | 0.647 | 0.667 0.668 0.662
A2-B2-C1-D5 | 1.631 | 55 | 470 | 0.635 | 0.673 0.675 0.666
70 | 540 | 0.651 | 0.706 0.708 0.697

33 | 3.02 | 0.690 | 0.709 0.712 0.704
A2-B2-C1-D6 | 1.552 | 55 | 496 | 0.632 | 0.665 0.668 0.658
70 | 5.81 | 0.638 | 0.684 0.687 0.675
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Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 2.02 | 0.743 | 0.815 0.815 0.803

A2-B2-C2-D1 | 2.755 | 55 | 2.97 | 0.708 | 0.834 0.834 0.817
70 | 3.50 | 0.691 | 0.842 0.842 0.821

33 | 252 | 0.741 | 0.791 0.791 0.782

A2-B2-C2-D2 | 2.305 | 55 | 3.86 | 0.692 | 0.786 0.786 0.772
70 | 454 | 0.682 | 0.801 0.801 0.784

33 | 3.26 | 0.649 | 0.684 0.684 0.677

A2-B2-C2-D3 | 2.056 | 55 | 442 | 0.698 | 0.773 0.773 0.761
70 | 534 | 0.671 | 0.768 0.768 0.754

33 | 3.72 | 0.620 | 0.648 0.648 0.642

A2-B2-C2-D4 | 1.893 | 55 | 4.84 | 0.702 | 0.764 0.764 0.753
70 | 5.84 | 0.678 | 0.761 0.761 0.749

33 | 3.45 | 0.711 | 0.739 0.739 0.733

A2-B2-C2-D5 | 1.777 | 55 | 553 | 0.659 | 0.708 0.708 0.699
70 | 6.29 | 0.678 | 0.750 0.750 0.738

33 | 4.09 | 0.630 | 0.652 0.652 0.647

A2-B2-C2-D6 | 1.688 | 55 | 6.01 | 0.640 | 0.682 0.682 0.674
70 | 691 | 0.654 | 0.715 0.715 0.705

33 | 234 | 0.743 | 0.823 0.823 0.810

A2-B2-C3-D1 | 2904 | 55 | 3.45 | 0.707 | 0.841 0.841 0.822
70 | 4.06 | 0.691 | 0.850 0.850 0.828

33 | 3.09 | 0.701 | 0.755 0.755 0.745

A2-B2-C3-D2 | 2.456 | 55 | 4.41 | 0.697 | 0.801 0.801 0.786
70 | 5.19 | 0.684 | 0.815 0.815 0.796

33 | 336 | 0.733 | 0.778 0.778 0.770

A2-B2-C3-D3 | 2.198 | 55 | 5.19 | 0.684 | 0.768 0.768 0.755
70 | 6.10 | 0.675 | 0.785 0.785 0.769

33 | 379 | 0.711 | 0.748 0.748 0.740

A2-B2-C3-D4 | 2.026 | 55 | 5.64 | 0.696 | 0.767 0.767 0.756
70 | 6.75 ] 0.676 | 0.771 0.771 0.757

33 | 4.64 | 0.619 | 0.647 0.647 0.641

A2-B2-C3-D5 | 1.901 | 55 | 6.09 | 0.695 | 0.757 0.757 0.746
70 | 7.30 | 0.675 | 0.759 0.759 0.746

33 | 5.04 | 0.600 | 0.624 0.624 0.619

A2-B2-C3-D6 | 1.805 | 55 | 6.81 | 0.659 | 0.710 0.710 0.700
70 | 7.73 | 0.678 | 0.753 0.753 0.741
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.38 | 0.678 | 0.724 0.724 0.715
A2-B2-C4-D1 | 2.285 | 55 | 1.96 | 0.670 | 0.759 0.759 0.745
70 | 232 1 0.640 | 0.746  0.746  0.731

33 | 1.96 | 0.595 | 0.621 0.621 0.615
A2-B2-C4-D2 | 1.872 | 55 | 2.63 | 0.638 | 0.691 0.691 0.682
70 | 3.08 | 0.619 | 0.690 0.690 0.678

33 | 2.05 | 0.635 | 0.656 0.656 0.650
A2-B2-C4-D3 | 1.667 | 55 | 3.11 | 0.612 | 0.650 0.651 0.642
70 | 3.62 | 0.603 | 0.655 0.655 0.645

33 | 2.04 | 0.687 | 0.705 0.709 0.700
A2-B2-C4-D4 | 1.539 | 55 | 338 | 0.612 | 0.641 0.645 0.634
70 | 3.98 | 0.598 | 0.638 0.641 0.629

33 | 2.50 | 0.592 | 0.605 0.610 0.601
A2-B2-C4-D5 | 1.451 | 55 | 3.41 | 0.642 | 0.667 0.673 0.661
70 | 4.19 | 0.604 | 0.637 0.642 0.630

33 | 2.55 | 0.602 | 0.613 0.620 0.609
A2-B2-C4-D6 | 1.386 | 55 | 3.79 | 0.603 | 0.623 0.629 0.617
70 | 429 | 0.618 | 0.646 0.652 0.639

33 | 1.58 | 0.718 | 0.776  0.776  0.766
A2-B2-C5-D1 | 2.479 | 55 | 235 | 0.671 | 0.773 0.773 0.758
70 | 2.77 1 0.643 | 0.763 0.763 0.746

33 | 220 | 0.644 | 0.678 0.678 0.671
A2-B2-C5-D2 | 2.043 | 55 | 3.11 | 0.651 | 0.719 0.719 0.708
70 | 3.65 | 0.631 | 0.717 0.717 0.704

33 | 2.65 | 0.606 | 0.630 0.630 0.624
A2-B2-C5-D3 | 1.817 | 55 | 3.68 | 0.632 | 0.681 0.681 0.672
70 | 430 | 0.618 | 0.683 0.683 0.672

33 | 275 | 0.632 | 0.653 0.654 0.648
A2-B2-C5-D4 | 1.675 | 55 | 4.10 | 0.621 | 0.660 0.660 0.651
70 | 478 | 0.611 | 0.664 0.664 0.654

33 | 2.76 | 0.666 | 0.685 0.688 0.680
A2-B2-C5-D5 | 1.575 | 55 | 442 | 0.613 | 0.645 0.648 0.638
70 | 5.15 | 0.607 | 0.650 0.652 0.641

33 | 3.26 | 0.591 | 0.605 0.609 0.600
A2-B2-C5-D6 | 1.501 | 55 | 4.52 | 0.630 | 0.658 0.662 0.651
70 | 547 | 0.602 | 0.638 0.642 0.630
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 1.84 | 0.710 | 0.775 0.775 0.764
A2-B2-C6-D1 | 2.635 | 55 | 2.70 | 0.673 | 0.785 0.785 0.769
70 | 3.18 1 0.646 | 0.776  0.776  0.757

33 | 248 | 0.666 | 0.707 0.707 0.699
A2-B2-C6-D2 | 2.186 | 55 | 3.53 | 0.662 | 0.742 0.742 0.729
70 | 4.16 | 0.638 | 0.736  0.736  0.722

33 | 3.03 | 0.617 | 0.647 0.647 0.640
A2-B2-C6-D3 | 1.946 | 55 | 4.18 | 0.647 | 0.707 0.707 0.696
70 | 491 | 0.628 | 0.705 0.705 0.693

33 | 343 |1 0595 | 0.619 0.619 0.613
A2-B2-C6-D4 | 1.792 | 55 | 472 | 0.631 | 0.678 0.678 0.668
70 | 5.50 | 0.619 | 0.682 0.682 0.671

33 | 3.41 | 0.636 | 0.658 0.658 0.652
A2-B2-C6-D5 | 1.684 | 55 | 5.13 | 0.621 | 0.660 0.660 0.651
70 | 5.96 | 0.614 | 0.667 0.668 0.658

33 | 3.46 | 0.657 | 0.676 0.679 0.671
A2-B2-C6-D6 | 1.602 | 55 | 548 | 0.613 | 0.646 0.648 0.638
70 | 636 | 0.610 | 0.655 0.657 0.646

33 | 1.86 | 0.694 | 0.750 0.750 0.740
A2-B2-C7-D1 | 2.589 | 55 | 2.60 | 0.712 | 0.822 0.822 0.805
70 | 3.03 | 0.708 | 0.847 0.847 0.825

33 | 2.62 | 0.618 | 0.653 0.653 0.645
A2-B2-C7-D2 | 2.143 | 55 | 3.47 | 0.692 | 0.763 0.763 0.750
70 | 4.03 | 0.699 | 0.797 0.797 0.780

33 | 3.20 | 0.573 | 0.598 0.598 0.592
A2-B2-C7-D3 | 1.907 | 55 | 4.15 | 0.668 | 0.720 0.720 0.709
70 | 478 1 0.690 | 0.762 0.762 0.748

33 | 3.45 | 0578 | 0.599 0.599 0.594
A2-B2-C7-D4 | 1.757 | 55 | 471 | 0.647 | 0.688 0.688 0.679
70 | 538 |1 0.679 | 0.736  0.736  0.724

33 | 3.61 | 0.587 | 0.606 0.607 0.601
A2-B2-C7-D5 | 1.651 | 55 | 5.14 | 0.635 | 0.670 0.671 0.661
70 | 5.87 |1 0.670 | 0.718 0.719 0.707

33 | 3.73 | 0596 | 0.613 0.615 0.608
A2-B2-C7-D6 | 1.571 | 55 | 5.40 | 0.636 | 0.666 0.669 0.658
70 | 6.29 | 0.661 | 0.702 0.705 0.692
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 220 | 0.710 | 0.776  0.776  0.765
A2-B2-C8-D1 | 2.792 | 55 | 3.10 | 0.714 | 0.839 0.839 0.820
70 | 3.63 | 0.705 | 0.858 0.858 0.834

33 | 2.83 | 0.691 | 0.737 0.737 0.728
A2-B2-C8-D2 | 2.336 | 55 | 4.09 | 0.698 | 0.785 0.785 0.770
70 | 476 | 0.701 | 0.817 0.817 0.798

33 | 3.69 | 0.604 | 0.636 0.636 0.629
A2-B2-C8-D3 | 2.084 | 55 | 4.89 | 0.681 | 0.746 0.746 0.733
70 | 5.60 | 0.699 | 0.790 0.790 0.774

33 | 426 | 0572 | 0.597 0.597 0.592
A2-B2-C8-D4 | 1.920 | 55 | 5.53 | 0.666 | 0.718 0.718 0.707
70 | 637 | 0.686 | 0.759 0.759 0.745

33 | 452 | 0576 | 0.598 0.598 0.592
A2-B2-C8-D5 | 1.802 | 55 | 6.10 | 0.649 | 0.693 0.693 0.683
70 | 697 | 0.679 | 0.740 0.740  0.727

33 | 470 | 0.583 | 0.603 0.603 0.598
A2-B2-C8-D6 | 1.713 | 55 | 6.55 | 0.640 | 0.678 0.678 0.669
70 | 748 1 0.673 | 0.726  0.726  0.714

33 | 252 | 0717 | 0.793 0.793 0.780
A2-B2-C9-DI1 | 2950 | 55 | 3.59 | 0.712 | 0.846 0.846 0.825
70 | 4.19 |1 0.703 | 0.866 0.866 0.841

33 | 338 | 0.668 | 0.719 0.719 0.709
A2-B2-C9-D2 | 2.495 | 55 | 4.66 | 0.700 | 0.801 0.801 0.784
70 | 541 ] 0.701 | 0.831 0.831 0.810

33 | 412 | 0.628 | 0.666 0.666 0.658
A2-B2-C9-D3 | 2.233 | 55 | 5.52 | 0.690 | 0.768 0.768 0.754
70 | 642 | 0.694 | 0.799 0.799 0.781

33 | 478 | 0592 | 0.622 0.622 0.616
A2-B2-C9-D4 | 2.058 | 55 | 6.27 | 0.674 | 0.737 0.737 0.725
70 | 7.11 1 0.701 | 0.791 0.791 0.774

33 | 531 | 0571 | 0.597 0.597 0.591
A2-B2-C9-D5 | 1.932 | 55 | 691 | 0.662 | 0.715 0.715 0.704
70 | 7.95 | 0.683 | 0.757 0.757 0.742

33 | 558 | 0573 | 0.596 0.596 0.591
A2-B2-C9-D6 | 1.835 | 55 | 7.48 | 0.650 | 0.696 0.696 0.686
70 | 8.56 | 0.677 | 0.742 0.742  0.728
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 1 0.70 | 0.710 | 0.800 0.800 0.787
A3-B1-CI-DI1 | 3.136 | 55 | 1.00 | 0.691 | 0.842 0.842 0.820
70 | 1.17 ] 0.679 | 0.859 0.859 0.832

33 1 099 | 0.679 | 0.734 0.734 0.725
A3-B1-C1-D2 | 2.506 | 55 | 1.39 | 0.686 | 0.795 0.795 0.778
70 | 1.62 | 0.679 | 0.816 0.816 0.796

33 | 1.08 | 0.726 | 0.771 0.771 0.762
A3-B1-CI1-D3 | 2.195 | 55 | 1.67 | 0.680 | 0.763 0.763 0.749
70 | 1.96 | 0.673 | 0.783 0.783 0.766

33 | 1.22 | 0.713 | 0.750 0.750 0.742
A3-B1-C1-D4 | 1.999 | 55 | 1.91 | 0.672 | 0.738 0.738 0.726
70 | 2.17 |1 0.689 | 0.783 0.783 0.768

33 | 1.37 | 0.682 | 0.712 0.712 0.706
A3-B1-CI-D5 | 1.860 | 55 | 1.99 | 0.701 | 0.759 0.759 0.748
70 | 240 | 0.683 | 0.761 0.761 0.748

33 | 1.41 | 0.702 | 0.729 0.729 0.723
A3-B1-C1-D6 | 1.756 | 55 | 2.27 | 0.653 | 0.700 0.700 0.691
70 | 2.63 | 0.667 | 0.732 0.732  0.721

33 | 0.82 | 0.713 | 0.820 0.820 0.804
A3-B1-C2-D1 | 3.441 | 55 | 1.17 | 0.690 | 0.857 0.857 0.833
70 | 1.36 | 0.677 | 0.871 0.871 0.842

33 | 1.09 | 0.725 | 0.795 0.795 0.784
A3-B1-C2-D2 | 2.757 | 55 | 1.61 | 0.689 | 0.815 0.815 0.796
70 | 1.88 | 0.679 | 0.833 0.833 0.810

33 | 1.35 | 0.693 | 0.745 0.745 0.736
A3-B1-C2-D3 | 2.417 | 55 | 1.96 | 0.681 | 0.782 0.782 0.767
70 | 2.28 | 0.676 | 0.805 0.805 0.786

33 | 1.46 | 0.716 | 0.760 0.760 0.752
A3-B1-C2-D4 | 2.202 | 55 | 2.24 | 0.676 | 0.758 0.758 0.745
70 | 2.61 | 0.671 | 0.781 0.781 0.765

33 | 1.63 | 0.692 | 0.730 0.730 0.723
A3-B1-C2-D5 | 2.048 | 55 | 2.36 | 0.704 | 0.777 0.777 0.764
70 | 2.82 | 0.686 | 0.784 0.784 0.769

33 | 1.69 | 0.710 | 0.744 0.744 0.737
A3-B1-C2-D6 | 1.932 | 55 | 2.58 | 0.690 | 0.752 0.752 0.741
70 | 3.03 | 0.688 | 0.774 0.774 0.760
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Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 1] 092 | 0.716 | 0.835 0.835 0.818

A3-B1-C3-D1 | 3.694 | 55 | 1.32 | 0.686 | 0.863 0.863 0.837
70 | 1.53 | 0.675 | 0.879 0.879 0.848

33 | 1.28 | 0.702 | 0.781 0.781 0.769

A3-B1-C3-D2 | 2.969 | 55 | 1.81 | 0.688 | 0.827 0.827 0.807
70 | 2.12 | 0.677 | 0.844 0.844 0.819

33 | 1.58 | 0.676 | 0.735 0.735 0.725

A3-B1-C3-D3 | 2.605 | 55 | 2.20 | 0.684 | 0.798 0.798 0.781
70 | 2.56 | 0.676 | 0.819 0.819 0.798

33 | 1.64 | 0.727 | 0.779 0.779 0.770

A3-B1-C3-D4 | 2.374 | 55 | 2.52 | 0.678 | 0.774 0.774 0.759
70 | 2.94 | 0.673 | 0.797 0.797 0.778

33 | 2.00 | 0.649 | 0.690 0.690 0.682

A3-B1-C3-D5 | 2.209 | 55 | 2.69 | 0.701 | 0.786 0.786 0.772
70 | 3.26 | 0.669 | 0.779 0.779 0.762

33 | 2.04 | 0.680 | 0.718 0.718 0.711

A3-B1-C3-D6 | 2.083 | 55 | 291 | 0.697 | 0.771 0.771 0.758
70 | 3.53 | 0.670 | 0.768 0.768 0.753

33 | 058 | 0.678 | 0.747 0.747 0.735

A3-B1-C4-D1 | 2.730 | 55 | 0.83 | 0.663 | 0.789 0.789 0.770
70 | 0.97 | 0.653 | 0.806 0.806 0.783

33 | 0.83 | 0.630 | 0.670 0.670 0.662

A3-B1-C4-D2 | 2.175 | 55 | 1.15 | 0.659 | 0.742 0.742 0.728
70 | 1.34 | 0.654 | 0.763 0.763 0.746

33 | 1.02 | 0.592 | 0.620 0.620 0.614

A3-B1-C4-D3 | 1.905 | 55 | 1.39 | 0.643 | 0.701 0.701 0.690
70 | 1.62 | 0.647 | 0.729 0.729 0.715

33 | 1.03 | 0.647 | 0.671 0.671 0.665

A3-B1-C4-D4 | 1.737 | 55 | 1.59 | 0.626 | 0.671 0.671 0.662
70 | 1.83 | 0.644 | 0.707 0.707 0.695

33 | 1.17 | 0.607 | 0.626 0.628 0.621

A3-B1-C4-D5 | 1.621 | 55 | 1.68 | 0.636 | 0.674 0.676 0.665
70 | 1.98 | 0.643 | 0.695 0.696 0.684

33 | 1.20 | 0.620 | 0.637 0.640 0.632

A3-B1-C4-D6 | 1.535 | 55 | 1.67 | 0.679 | 0.712 0.716 0.704
70 | 2.10 | 0.642 | 0.685 0.689 0.675
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 0.67 | 0.685 | 0.772 0.772 0.758
A3-B1-C5-D1 | 3.002 | 55 | 0.96 | 0.665 | 0.809 0.809 0.788
70 | 1.12 | 0.655 | 0.825 0.825 0.800

33 1 094 | 0.662 | 0.714 0.714 0.704
A3-B1-C5-D2 | 2.396 | 55 | 1.33 | 0.664 | 0.765 0.765 0.749
70 | 1.56 | 0.656 | 0.783 0.783 0.764

33 | 1.22 | 0.596 | 0.631 0.631 0.624
A3-B1-C5-D3 | 2.098 | 55 | 1.62 | 0.656 | 0.731 0.731 0.718
70 | 1.89 | 0.653 | 0.754 0.754 0.738

33 | 1.37 | 0.590 | 0.618 0.618 0.612
A3-B1-C5-D4 | 1.911 | 55 | 1.85 | 0.644 | 0.702 0.702 0.691
70 | 2.15 |1 0.648 | 0.730 0.730 0.716

33 | 1.36 | 0.638 | 0.664 0.664 0.657
A3-B1-C5-D5 | 1.780 | 55 | 2.05 | 0.633 | 0.680 0.680 0.671
70 | 238 | 0.642 | 0.709 0.709 0.697

33 | 1.42 | 0.646 | 0.669 0.669 0.663
A3-B1-C5-D6 | 1.682 | 55 | 2.19 | 0.628 | 0.669 0.670 0.660
70 | 2.54 | 0.642 | 0.700 0.700 0.688

33 1 0.75 | 0.695 | 0.794 0.794 0.779
A3-B1-C6-DI1 | 3.231 | 55 | 1.09 | 0.659 | 0.812 0.812 0.790
70 | 1.26 | 0.654 | 0.835 0.835 0.808

33 | 1.04 | 0.679 | 0.741 0.741 0.730
A3-B1-C6-D2 | 2.583 | 55 | 1.50 | 0.666 | 0.780 0.780 0.763
70 | 1.76 | 0.655 | 0.796  0.796  0.774

33 | 1.29 | 0.646 | 0.690 0.690 0.682
A3-B1-C6-D3 | 2.263 | 55 | 1.81 | 0.662 | 0.752 0.752 0.737
70 | 2.12 ] 0.656 | 0.771 0.771 0.753

33 | 1.53 | 0.609 | 0.643 0.643 0.636
A3-B1-C6-D4 | 2.061 | 55 | 2.08 | 0.655 | 0.726 0.726 0.714
70 | 243 |1 0.652 | 0.749 0.749 0.733

33 | 1.71 | 0.587 | 0.616 0.616 0.609
A3-B1-C6-D5 | 1.918 | 55 | 2.31 | 0.644 | 0.703 0.703 0.692
70 | 2.68 | 0.648 | 0.731 0.731 0.716

33 | 1.72 | 0.619 | 0.645 0.645 0.639
A3-B1-C6-D6 | 1.811 | 55 | 2.51 | 0.634 | 0.684 0.684 0.673
70 | 291 | 0.643 | 0.714 0.714 0.701
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 1 0.78 | 0.662 | 0.747 0.747 0.734
A3-B1-C7-D1 | 3.162 | 55 | 1.04 | 0.686 | 0.836 0.836 0.813
70 | 1.23 ] 0.666 | 0.842 0.842 0.815

33 | 1.11 | 0.624 | 0.676 0.676 0.666
A3-B1-C7-D2 | 2.527 | 55 | 1.49 | 0.666 | 0.769 0.769 0.752
70 | 1.72 ] 0.670 | 0.803 0.803 0.781

33 | 1.39 | 0.587 | 0.624 0.624 0.616
A3-B1-C7-D3 | 2.214 | 55 | 1.82 | 0.658 | 0.734 0.734 0.720
70 | 2.09 | 0.668 | 0.773 0.773  0.755

33 | 1.61 | 0.564 | 0.593 0.593 0.587
A3-B1-C7-D4 | 2.016 | 55 | 2.09 | 0.647 | 0.707 0.707 0.695
70 | 239 ] 0.666 | 0.751 0.751 0.735

33 | 1.70 | 0.573 | 0.599 0.599 0.593
A3-B1-C7-D5 | 1.877 | 55 | 232 | 0.635 | 0.686 0.686 0.675
70 | 2.65 | 0.661 | 0.731 0.731 0.717

33 | 1.77 | 0.586 | 0.609 0.609 0.603
A3-B1-C7-D6 | 1.772 | 55 | 2.51 | 0.628 | 0.671 0.671 0.661
70 | 2.87 |1 0.657 | 0.716 0.716  0.704

33 |1 0.89 | 0.676 | 0.779 0.779 0.764
A3-B1-C8-D1 | 3.474 | 55 | 1.27 | 0.650 | 0.808 0.808 0.785
70 | 1.40 | 0.675 | 0.870 0.870 0.840

33 | 1.27 | 0.641 | 0.705 0.705 0.694
A3-B1-C8-D2 | 2.784 | 55 | 1.70 | 0.678 | 0.802 0.802 0.782
70 | 1.99 | 0.669 | 0.820 0.820 0.796

33 | 1.58 | 0.612 | 0.659 0.659 0.650
A3-B1-C8-D3 | 2.441 | 55 | 2.11 | 0.660 | 0.756 0.756 0.740
70 | 243 1 0.667 | 0.791 0.791 0.771

33 | 1.85 | 0.585 | 0.622 0.622 0.615
A3-B1-C8-D4 | 2.223 | 55 | 2.42 | 0.655 | 0.732 0.732 0.718
70 | 2.79 | 0.665 | 0.770 0.770  0.752

33 | 2.08 | 0.565 | 0.596 0.596 0.590
A3-B1-C8-D5 | 2.069 | 55 | 2.70 | 0.647 | 0.711 0.711 0.699
70 | 3.09 | 0.663 | 0.753 0.753 0.737

33 | 2.21 | 0.566 | 0.593 0.593 0.587
A3-B1-C8-D6 | 1.951 | 55 | 2.94 | 0.639 | 0.694 0.694 0.683
70 | 3.36 | 0.661 | 0.738 0.738 0.723
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Table E.3 (Continued)

Frame K, Eyo | W W, = i W

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 1.12 | 0.604 | 0.707 0.707 0.692

A3-B1-C9-D1 | 3.733 | 55 | 1.37 | 0.678 | 0.854 0.854 0.828
70 | 1.57 | 0.672 | 0.878 0.878 0.846

33 | 1.43 | 0.647 | 0.722 0.722 0.710

A3-B1-C9-D2 | 3.000 | 55 | 1.94 | 0.666 | 0.801 0.801 0.780
70 | 2.26 | 0.658 | 0.820 0.820 0.794

33 | 1.75 | 0.627 | 0.682 0.682 0.672

A3-B1-C9-D3 | 2.633 | 55 | 2.36 | 0.661 | 0.771 0.771 0.754
70 | 272 | 0.665 | 0.804 0.804 0.782

33 | 2.04 | 0.604 | 0.649 0.649 0.640

A3-B1-C9-D4 | 2.400 | 55 | 2.72 | 0.657 | 0.749 0.749 0.733
70 | 3.13 | 0.664 | 0.784 0.784 0.764

33 | 231 | 0.583 | 0.621 0.621 0.613

A3-B1-C9-D5 | 2.233 | 55 | 3.03 | 0.652 | 0.729 0.729 0.715
70 | 3.48 | 0.663 | 0.768 0.768 0.750

33 | 2.54 | 0.567 | 0.599 0.599 0.593

A3-B1-C9-D6 | 2.106 | 55 | 3.30 | 0.646 | 0.713 0.713 0.700
70 | 3.79 | 0.661 | 0.754 0.754 0.737

33 | 0.69 | 0.714 | 0.808 0.808 0.794

A3-B2-C1-D1 | 3.136 | 55 | 0.99 | 0.685 | 0.838 0.838 0.817
70 | 1.16 | 0.670 | 0.850 0.850 0.824

33 1 092 | 0.722 | 0.782 0.782 0.772

A3-B2-C1-D2 | 2.506 | 55 | 1.38 | 0.677 | 0.790 0.790 0.774
70 | 1.61 | 0.666 | 0.804 0.804 0.784

33 | 1.08 | 0.719 | 0.766 0.766 0.757

A3-B2-C1-D3 | 2.195 | 55 | 1.68 | 0.660 | 0.746 0.746 0.733
70 | 1.96 | 0.656 | 0.768 0.768 0.752

33 | 1.23 | 0.697 | 0.734 0.734 0.727

A3-B2-C1-D4 | 1.999 | 55 | 1.90 | 0.655 | 0.724 0.724 0.713
70 | 2.17 ] 0.666 | 0.762 0.762 0.748

33 | 1.39 | 0.664 | 0.694 0.694 0.688

A3-B2-C1-D5 | 1.860 | 55 | 1.99 | 0.679 | 0.739 0.739 0.729
70 | 2.41 | 0.655 | 0.736  0.736 0.724

33 | 1.66 | 0.586 | 0.609 0.609 0.604

A3-B2-C1-D6 | 1.756 | 55 | 2.14 | 0.675 | 0.726 0.726 0.717
70 | 2.63 | 0.641 | 0.711 0.711 0.700
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Table E.3 (Continued)

Frame K, Eyo | W W, = i =

(ksi) (kips) VVFEM VVFEM VVFEM VVFEM

33 | 0.81 | 0.718 | 0.828 0.828 0.813

A3-B2-C2-D1 | 3.441 | 55 | 1.16 | 0.683 | 0.851 0.851 0.827
70 | 1.35 ] 0.669 | 0.863 0.863 0.834

33 | 1.08 | 0.723 | 0.797 0.797 0.785

A3-B2-C2-D2 | 2.757 | 55 | 1.60 | 0.681 | 0.809 0.809 0.791
70 | 1.88 | 0.667 | 0.822 0.822 0.800

33 | 1.35 | 0.685 | 0.739 0.739 0.730

A3-B2-C2-D3 | 2417 | 55 | 1.95 | 0.670 | 0.774 0.774 0.759
70 | 2.27 ] 0.662 | 0.792 0.792 0.774

33 | 1.45 | 0.710 | 0.756 0.756 0.748

A3-B2-C2-D4 | 2.202 | 55 | 2.23 | 0.661 | 0.747 0.747 0.734
70 | 2.61 | 0.654 | 0.766 0.766  0.750

33 | 1.64 | 0.680 | 0.719 0.719 0.711

A3-B2-C2-D5 | 2.048 | 55 | 235 | 0.685 | 0.762 0.762 0.750
70 | 2.82 | 0.662 | 0.762 0.762  0.748

33 | 1.70 | 0.698 | 0.732 0.732 0.726

A3-B2-C2-D6 | 1.932 | 55 | 2.55 | 0.678 | 0.744 0.744 0.734
70 | 3.04 | 0.660 | 0.750 0.750 0.737

33 ] 092 | 0.713 | 0.833 0.833 0.816

A3-B2-C3-D1 | 3.694 | 55 | 1.32 | 0.680 | 0.858 0.858 0.833
70 | 1.52 | 0.667 | 0.871 0.871 0.841

33 | 1.23 |1 0.722 | 0.808 0.808 0.795

A3-B2-C3-D2 | 2.969 | 55 | 1.81 | 0.681 | 0.821 0.821 0.801
70 | 2.11 | 0.668 | 0.834 0.834 0.810

33 | 1.56 | 0.674 | 0.735 0.735 0.725

A3-B2-C3-D3 | 2.605 | 55 | 2.18 | 0.675 | 0.792 0.792 0.775
70 | 2.56 | 0.664 | 0.807 0.807 0.787

33 | 1.69 | 0.699 | 0.752 0.752 0.743

A3-B2-C3-D4 | 2.374 | 55 | 2.51 | 0.665 | 0.764 0.764 0.750
70 | 293 | 0.658 | 0.784 0.784 0.766

33 | 1.80 | 0.713 | 0.760 0.760 0.751

A3-B2-C3-D5 | 2.209 | 55 | 2.79 | 0.657 | 0.743 0.743 0.731
70 | 3.26 | 0.652 | 0.764 0.764 0.748

33 ] 2.03 | 0.673 | 0.712 0.712 0.704

A3-B2-C3-D6 | 2.083 | 55 | 2.89 | 0.683 | 0.762 0.762 0.750
70 | 3.52 ] 0.650 | 0.751 0.751 0.736
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 0.57 | 0.687 | 0.758 0.758 0.746
A3-B2-C4-D1 | 2.730 | 55 | 0.82 | 0.648 | 0.770 0.770 0.753
70 | 0.96 | 0.621 | 0.760 0.760 0.740

33 | 0.83 | 0.620 | 0.660 0.660 0.652
A3-B2-C4-D2 | 2.175 | 55 | 1.14 | 0.637 | 0.719 0.719 0.706
70 | 1.33 1 0.616 | 0.716 0.716  0.701

33 | 1.02 | 0.583 | 0.612 0.612 0.605
A3-B2-C4-D3 | 1.905 | 55 | 1.40 | 0.613 | 0.670 0.670 0.660
70 | 1.62 | 0.600 | 0.676 0.676  0.664

33 | 1.04 | 0.631 | 0.656 0.656 0.650
A3-B2-C4-D4 | 1.737 | 55 | 1.58 | 0.601 | 0.645 0.645 0.636
70 | 1.84 | 0.590 | 0.649 0.649 0.640

33 | 1.02 | 0.682 | 0.704 0.704 0.698
A3-B2-C4-D5 | 1.621 | 55 | 1.68 | 0.608 | 0.644 0.644 0.637
70 | 1.99 | 0.588 | 0.637 0.637 0.628

33 | 1.22 | 0.602 | 0.618 0.618 0.614
A3-B2-C4-D6 | 1.535 | 55 | 1.68 | 0.641 | 0.673 0.673 0.666
70 | 2.12 | 0.586 | 0.626  0.626  0.618

33 | 0.66 | 0.691 | 0.781 0.781 0.768
A3-B2-C5-D1 | 3.002 | 55 | 0.96 | 0.647 | 0.785 0.785 0.765
70 | 1.12 ] 0.625 | 0.781 0.781 0.758

33 1 093 | 0.665 | 0.718 0.718 0.709
A3-B2-C5-D2 | 2.396 | 55 | 1.32 | 0.649 | 0.748 0.748 0.733
70 | 1.55 1 0.623 | 0.739 0.739  0.722

33 | 1.23 | 0.586 | 0.621 0.621 0.614
A3-B2-C5-D3 | 2.098 | 55 | 1.61 | 0.634 | 0.708 0.708 0.696
70 | 1.88 | 0.614 | 0.708 0.708 0.694

33 | 1.36 | 0.584 | 0.612 0.612 0.606
A3-B2-C5-D4 | 1.911 | 55 | 1.86 | 0.616 | 0.673 0.673 0.663
70 | 2.15 | 0.604 | 0.680 0.680 0.668

33 | 1.37 | 0.623 | 0.648 0.648 0.642
A3-B2-C5-D5 | 1.780 | 55 | 2.06 | 0.603 | 0.649 0.649 0.640
70 | 2.38 | 0.595 | 0.658 0.658 0.648

33 | 1.43 | 0.631 | 0.653 0.653 0.647
A3-B2-C5-D6 | 1.682 | 55 | 2.21 | 0.597 | 0.637 0.637 0.629
70 | 2.55 |1 0.593 | 0.647 0.647 0.638
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 1 0.75 | 0.690 | 0.789 0.789 0.775
A3-B2-C6-DI1 | 3.231 | 55 | 1.09 | 0.647 | 0.797 0.797 0.775
70 | 1.27 ] 0.622 | 0.789 0.789  0.765

33 | 1.05 | 0.671 | 0.733 0.733 0.723
A3-B2-C6-D2 | 2.583 | 55 | 1.49 | 0.653 | 0.764 0.764 0.748
70 | 1.75 1 0.626 | 0.756  0.756  0.737

33 | 1.29 | 0.643 | 0.688 0.688 0.679
A3-B2-C6-D3 | 2.263 | 55 | 1.80 | 0.647 | 0.735 0.735 0.721
70 | 2.11 | 0.623 | 0.730 0.730 0.715

33 | 1.54 | 0.596 | 0.630 0.630 0.623
A3-B2-C6-D4 | 2.061 | 55 | 2.07 | 0.633 | 0.704 0.704 0.692
70 | 242 | 0.616 | 0.706 0.706  0.692

33 | 1.71 | 0.583 | 0.611 0.611 0.605
A3-B2-C6-D5 | 1.918 | 55 | 231 | 0.619 | 0.677 0.677 0.667
70 | 2.68 | 0.608 | 0.685 0.685 0.673

33 | 1.72 | 0.613 | 0.639 0.639 0.633
A3-B2-C6-D6 | 1.811 | 55 | 2.53 | 0.607 | 0.656 0.656 0.647
70 | 291 | 0.600 | 0.666 0.666 0.655

33 | 0.77 | 0.663 | 0.749 0.749 0.735
A3-B2-C7-D1 | 3.162 | 55 | 1.10 | 0.648 | 0.790 0.790 0.769
70 | 1.23 ] 0.665 | 0.841 0.841 0.814

33 | 1.11 | 0.626 | 0.677 0.677 0.668
A3-B2-C7-D2 | 2.527 | 55 | 1.49 | 0.666 | 0.769 0.769 0.752
70 | 1.72 ] 0.671 | 0.804 0.804 0.782

33 | 1.39 | 0.587 | 0.624 0.624 0.617
A3-B2-C7-D3 | 2.214 | 55 | 1.82 | 0.659 | 0.735 0.735 0.721
70 | 2.09 | 0.668 | 0.774 0.774 0.756

33 | 1.61 | 0.561 | 0.590 0.590 0.583
A3-B2-C7-D4 | 2.016 | 55 | 2.09 | 0.647 | 0.707 0.707 0.695
70 | 239 ] 0.666 | 0.751 0.751 0.735

33 | 1.72 | 0.568 | 0.594 0.594 0.588
A3-B2-C7-D5 | 1.877 | 55 | 232 | 0.635 | 0.685 0.685 0.674
70 | 2.65 | 0.661 | 0.731 0.731 0.717

33 | 1.79 | 0.579 | 0.602 0.602 0.597
A3-B2-C7-D6 | 1.772 | 55 | 2.52 | 0.626 | 0.669 0.669 0.659
70 | 2.87 | 0.656 | 0.716 0.716 0.703
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Table E.3 (Continued)

w w. /4 W,
Frame K F, | Wi le 2a 2 2

(ksi) (kips) FEM FEM FEM FEM

33 | 0.88 | 0.678 | 0.781 0.781 0.766
A3-B2-C8-D1 | 3.474 | 55 | 1.27 | 0.650 | 0.807 0.807 0.784
70 | 1.40 | 0.676 | 0.871 0.871 0.841

33 | 1.27 | 0.642 | 0.706 0.706  0.695
A3-B2-C8-D2 | 2.784 | 55 | 1.69 | 0.680 | 0.804 0.804 0.785
70 | 1.98 | 0.670 | 0.821 0.821 0.797

33 | 1.58 | 0.613 | 0.660 0.660 0.651
A3-B2-C8-D3 | 2.441 | 55 | 2.11 | 0.661 | 0.757 0.757 0.741
70 | 242 | 0.667 | 0.792  0.792  0.772

33 | 1.85 | 0.585 | 0.622 0.622 0.615
A3-B2-C8-D4 | 2.223 | 55 | 2.42 | 0.655 | 0.732 0.732 0.718
70 | 2.78 ] 0.666 | 0.771 0.771 0.753

33 | 2.08 | 0.564 | 0.594 0.594 0.588
A3-B2-C8-D5 | 2.069 | 55 | 2.70 | 0.647 | 0.711 0.711 0.699
70 | 3.09 | 0.663 | 0.753 0.753 0.737

33 | 223 | 0.562 | 0.589 0.589 0.583
A3-B2-C8-D6 | 1.951 | 55 | 2.94 | 0.639 | 0.694 0.694 0.682
70 | 3.36 | 0.661 | 0.738 0.738 0.723

33 | 1.07 | 0.634 | 0.741 0.741 0.726
A3-B2-C9-D1 | 3.733 | 55 | 1.39 | 0.668 | 0.843 0.843 0.817
70 | 1.57 1 0.673 | 0.879 0.879 0.847

33 | 1.42 | 0.648 | 0.723 0.723 0.711
A3-B2-C9-D2 | 3.000 | 55 | 1.93 | 0.667 | 0.802 0.802 0.781
70 | 2.26 | 0.658 | 0.820 0.820 0.794

33 | 1.75 | 0.628 | 0.683 0.683 0.673
A3-B2-C9-D3 | 2.633 | 55 | 236 | 0.662 | 0.771 0.771 0.754
70 | 2.71 | 0.666 | 0.805 0.805 0.783

33 | 2.04 | 0.605 | 0.649 0.649 0.640
A3-B2-C9-D4 | 2.400 | 55 | 2.71 | 0.658 | 0.749 0.749 0.734
70 | 3.12 | 0.665 | 0.785 0.785 0.766

33 | 230 | 0.585 | 0.623 0.623 0.615
A3-B2-C9-D5 | 2.233 | 55 | 3.03 | 0.653 | 0.730 0.730 0.716
70 | 3.47 | 0.663 | 0.769 0.769 0.751

33 | 2.55 | 0565 | 0.597 0.597 0.591
A3-B2-C9-D6 | 2.106 | 55 | 3.30 | 0.647 | 0.713 0.713 0.700
70 | 3.79 | 0.661 | 0.754 0.754 0.737
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Appendix

Design Examples

DESIGN EXAMPLE - Rotationally Restrained Sway Column
Given:
1. Section C9 as shown in Fig 5.18. The section properties are: 4=1.2 in.%,
I =138 in.’, S =1.161 in’, F,=55ksi,and Q=1
2. Rotationally restrained sway column as shown in Fig. 5.17a, with
L=60in., v =1/240, G,=0.6, G, =20, and K, =1.965
3. For research purposes assume ¢, =1 and ¢, =1
Required:
1. Determined the axial load carrying capacity of the column based on
Chapter 5 Approaches la, lc, 2a, 2b, and 2¢

2. Compare the results with the finite element solution F.,, = 30.64 kips



APPROACH 1 - EFFECTIVE LENGTH APPROACH

Approach 1a - Concentrically Loaded Compression Members

p _ TEL —”2(29500)(1'8)—377kips
T (kL) ((1965)(60))

Fo=te 3775y 4
A 12

F, 55
A = .|—=,—==132<1.5, therefore
F, 31.42

F, =(0.658°" | F, =(0.658" )(55) = 26.52 ksi

n e n

P, =AF,=(12)(26.52)=31.82 kips (Fully effective)

P =¢.P,=(1)(31.82)=31.82 kips Answer

Approach 1c - Combined Compressive Axial Load and Bending

a) The objective is to solve the following interaction equation for P,

P M

u u

— v -1
¢CI)I1 ¢an

b) Approximate M, by modifying M, , which is the moment from first-order elastic

It>
analysis, using moment magnifier

b,

c) Express the relationship between P, and M, from first-order elastic analysis as

M




M, = Cleu

where
c ¢(La, (2+&B)
Y@, ra,a, v ay)
1
“ =V =20
2260
G, 0.6
S
G, 20
therefore
C - (1/240)(60)(10)(2+0.3) _ 0216

* 7 2(10+(10)(0.3)+0.3)

d) Using the equations given in (b) and (c), the interaction equation given in (a)

becomes

P c,.CP

u mx " Ix" u — 1
oL, P,
¢th 1 - g

Solve for P,

P =A-~A-B
where

n_ex ex mx

2¢an

A — ¢ch¢an +¢hM P +¢CR1P C Clx

B=¢FF,



P =31.82 kips (From Approach 1a)
P_=37.7kips (From Approach la)
M,=F,S, =(55)(1.161)=63.85 kip-in. (M, >2.78M , and Fully effective)

C,. =085
therefore

 (31:82)(63.85)+(63.85)(37.7) +(31.82)(37.7)(0.85)(0-216) _, o\ .
2(63.85)

B=(31.82)(37.7) =1199.6 ksi’

P, =36.48-+/36.48—1199.6 =25.03 ksi Answer

APPROACH 2 - NOTIONAL LOAD APPROACH

Approach 2a
Solve for P, ,,

7’El,  7°(29500)(1.8)

P = = =145.58 kips
ex(L) sz 602 p
Foote 14598 ks
A 1.2

F, 55
A === =0.673 < 1.5, therefore
F, 121.32

F, =(0.658°" ) F, =(0.658"™ )(55) = 45.5 ksi



P, =AF,=(1.2)(45.5)=54.6 kips (Fully effective)

n

The objective is to solve the following interaction equation for P,

P M
—+——<1
¢CR’I(L) ¢an

Using similar procedures as Approach 1c, the interaction equation above becomes

P me Clx RA
+

u :1
P
¢an (I_P;]

¢ch(L)

Solve for P,

P =A-~A-B
where
A — ¢an(L)¢th + ¢/7MnPex + ¢an(L)f)emexClx
2¢an
B = ¢cR1(L)f)ex

P_=37.7kips (From Approach la)
M, =63.85 kip-in. (From Approach 1c)
C,=0.216 (From Approach Ic)

C, =085
therefore

- (546)(63.85)+(63.85)(37.7) +(54.6)(37.7) (0.85)(0-216) _ ,o 1\ o0
2(63.85)

B =(54.6)(37.7) = 2058.4 ksi’



P = 49.11—\/49.1 1 —2058.4 =30.31 ksi Answer

Approach 2b

From Eq. (5.8), K, >1.7 therefore £=1/240. Since this is the same & value used in

Approach 2a, the resulting P, would also be the same.

Approach 2¢
The objective is to solve the following interaction equation for P,

P M
L —+—-<1
¢an(L) ¢an

Using the same procedures as Approach 1c, the interaction equation above becomes

Pu + meCleu _ 1
¢c])n(L) Iju
¢/7Mn 1 - P *

Solve for P,
P =A-\A-B
where

n” ex n(L)" ex

2¢an

A _ ¢CR‘I(L)¢Z7M’1 + ¢bM P * +¢CP P * meClx

B= ¢an(L)Pex *
P, =54.6 kips (From Approach 2a)

M, =63.85 kip-in. (From Approach 1c)
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C,=0.216 (From Approach Ic)

C, =085

The only parameter that is effected by making the flexural stiftness reduction is P,_*

used in the above equations for determining 4 and B . From Eq. (5.9)

EI*=0.9EI =(0.9)(29500)(1.8) = 47790 kip-in.’

pr o+ 2% (47790
pro TEL* 7 (47790) —33.93 kips

TO(KL) ((1.965)(60))

therefore

., (54.6)(63.85) +(63.85)(33.93) +(54.6)(33.93)(0.85)(0.216)

= = 46.93 ksi
2(63.85)

B =(54.6)(33.93) =1852.6 ksi’

P =46.93-+/46.93* —1852.6 =28.23 ksi Answer

Compare the results with the finite element solution

P -P
Approach | P, AL x100%

FEM

la 31.82 | 3.85% Unconservative

le 25.03 | 18.31% Conservative

2a and 26 | 30.31 1.08% Conservative

2c 28.23 | 7.87% Conservative
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Appendix G

Pallet Rack Drawings
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Appendix

Computer Programs

Four computer programs have been developed to carry out the extensive
parametric studies which involved the analysis and the design of cold-formed steel
members and structures conducted in this research project. Description for each of
these computer programs, and their User’s Guide are as follows:

CUEWA Effective Width Approach: is a computer program designed to

compute the nominal flexural strength M, and the nominal axial strength P, of cold-
formed steel sections using two approaches: the AISI (1996) method, and the
Intergraded Distortional Buckling method given by Schafer and Pekoz (1999).

CUPBF Plate Buckling and Free Vibration: is a computer program designed to

solve three types of problems involving the eigenvalue analysis: plate elastic buckling,
free-vibration, and free-vibration with initial in-plane stresses. The program uses the
finite element method with four-node rectangular thin plate elements. Various

boundary conditions and perforations can be applied.



CUTWP Thin-Walled Section Properties: is a computer program designed to

compute cross section properties and overall elastic buckling loads of thin-walled
members.

CUSRF Semi-Rigid Frame Analysis: is a computer program designed to

perform first-order elastic, second-order elastic, and elastic buckling analyses of two-

dimensional semi-rigid frames.



CUEWA

Effective Width Approach

Developed by:
Andrew Sarawit

Prof. Teoman Pekéz

Cold-Formed Steel Structures Research Group
School of Civil and Environmental Engineering

Cornell University

Sponsored by:
The Rack Manufactures Institute

The American Iron and Steel Institute

User’s Guide

L' Version 2003




Introduction

CUEWA is a computer program designed to compute the nominal flexural
strength, M, and the nominal axial strength, P, of cold-formed steel sections
using two approaches: the AISI (1996) method, and the Intergraded
Distortional Buckling method given by Schafer and Pekoz (1999).

The program can be obtained at http://ceeserver.cee.cornell.edu/tp26,
available as both a stand-alone windows application and a Matlab application.

To run the Matlab version simply change the Matlab current directory to the
installed CUEWA directory then type cuewa at the Matlab command line.

Matlab version of this program should not be installed in a directory path
name that contain spaces.

Incorrect: ¢\Program FilessCUEWA_MATLAB
Correct: ¢:\Program_Files\CUEWA_MATLAB

The program is best viewed on a 1024x768 pixels screen resolution.

Getting Started with CUEWA

The following figure shows the layout of the CUEWA program, which
consists of 4 components, descriptions of these components are as follows:

Effective Section Plot Push Buttons

A A
— =X W B

) CUEWA Cornell University Effective Width Approach = |I:I|5[
Elastic Modulus: 29500 Dpenia
Maximum Bending Stress: | 55 |

Local Buckling Stress: E) '&
Distortional Buckling Stress: [ 27.04 AIS] Methad
Thickness: 0.060 =T
Median Riadius: 028 o

@ Nominal Flesural Strength & [o916758

" Nominal Aial Strength Ae: | 0.760098
Nods Data; Element Data: I: | 11.0463
#-coord., y-coord. node-, node-| e [B839437

294 4 1 2 3T
284 447 2 3 Mex )} 230
0 447 3 4 N&: [-0611033

0 447 4 5 e
294 447 5 E === L 2

294 4 Rd:

L. A \ﬂ_/
T
Input Data Output Data
CUEWA Version 2003 User's Guide 1



Input Data:

m Define the nodal x- and y- coordinates in Noda Data. Node numbering is
defined automatically as the row index number.

m  Define the first and second node numbers forming the element in Element
Data.

m  The thin-walled section could be either an open section or a closed section.

m  Elements forming the cross section should not be refined.

Element

Node \

[ ] L ]

Incorrect: box section Correct: box section

m  Elements with intermediate stiffeners are not applicable.

m  The local and distortional buckling stress could be obtained by using the
Finite Strip Method program CUFSM.

m  Local and distortional buckling stresses are not needed for the AISI method.

m Ifthe section does not have a distortional buckling mode, simply provide a
very high value, such that the distortional buckling mode will not be the
controlling buckling stress in the IDB method.

m  The inelastic flexural reserve capacity is not considered for both the AISI
method and the IDB method

m A single median radius is used for all corners.
m  Arithmetic operators +, -, *, and / can be used in the edit text fields.

o

m  The units chosen must be self-consistent.

CUEWA Version 2003 User's Guide



Output Data:

The computed data are displayed in this area.

When the nominal flexural strength option is selected, the location of the
effective section neutral axis, NA, is computed. The value is the vertical
distance of this axis from the origin.

When the nominal axial strength option is selected, the location of the
effective sections centroid is computed. The x. and y. are the centriod
coordinates with respect to the origin.

f is the controlling buckling stress, and Ry is the reduction factor for the
distortional buckling. A detailed definition of these values can be found in
Schafer, B.W., and Pekoz, T.P., (1999).

Push Buttons

Saving the file for future use or loading an existing file is possible by use of
the Save As... button or Open... button.

A report is automatically generated when the file is saved. The created text
file has the ewa extension.

Use the AISI method button to compute the section strength according to the
AISI (1996) Specification.

Use the IDB method button to compute the section strength on the basis of the
Intergraded Distortional Buckling method given by Schafer and Pekoz (1999).

Procedures of both methods are similar except that the IDB method integrates
the distortional buckling into the unified effective width approach and an
alternative approach for calculating the effective width of the web introduced
by Schafer (1997) is used.

Verification examples from the AISI (1996) are given in the example folder.

Effective Section Plot:

CUEWA Version 2003 User's Guide

This area is used to display the effective section, which is in blue. The red
color shows the region of the ineffective area of the section.

The yellow line is the effective section neutral axis in the case of nominal

flexural strength, and is the effective section centroid in the case of nominal
axial strength.
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CUPBF

Plate Buckling & Free-Vibration

Developed by:
Andrew Sarawit

Prof. Teoman Pekiz

Cold-Formed Steel Siructures Research Group
School of Civil and Environmental Engineering

Cornell University
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The Rack Manufactures Institute
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Introduction

m CUPBEF is a computer program designed to solve three types of problems
involving the eigenvalue analysis: plate elastic buckling, free-vibration, and

free-vibration with initial in-plane stresses.

m  The program uses the finite element method with four-node rectangular thin

plate elements. Various boundary conditions and perforations can be applied.

m  The program can be obtained at http://ceeserver.cee.cornell.edu/tp26,

available only as a Matlab application.

m  To run the Matlab version simply change the Matlab current directory to the
installed CUPBF directory then type cupbf post at the Matlab command

line.

m  Matlab version of this program should not be installed in a directory path

name that contain spaces

Incorrect: ¢:\Program Filess\CUPBF_MATLAB
Correct: c:\Program_Files\CUPBF_MATLAB

m  The program is best viewed on a 1024768 pixels screen resolution

Plate Elastic Bucking

The m-file that performs the finite element elastic buckling analysis is called “cupbf.m”.
This m-file requires 10 input parameters and returns 1 output. To run the analyses make the call

to the m-file cupbf by:

BRATTOR = SUEbELY { seEd, R T R S eles, BTeaH HIGAT

Description of the input and output parameters are as follows:

a) Give the ‘filename’ which will be the filename.mat containing the data results from the
analysis. The results may be viewed later by using the post-processor.

b) Define coordinates [“coord™] of all nodes. Since this is a two-dimensional problem the first

and second columns contain x- and y-coordinates of the nodes. Therefore, [“coord™] will be a

CUPBI Version 2003 User s Guide 1
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c)

two-column matrix with numbers of node rows. Node numbering is defined automatically as
the row index number.

Give the node connectivity matrix [“ends”]. This matrix defines which nodes are connected
to each other. It will be a four column matrix containing indices to the corner points, given
counter clockwise order. The number of rows in this matrix is equal to the number of

elements. Element numbering is defined automatically as the row index number.

The next three inputs [“t”], [“E”] and [“v”] are all vector matrixes. The size of the vector matrix

is equal to the number of elements and element numbering is defined automatically as row index

number.

d)
e)
f)
g)

h)

1)

Define the element thickness in [“t”].

Define the element material elastic modulus, Young's Modulus in [“E”].

Define the element material Poisson's ratio in [“v”].

Establish support conditions [“fixity”] by first defining transverse d.o.f. x, y, z and then
rotation d.o.f. about x-axis, y-axis, z-axis of each node. A free degree of freedom will have a
value of NaN while a supported degree of freedom will have a value of 0. [“fixity”] is a six-
column matrix with numbers of node rows. Node numbering is defined automatically as the
row index number.

Request the maximum number of eigenvalue in [“req_modes”].

Define the in-plane concentrated load in [“cload”] where we give the numerical value of the
force in x and y direction at each node. Nodes that do not have concentrated load should be
defined with a value of zero. [“cload”] is a two-column matrix with numbers of node rows.
Node numbering is defined automatically as the row index number.

Define the in-plane distributed load in [“dload”] where we give the numerical value of the
distributed stress in x and y direction at each node. Nodes that do not have distributed load
should be defined with a value of NaN. The distributed stress will be linearly interpolated
between the adjacent nodes. [“dload”] is a two-column matrix with numbers of node rows.

Node numbering is defined automatically as the row index number.

CUPBF Version 2003 User s Guide 2
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Instead of giving these input parameters manually a preprocessor function “cupbf pre.m” is also
provided.

lcoord, ends, t,E, v, fizity,cload,dload,p] = cupbf_preiws,wy,nx,ny,t,E,v,p);
This function generates a default input parameter for a rectangular plate automatically by
defining the width [*'wx’], length [*wy’], the number of elements in the width [‘nx’], the number
of elements in the length [‘ny’], ['t'], ['E’] and ['v’], all as a scalar.
Once all the inputs are defined the output eigenvalue [*“APRATIOS”] and the result file
“filname.mat” can be generated by simply running the function “cupbf.m” with the input
parameters in the parentheses as shown. The results of running this analysis can be viewed by

running the post-processor program “cupbf postm”.

) CU-PBF Cornell University Plate Buckling - ex_a.mat

" Displacement Factor Auto
ic DM?W:IBO

Plane Stiess Results

" Inplane Deformed Shape
" von Mises Shiess, Se

 Nomal Avial Stress, Siet
" Momal Axisl Stress, Sy

" Shearing Stress, Suy
T st Undetormed Shase
[T | Showi Legered Deflected Shape: EigenMode =1, EigeriValue = 296254

Figure 1| CUPBF Post-Processor

CUPBF Version 2003 User's Guide 3
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The following is a detailed example of how to use the elastic buckling analysis option in
the CUPBF program. The objective is to verify the plate buckling coefficients for various types
of boundary conditions. The theoretical elastic buckling stress for a plate may be expressed as

Fer =k ”:f; i (1)

12(1 - )/1)

where £ is the modulus of elasticity, v Poisson’s ration, b/t the width to thickness ratio and &
the plate buckling coefficient depending on type of stress, edge support conditions, and length to
width ratio of the plate. Values of k for long plates and various boundary conditions are shown
in Table 1 as given by AISI (1996). Consider the case (a) in Table 1 a rectangular compression
plate with an idealized simply supported condition for all four edges. Dimensions of the
rectangular plate in the study are 6 x 24 in. and thickness, t = 0.1 in. The material model used is
F£=129500 ksi and v=10.3.

The critical buckling stress is calculated from the obtained eigenvalue and with the
critical buckling stress known the plate-buckling coefficient can be calculated from Eq. 1. The
m-files for all the other different types of boundary conditions given in Table 1 are also included
with the program. The buckled shape, critical stress and plate buckling coefficients are
summarized and compared with the given value by AISI (1996) in Table 1. It is expected that as
the length to width ratio of the plate increases the k& obtained from the buckling analysis will

converge to the given values for long plate.

CUPBF Version 2003 User s Guide 4
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The complete m-file ex_a.m is given here:

% Define the plate properties

t=10.1; E 500; v = 0.3; wx = 6; wy = 4%wx; nx = 8; ny = 4*nx; req_modes = 1;

% Use the preprocessor fur
[coord,ends,t,E, v, fixity,<

ion to generate the default input parameter
iload] cupbf_pre(wi,wy,nx,ny,t,E,viy

% Define the apply distribut

% the input parameters generated from cupbf pre.m
nnodes = oord,l):

stress and the boundary

Jiti v medifvin
ion by modifying

for § = l:nnodes
if coord(j,1) == 0 | coord(j,l) == wx
fizity{j,[3 4]) = 0;

end

0;
je2 Wy
fixity(j, (3 0:

dload(j,2)
end
end
fixity(149,([1 2 &]) = Oz

% Perform the Elastic buckling
APRATIOS = cupbf('e:

Analysis
is, t,E,v, fixity, req_modes,cload,dload)

a',coord,er

klir
e

oefficient
1372/ (pi”

late the plate k
PRATIOSY12*(1-0.3

00)

Table 1 Values of Plate Buckling Coefficients

Critical
Value of Value of
Case Ts}",:s:f k for i.t];clsrf k from
long plate CUPBF CUPBF
(a) | Compression 4.0 29.625 4.000
(b) | Compression 6.97 51.404 6,941
(c) | Compression 0.425 3.600 0.486

CUPBF Version 2003 User s Guide
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Table 1 (cont.) Values of Plate Buckling Coefficients

Type of Value of (;“u:::l Value of
Case s;trfss k for from k from
long plate CUPBF CUPBF
(d) | Compression 1.277 9.891 1.336
(e) | Compression 542 40.004 5401
(f) Shear 534 41.648 5.623
(g) Shear 8.98 68.639 9.268
(hy | Bending 239 180.52 24375
() Bending 418 298.01 40.238
CUPBF Version 2003 User's Guide 6
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Plate Free-Vibration

The m-file that performs the finite element free-vibration analysis is called “cupbf.m”.
This m-file requires 9 input parameters and returns 1 output. To run the analyses make the call to

the m-file plate_bucking by:

APRATIOS = cupbf{'filename',coord,ends,t,E,v, fixity, req_modes,p);
Description of the input parameters is the same as previously given except for an additional
vector matrix, the element material mass per unit volume [“p”]. The size of the vector matrix is
equal to the number of elements and element numbering is defined as from first row to last row
respectively. The output eigenvalue [“APRATIOS"] is the square of the natural frequency.

The following is a detailed example of how to use the free-vibration analysis option in
CUPBEF program. The consistent mass matrix of the four-node rectangular element is used to test
a free-vibration problem of a simply supported square plate. Sixteen elements are used here to
modal the plate. The results for the six fundamental natural frequencies together with the exact

values are given in Table 2. It appears that this element serves as a good tool for dynamic

analysis. The theoretical solution for the natural frequencies may be expressed as

m n . .
®,, =T —[—,+—] with (m,n) being the mode number

i

®

Figure 2 Simply supported square plate free-vibration mode shapes

CUPBF Version 2003 User's Guide T
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Table 2 Natural frequencies w; (rad/sec) for a simply supported square pl ate’

iy on W3 o1, @, 33
a1 {3 D32
FEM solution 1034.8 25933 41474 52512 6791.3 9409.7
Exact solution 1035 2587 4147 5251 6791 9410
error. % -0.019 0.244 0.010 0.004 0.004 -0.003

h=6L=10in:h =0.1in: E = 30x10° psi; v=0.3; p= 0,001 Ib-sec”/in.”

The complete m-file ex_free.m is given here:

Plate Free-Vibration with Initial In-plane Stress

The m-file that performs the finite element free-vibration with initial in-plane stress
analysis is called “cupbf.m”. This m-file requires 11 input parameters and returns | output. To

run the analyses make the call to the m-file cupbf by

Description of the input parameters is same as previously. The output eigenvalue

[*APRATIOS”] is the square of the natural frequency.

References

m  Huebner, K.H., Thornton, E.A., and Byrom, T.G, (1995): The Finite Element
Method for Engineers, 3rd ed. John Wiley and Sons, New York.

m Yang, T.Y. (1986): Finite Element Structure Analysis, Prentice-Hall, New
Jersey.
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Introduction

m CUTWP is a computer program designed to compute cross section properties
and overall elastic buckling loads of thin-walled members.

m  The program can be obtained at http://ceeserver.cee.cornell.edu/tp26,
available as both a stand-alone windows application and a Matlab application,

m  To run the Matlab version simply change the Matlab current directory to the
installed CUTWP directory then type cutwp at the Matlab command line.

m  Matlab version of this program should not be installed in a directory path
name that contain spaces.

Incorrect: ¢:\Program Filess\CUTWP_MATLAB
Correct: ¢c:\Program_Files\CUTWP_MATLAB

Getting Started with CUTWP

m The following figure shows the layout of the CUTWP program, which
consists of 5 components; descriptions of these components are as follows:

Display and Plot Options

The program is best viewed on a 1024x768 pixels screen resolution.

Push Buttons

P A
- s b
) CUTWP Cornell University Thin-Walled Section Properties =101 x|
Node Dot [~ Ougn % Shear Conter
1565 075 [™ Cenioid ¥ Axial Force
}g]g [ fzingl 7 Defomed Shaps Save At
L ¥ 4is(12) T Node & Segment
0 0% Aoply
g 1&4-‘ & Duplacement Factor. fl
a
- = i A [
Eletc Modiy £ |_|4'-'95°° : Moment of Inati, b 095329
Poizson's 130, v. 03 Momert of Ineitia, ly; 0265125
Effective Linbraced Length es— 4 4Pe— — Product of Inertia, by o
Bendng about the 1-m0. L1 | 60 i Mot of Inertia, [1: 0953286
Bendng about the 2.z, KLZ | 60 | Momerd of Inerhia, 12 _uzs:nzs
Twnsting about the 3-maz, KLE. | 60 | I Angle fot Pincpal Direction, theta: | 0
& Elastic Ciical Axial Force, Pe - Tauu?munﬂmst: 000153385
 Elachic Git Me Centioid Cocedinates, (x5} |085736, 0]
Cives omon Shear Canter Coordinates. [xy) (0827725, 0]
Heanda, s ‘Watping Constard, Cw: 0763588
Eccenticiies sbout the: [00 Bucking Mode: 173 Bl o
<| | 4| 1 BZ 91616

Input Data

Elastic Buckling Load

CUTWP Version 2003 User's Guide

22

Section Properties



Input Data:

m Define the nodal x- and y- coordinates in Noda Data. Node numbering is
defined automatically as the row index number.

m  Define the first and second node numbers forming the element and then the
element thickness in Element Data. Element numbering is defined
automatically as the row index number.

m  The thin-walled section could be either an open section or a closed section.

m The shear center coordinates, warping constant, By, By, and elastic buckling
loads are not computed for closed sections.

m  Sections with multiple closed loops or loops with additional element segment
branches are not applicable.

= Definition of the effective unbraced length is as defined by AISI (1996),
however, the effective unbraced lengths are KL; and KL, not KL, and KL,
because the supports are defined about the principle axis.

m  The (x,y) axis is used to define the cross section while the (1,2) axis is the
cross sectional principal axis.

m If the elastic critical axial force, P., is selected, the load eccentricities from the
centroid about the x-axis and the y-axis must be defined.

m Ifthe elastic critical moment, M., is selected, additional options are given to
define the axis of bending.

m  Axis of bending is about the principal axis (1,2) not the reference axis (x,y).
Generally axis (1,2) and (x,y) may not coincide; for example, a Z-section with
the web defined parallel to the y-axis.

m  Arithmetic operators +, -, *, and / can be used in the edit text fields.

m  The units chosen must be self-consistent.

Section Properties:

m  The computed cross section properties are displayed in this area.

m  Moment of inertia values are computed with respect to the cross sectional
centroid.

m The centroid and shear center coordinates are given with respect to the origin.

CUTWP Version 2003 User's Guide 2
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m Definition of B; and B; are similar to the AISI Eq. C3.1.2-14 but here it is
computed with respect to the principal axis (1,2).

Bl=%[\x3 (xl: +x13)dA -2X,,

B3=I—I‘L X, (x,2 +x:3)dA-2xnl

Elastic Buckling Load:

m  Use the slider bar to observe the different buckling modes.

m For axial force, the first buckling mode is generally the most critical.

m  Negative buckling load values are possible, this simply means that the axial

force is in tension or the bending moment is in the opposite direction from the
positive sign convention given in the following figure:

Beam-Column

(¥

Push Buttons

m  Saving the file for future use or loading an existing file is possible by use of
the Save As... button or Open... button.

m A report is automatically generated when the file is saved. The created text
file has the twp extension.

m  Use the Apply button to compute the cross section properties.

CUTWP Version 2003 User's Guide 3
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Display and Plot Options:

Reference

CUTWP Version 2003 User's Guide

This area is used to display and control the plots of the cross section.
Judgment should be made when viewing the buckled shape. Any scalar
multiple of the buckled shape (eigenvector) is also a solution to this
eigenvalue buckling problem.

Node & Segment option is useful for when defining the cross section.

Axis (1,2) option is useful when identifying the principle axis.

Axis (x,y) is displayed at the cross sectional centroid and is used to compute

Iy, Iy, and Iy It is not the reference axis (x,y) which is at the origin and is used
to define geometry of the cross section.

AISI (1996): Cold-I'ormed Steel Design Manual, 1996 ed. American Iron and
Steel Institute.

Chen, W.F., and Atsuta, T. (1976): Theory of Beam-Columns, McGraw-Hill,
New York.

Timoshenko, S.P., and Gere J.M. (1961): Theory of Llastic Stability, 2nd ed.
McGraw-Hill Book Company, New York.
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Introduction

CUSREF is a computer program designed to perform first-order elastic, second-
order elastic, and elastic buckling analyses of two-dimensional semi-rigid
frames.

The program can be obtained at http://ceeserver.cee.cornell.edu/tp26,
available as both a stand-alone windows application and a Matlab application.

To run the Matlab version simply change the Matlab current directory to the
installed CUSRF directory then type cusrf atthe Matlab command line.

Matlab version of this program should not be installed in a directory path
name that contain spaces.

Incorrect: ¢:\Program FilessCUSRF_MATLAB
Correct: c:\Program_Files\CUSRF_MATLAB

The program is best viewed on a 1024x768 pixels screen resolution.

If you are using Windows XP there could be some display problems. Possible
workarounds that you can do is to change to the "Windows Classic Style"
mode. This can be done as follows

1) Choose the Control Panel from the Start Menu.

2) Choose Appearance and Themes from the Control Panel.

3) Choose the Display Control Panel Icon from the Appearance and Themes
menu.

4) Select the Appearance Tab. Then, under Windows and Buttons, change

the display to Windows Classic style.

Getting Started with CUSRF

The figure in the following page shows the layout of the CUSRF program,
which consists 5 menu bars, descriptions of these menus are as follows:

File Menu:

Saving the file for future use or loading an existing file is possible by use of
the Save As... button or Open... button.

CUSRI Version 2003 User's Guide 1
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Menu bars
A

File Frame Analysis Plot Report

Scale: [1 | PNeA 4] |

Frame Menu:

Frame > Geometry

J Geometry

Number of bays: [2 =
‘width of bays: |95 = All stories: |n_n|35
Number of elements/bay: [2 = | € Stoy1: [0

Nurmber of stories: IS_i-'
Height of stories: | B0

Number of elements/stoy: [2 =

m  The geometry of the frame is simply defined by giving the dimensions of the
width of bays and the height of stories.

CUSRI Version 2003 User's Guide
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m  The number of beam elements to be used in each bay and each story is defined
in “Number of elements/bay” and “Number of elements/story”

m  Frame geometric imperfection can be defined in “Story out-of-plumbness”
(units: length/length) by giving the inter story out-of-plumbness for each story
level. If the value is same for all stories, simply select the “All stories™ option.

m  Arithmetic operators +, -, *, and / can be used in the edit text fields.

m  The units chosen must be self-consistent.

Frame > Connection Stiffness

) Connection Stiffness

Beam to Column Connection Stiffness Basze Fixity

& SemiRigid, k: IBGO & Semi-Rigid, k: |2|JDDO

" Rigid " Rigid
 Pin " Pin

m  The connection stiffness can be defined as semi-rigid, rigid or pin.

m  kis the constant connection stiffness (units: moment/rad)

Frame > Load Conditions
) ) Figure No. 2: Load Conditions

Gravity Loads

{+ Al Staries & Bays: I1
 (Stoy-1,Bap1} [0

CUSRE Version 2003 User's Guide 3
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m  Uniformly distributed gravity load (units: force/length) applied on each bay
can be defined in “Gravity Loads”. If the value is same for all bays, simply
select the “All stories & Bays” option.

m  Horizontal load (units: force) applied on each story level can be defined in

“Horizontal loads”. If the value is same for all stories, simply select the “All
stories” option.

Frame > Section Properties

) Section Properties

Column Section Properties Beam Section Properties

A: | 084 A |1.33?
12: |1_41B Iz

0.84 As: | 1.337

E: | 29500

m  Similar to a typical pallet rack structure, a single column section and a single
beam section are used for the entire frame.

m A, is the equivalent shear area used to calculate the shearing deformation.
Define this value as “int” (infinity) to disregard the transverse shear
deformation.

Frame > Sidesway Uninhibited or Inhibited

m The frame can be defined either as a sidesway uninhibited frame or a
sidesway inhibited frame by using the frame menu.

Analysis Menu:

m  The analysis type, which will be performed, can be selected from this menu.
To execute the analysis simply press the Run button.

CUSRI Version 2003 User's Guide
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Choose a node number to be monitored. The results for this node will be
shown in Report > Summary data

Define the number of buckling modes to be computed “Number of modes”
when the elastic buckling analysis is selected.

Defined initial load proportion factor “LPFin” and the acceptable equilibrium
tolerance “etol” when the second-order elastic analysis is selected.

The second-order elastic analysis is terminate when the maximum value of the
load proportional factor “LPFmax” or the maximum number of increments
“Number of INC” is reach.

The constant arc length method is used in the second-order elastic analysis

Plot Menu:

This menu is used to control the plots options.

Use the slider bar located at the bottom left portion of the program to observe
the different increments or the different buckling modes.

Use “Scale” located at the bottom left portion of the program to change the
magnitude of the plot

Report Menu:

References

CUSRI Version 2003 User’s Guide

This menu is used to display the generated input data, output data and
summary data.

A report containing these data is also automatically generated when the file is
saved. The created text file that contains the input data has the in extension,
output data has the out extension, and summary data has the sum
extension.

McGuire, W., Gallagher, R H., and Ziemian, R.D. (2000): Matrix Structural
Analysis, 2nd ed., John Wiley and Sons, New York.

Gattass, M., and Abel, J.F. (1987): “Equilibrium Considerations of the

Updated Lagrangian Formulation of Beam-Columns with Natural Concepts,”
International Journal for Numerical Methods in Fngineering, 24(11), 1987,
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