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88.1

INTRO
ODUCTION
N
Beam-colu
umns are mem
mbers subjectted to axial foorces and bennding momentts simultaneoously; thus
their behav
vior falls som
mewhere between that of ann axially loadded column annd that of a beeam under
pure bendiing. It is thuss possible to consider
c
the bbeam or axiaally loaded m
member as speecial cases
of the beaam-column. Practical
P
appllications of tthe beam-coluumn are num
merous. Theyy occur as
chord mem
mbers in trussses, as elemen
nts of rigidly connected frrameworks, aand as membeers of pinconnected structures with
w transversse or eccentriic loads. It iss not alwayss possible to look at a
member an
nd determine whether it iss a beam-coluumn or not; soome knowleddge of the acttual forces
being carrried by the member
m
is required to cattegorize it ass a beam-collumn. Howevver, many
structural members aree subjected to
t these com
mbined forcess, and the beeam-column is a very
common element
e
in buiilding structurres.
Th
he manner in
n which the combined
c
loaads are transfferred to a paarticular beam
m-column
significanttly impacts th
he ability of the member to resist thoose loads. Staarting with thhe axially
loaded collumn, bendin
ng moments can
c occur froom various soources. Lateraal load can bbe applied
directly to the member, as is the casee for a truss ttop chord or a column supporting the laateral load
from a walll. Alternativeely, the axial force can be applied at som
me eccentriciity from the ccentroid of
the colum
mn as a resultt of the speccific connectiions. In addiition, the meember can receive end
moments from
f
its conn
nection to oth
her members of the structuure, such as iin a rigid frame. In all
cases, the relation of the
t beam-collumn to the oother elemennts of the strructure is impportant in
determinin
ng both the ap
pplied forces and
a the strenggth of the mem
mber.
To
o understand the behavio
or of beam-c olumns, it iss common ppractice to loook at the
response predicted
p
by an
a interaction equation. Thhe response off a beam-coluumn to an axiial load P,
major axiss moment Mx, and minor ax
xis moment M y is presenteed on the three-dimensionaal diagram
shown in Figure
F
8.1. Each axis in th
his diagram rrepresents thee capacity of the member w
when it is
subjected to
t loading of one type only
y, whereas thhe curves reprresent the com
mbination of two types
of loading. The surfacee formed by connecting
c
thhe three curvees represents tthe interactioon of axial
load and biaxial bendin
ng. This interaaction surfacee is of interestt to the designner.
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Figu
ure 8.1 Ultim
mate Interactiion Surface foor a
Stockky Beam-Collumn.

Th
he end pointss of the curvees shown in F
Figure 8.1 deepend on the strength of tthe beamcolumns as
a described for
f compressiion members (Chapter 5) and bending members (C
Chapter 6).
The shapee of the curvees between these end poiints depends on the propeerties of the particular
member ass well as the properties
p
of other
o
memberrs of the struccture.
Taable 8.1 lists the
t sections of
o the Specifiication and paarts of the Ma
Manual discusssed in this
chapter.

88.2 SECON
ND-ORDER
R EFFECTS
The singlee most compllicating facto
or in the anallysis and dessign of a beaam-column is what are
known as second-ordeer effects. Seecond-order eeffects are thhe changes iin member fo
forces and
moments as the directt result of sttructural defoormations. Beecause the commonly used elastic
methods of
o structural analysis
a
assum
me that all deeformations arre small, andd because the equations
of equilibrrium are writtten using the undeformed configurationn of the structture, these meethods are
not able to
t capture th
he additional second-ordeer effects thaat occur in rreal structurees without
adjustmentt. The resultss of that typee of analysis aare called firrst-order effeccts—that is, ffirst-order
forces, firsst-order mom
ments, and firrst-order dispplacements. T
To account foor the influennce of the
deformatio
ons, an additio
onal analysis must be perfformed. The rresults of this additional annalysis are
referred to as the second
d-order effectts.
Seeveral approaaches are avaailable for inncluding secoond-order effe
fects in an annalysis. A
complete second-order
s
inelastic anallysis would taake into accouunt the actuall deformation of the
Table 8.1 Sections off Specification
n and Parts off Manual Covvered in This Chapter
Sp
Specification
B3
Design Bassis
C
Design forr Stability
H
Design of Members
M
for Combined Foorces and Torrsion
Appendix 6
Stability Bracing
B
for Coolumns and B
Beams
Appendix 7
Alternativee Methods off Design for Stability
Appendix 8
Approximaate Second-O
Order Analysiss
Manual
Part 1
Dimension
ns and Propertties
Part 3
Design of Flexural
F
Mem
mbers
Part 4
Design of Compression
C
n Members
Part 6
Design of Members
M
Subbject to Combbined Loadingg
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structure and
a the resulting forces, as
a well as thhe sequence oof loading annd the behavior of the
mit. This approach to
structure after
a
any of its componen
nts are stresssed beyond tthe elastic lim
analysis iss generally more complex than is necesssary for norm
mal design. A similar apprroach that
includes th
he actual defo
ormations but that does nott include inelaastic behaviorr is usually suufficient.
An
n approach th
hat is consisttent with norm
mal design ooffice practicee and with hoow beamcolumns have
h
been han
ndled for man
ny years usess a first-ordeer elastic anallysis and ampplification
factors to approximate
a
the
t second-orrder effects. T
This approachh applies thesse amplification factors
as multipliiers to the resu
ults of the first-order analyysis to obtain the second-oorder effects.
Tw
wo different deflection co
omponents thaat could occuur in a beam
m-column inflluence the
moments in
i that beam--column. Thee first, illustrrated in Figurre 8.2a, is thhe deflection along the
length of the
t member that
t
results from the mom
ment along thee member. In this case, thee member
ends must remain in theeir original po
osition relativve to each othher; thus, no sw
way is considdered. The
moment created
c
by th
he load, P, acting
a
at an eeccentricity δ2 from the deformed m
member, is
superimpo
osed on the moment
m
resultiing from the aapplied end m
moments. Beccause the maggnitude of
this additio
onal momentt depends on the propertie s of the colum
mn itself, this is called the member
effect.
When
W
the beam
m-column is part
p of a struccture that is peermitted to sw
way, the displacements
of the oveerall structuree also influen
nce the momeents in the m
member. For a beam-colum
mn that is
permitted to
t sway an am
mount Δ2, as shown
s
in Figuure 8.2b, the additional mooment is giveen by PΔ2.
Because th
he lateral disp
placement off a given mem
mber is a funnction of the pproperties off all of the
members in
i a given storry, this is callled the structuure effect.
To
o understand the magnitud
de of the pottential increasse in momennts on a colum
mn due to
second-ord
der effects, tw
wo simple caalculations w
will be carriedd out. The fiirst is for a 220 ft long
column sim
milar to that shown
s
in Figu
ure 8.2a. A W
W12×96 mem
mber is used too carry an axiial load Pu
= 400 kipss and equal en
nd moments of
o Mu = 200 ftt-kips bendingg the memberr in single currvature. A
first-order analysis yield
ds an axial fo
orce in the collumn of 400 kkips and a bennding momennt at every
point alon
ng the column
n length of 200
2 ft-kips. T
The maximum
m deflection of the membber at mid
height duee to the momeent is

M L2 200 ( 20 ) (1728 )
δ= u =
= 0.7715 in.
8EI
E
8 ( 29,0000 )( 833)
2

MA
MA

MB
MB

F
Figure 8.2 C
Column
D
Displacementts for Second-O
Order Effects.
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With the occurrence of this deflection, the applied load of 400 kips is now at an eccentricity from
the member in its displaced position. Thus, an additional moment is induced into the member
equal to
400 ( 0.715 )
M additional =
= 23.8 ft-kips
12

The addition of this additional moment to the original internal moment of 200 ft-kips yields the
second-order moment,
M 2 nd = 200 + 23.8 = 224 ft-kips

Thus, there is an amplification of the moment by 224/200 = 1.12. If this were the final case,
second-order analysis would be fairly simple. Unfortunately, the additional moment just
determined also causes additional deflection, which, in turn, causes additional moment. This
process continues until equilibrium is reached. The process is an iterative one, and is nonlinear.
A second example is a column similar to that shown in Figure 8.2b. The same W12×96
member is used, and the axial force is again Pu = 400 kips. In this case, the column is a cantilever
with a moment of Mu = 200 ft-kips applied at the top. This moment will cause a horizontal
deflection at the top of the column of
M L2 200 ( 20 ) (1728 )
Δ= u =
= 2.86 in.
2 EI
2 ( 29,000 )( 833)
2

In this displaced position, the 400 kip load is now at an eccentricity from the fixed support, which
induces an additional moment
400 ( 2.86 )
M additional =
= 95.3 ft-kips
12
The addition of this additional moment to the original support moment of 200 ft-kips yields the
second-order moment
M 2 nd = 200 + 95.3 = 295 ft-kips
which is an increase of 1.48 times the first-order moment. Again, this is not the end of the
required calculations; this additional moment causes additional deflections and additional
moments.
Both of these second-order effects are significant in real structures and must be accounted
for in the design of beam-columns according to Section C1 of the Specification. Procedures for
incorporating these effects will be addressed once an overall approach to beam-column design is
established.

8.3

INTERACTION PRINCIPLES
The interaction of axial load and bending within the elastic response range of a beamcolumn can be investigated through the straightforward techniques of superposition. This
is the approach normally considered in elementary strength of materials in which the
normal stress due to an axial force is added to the normal stress due to a bending moment.
Although the superposition of individual stress effects is both simple and correct
for elastic stresses, there are significant limitations when applying this approach to the
limit states of real structures. These include:
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Superposition of stress is correct only for behavior within the elastic
range, and only for similar stress types.
2.
Superposition of strain can be extended only into the inelastic range when
deformations are small.
3.
Superposition cannot account for member deformations or stability effects
such as local buckling.
4.
Superposition cannot account for structural deflections and system
stability.
With these limitations in mind, it is desirable to develop interaction equations that
will reflect the true limit states behavior of beam-columns. Any limit state interaction
equation must reflect the following characteristics:
1.

Axial Load
1.

Maximum column strength

2.

Individual column slenderness

Bending Moment
1.

Lateral support conditions

2.

Sidesway conditions

3.

Member second-order effects

4.

Structure second-order effects

5.

Moment variation along the member

The resulting equations must also provide a close correlation with test results and
theoretical analyses for beam-columns, including the two limiting cases of pure bending
and pure compression.
Application of the resulting interaction equations can be regarded as a process of
determining available axial strength in the presence of a given bending moment or
determining the available moment strength in the presence of a given axial load. An
applied bending moment consumes a portion of the column strength, leaving a reduced
axial load strength. When the two actions are added together, the resulting total load must
not exceed the total column strength. Conversely, the axial load can be regarded as
consuming a fraction of the moment strength. This fraction, plus the applied moments,
must not exceed the maximum beam strength.
8.4 INTERACTION EQUATIONS
A simple form of the three-dimensional interaction equation is
Pr M rx M ry
+
+
≤ 1.0
Pc M cx M cy

(8.1)

where the terms with the subscript r represent the required strength and those with the subscript c
represent the available strength.
This interaction equation is plotted in Figure 8.3. The figure shows that this results in a
straight line representation of the interaction between any two of the load components. The
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Figurre 8.3

Simpplified Interaction Surface.

Figurre 8.4a
Interaaction Diagraam for
Stub W14×82 Collumn.

Figu
ure 8.4b
Norm
malized Interraction
Diaggram for Stubb
W144×82 Columnn.
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horizontal plane of Figure 8.3 represents the interaction of moments in the two principal axis
directions, called biaxial bending, whereas the vertical planes represent the interaction of axial
compression plus either major or minor axis bending. It should also be apparent that the threedimensional aspect is represented by a plane with intercepts given by the straight lines on the
three coordinate planes.
The interaction equations in Chapter H of the Specification result from fitting interaction
equations that are similar to the form of Equation 8.1 to a set of data developed from an analysis
of forces and moments for various plastic stress distributions on a stub column. Figure 8.4a shows
the actual analysis results for a W14×82 stub column. Figure 8.4b shows the same data plotted as
functions of the normalized axial strength Py and flexural strength Mp. In both cases, the influence
of length on the axial or flexural strength is not included. Using curves of this type, developed for
a wide variety of steel beam-column shapes, two equations were developed that are conservative
and accurate for x-axis bending. When applied to y-axis bending, they are significantly more
conservative; however, simplicity of design and the infrequent use of weak axis bending justify
this extra level of conservatism.
An additional modification to these equations is required to account for length effects.
Rather than normalizing the curves on the yield load and the plastic moment as was done in
Figure 8.4b, the equations were developed around the nominal strength of the column and the
nominal strength of the beam. The resulting equations are Equations H1-1a and H1-1b in the
Specification and are plotted in Figure 8.5.
The equations shown here consider bending about both principal axes, whereas the plot in
Figure 8.5 is for single-axis bending.
P
For r ≥ 0.2 ,
Pc

For

Pr 8 ⎛ M rx M ry ⎞
+ ⎜
+
⎟ ≤ 1.0
Pc 9 ⎝ M cx M cy ⎠

(AISC H1-1a)

Pr ⎛ M rx M ry ⎞
+⎜
+
⎟ ≤ 1.0
2 Pc ⎝ M cx M cy ⎠

(AISC H1-1b)

Pr
< 0.2 ,
Pc

where
Pr = required compressive strength, kips
Pc = available compressive strength, kips
Mr = required flexural strength, ft-kips
Mc = available flexural strength, ft-kips
x = subscript relating symbol to strong axis bending
y = subscript relating symbol to weak axis bending
It is important to note that
1. The available column strength, Pc, is based on the axis of the column with the
largest slenderness ratio. This is not necessarily the axis about which bending takes
place.
2. The available bending strength, Mc, is based on the bending strength of the beam
without axial load, including the influence of all the beam limit states.
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Equation H1-1a

Equation H11-1b

F
Figure 8.5 IInteraction Eqquations
H
H1-1a and H11-1b.
The requirred compressiive strength, P r, is the forcce in the mem
mber, includinng secondorder effeccts.
4. The requirred flexural strength, Mr, iis the bendingg moment in the member, including
second-ord
der effects.
Second-order forces an
nd moments can be determ
mined througgh a second-oorder analysiis or by a
modification of the results of a firrst-order anaalysis using aamplification factors as m
mentioned
earlier. Th
hese amplificaation factors will
w be discusssed as they rrelate to braceed frames (Seection 8.5)
and momeent frames (Seection 8.6).
Ad
dditional prov
visions are av
vailable for caases where the axial strenggth limit state is out-ofplane buck
kling and thee flexural streength limit s tate is laterall-torsional buuckling for bbending in
plane. Equ
uations H1-1aa and b are conservative
c
for this situaation, but an additional appproach is
available. Specification
n Section H1.3 provides thhat (1) for thhe limit state of in-plane instability,
Equations H1-1a and H1-1b
H
should
d be used whhere the comppressive strenngth is determ
mined for
buckling in
i the plane of bending and
a Mcx = M p, and (2) ffor the limit states of ouut-of-plane
buckling and
a lateral-torrsional bucklin
ng
3.

Pr ⎛
Pr
⎜1.5 − 0.5
Pcy ⎝
Pcy

2

⎞ ⎛ M rx ⎞
⎟+⎜
⎟ ≤ 1.0
⎠ ⎝ Cb M cx ⎠

(AIISC H1-3)

where
Pcy = available compressive strength out oof the plane oof bending
Mcx
onal buckling strength for sstrong axis beending with Cb = 1.0
c = available lateral-torsio
Cb = lateral-torrsional buckliing factor disccussed in Chaapter 6
If there is significant biaxial
b
bendiing, meaning that the reqquired-momennt-to-availablee-moment
ratio for y--axis bending
g is greater thaan or equal too 0.05, then thhis option is nnot available. Although
this option
nal approach can
c provide a more econom
mical solutionn in some casses, it is not uused in the
examples or
o problems in this book.
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Bracced Frame.

Figu
ure 8.7 An Axially Loadded
Coluumn with Equual and Opposite End
Mom
ments.

8.5

BRACED FRAME
ES
A frame iss considered to
t be braced if
i a positive ssystem—that is, an actual system such as a shear
wall (maso
onry, concrette, steel, or other
o
materiaal) or diagonnal steel mem
mber—as illuustrated in
Figure 8.6
6, serves to reesist the laterral loads, staabilize the fraame under grravity loads, and resist
lateral disp
placements. In
n these cases,, columns aree considered bbraced againstt lateral translation and
the in-plan
ne K-factor can
c be taken
n as 1.0, acccording to Apppendix Secttion 7.2.3(a),, unless a
rational an
nalysis indicaates that a low
wer value is aappropriate. T
This is the tyype of columnn that was
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discussed in Chapter 6. Later in this chapter the requirements for bracing to ensure that a structure
can be considered a braced frame, as found in Appendix 6, are discussed.
If the column in a braced frame is rigidly connected to a girder, bending moments result
from the application of the gravity loads to the girder. These moments can be determined through
a first-order elastic analysis. The additional second-order moments resulting from the
displacement along the column length can be determined through the application of an
amplification factor.
The full derivation of the amplification factor has been presented by various authors.1,2
Although this derivation is quite complex, a somewhat simplified derivation is presented here to
help establish the background. An axially loaded column with equal and opposite end moments is
shown in Figure 8.7a. This is the same column that was discussed in Section 8.2. The resulting
moment diagram is shown in Figure 8.7b where the moments from both the end moments and the
secondary effects are given.
The maximum moment occurring at the mid-height of the column, Mr, is shown to be
M r = M 1 + Pδ 2

The amplification factor is defined as
AF =

M r M 1 + Pδ 2
=
M1
M1

Rearranging terms yields

AF =

1
Pδ 2
1–
M 1 + Pδ 2

Two simplifying assumptions will be made. The first is based on the assumption that δ is
sufficiently small that
δ2
δ
≈ 1
M 1 + Pδ 2 M 1
and the second, using the beam deflection, δ1 = M1 L2/8EI, assumes that
M1 8EI π 2 EI
= 2 ≈ 2 = Pe
L
L
δ1
Because these simplifying assumptions are in error in opposite directions, they tend to be
offsetting. This results in a fairly accurate prediction of the amplification. Thus,
1
(8.2)
AF =
1 – P /Pe
A comparison between the actual amplification and that given by Equation 8.2 is shown in Figure
8.8.
The discussion so far has assumed that the moments at each end of the column are equal
and opposite, and that the resulting moment diagram is uniform. This is the most severe loading
case for a beam-column braced against translation. If the moment is not uniformly distributed, the

1

Galambos, T. V., Structural Members and Frames. Englewood Cliffs, NJ: Prentice Hall, Inc., 1968.
Johnson, B. G., Ed., Guide to Stability Design Criteria for Metal Structures, 3rd ed., SSRC, New York: Wiley, 1976.
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Figure 8.8 Am
mplified Mom
ment:
Exxact and Apprroximate.
displacemeent along thee member is less than preeviously conssidered and tthe resulting amplified
moment iss less than ind
dicated. It hass been custom
mary in designn practice to uuse the case oof uniform
moment as
a a base and
d to provide for other m
moment distriibutions by cconverting thhem to an
equivalentt uniform mom
ment through the use of ann additional faactor, Cm.
Nu
umerous stud
dies have sho
own that a reeasonably acccurate correcction results ffor beamcolumns braced againstt translation and
a not subjecct to transversse loading bettween their suupports, if
the momen
nt is reduced through
t
its multiplication
m
bby Cm, wheree

Cm = 0.6 − 0.4 ( M 1 M 2 )

(AIS
SC A-8-4)

he ratio of the smaller to larger
l
momennts at the ends of the mem
mber unbracedd length in
M1/M2 is th
the plane of bending. M1/M2 is po
ositive when the memberr is bent in reverse curvvature and
negative when
w
bent in single
s
curvatu
ure.
Fo
or beam-colum
mns in braced
d frames wheere the membeer is subjected to transversse loading
between su
upports, Cm may
m be taken from Commeentary Table C-A-8.1, or cconservativelyy taken as
1.0.
Th
he combinatio
on of the amp
plification facctor, AF, andd the equivaleent moment ffactor, Cm,
accounts for
fo the total member
m
secondary effects. This combineed factor is giiven as B1 in Appendix
8 of the Sp
pecification ass
Cm
B1 =
≥ 1.0
(AIS
SC A-8-3)
α Pr
1–
Pe1
where
α = 1.6 for ASD
A
and 1.0
0 for LRFD to account for the nonllinear behaviior of the
structuree at its ultimatte strength
Pr = required strength, whiich may be taaken as the firrst-order requuired strengthh, Pnt + Plt,
when useed in momentt frames
Pe1
=
Euler buckling load fo
or the columnn in the plane of bending w
with an effective length
e
factor, K = 1.0
Thus, the value
v
of Mr in
n Equations H1-1a
H
and H1 -1b is taken aas

M r = B1M nt
mum moment on the beam
m-column. The subscript nt indicates thhat for this
where Mnt is the maxim
case, the column
c
does not undergo any lateral trranslation of its ends. It iss possible forr Cm to be
less than 1.0 and for Eq
quation A-8-3 to give an am
mplification ffactor less thaan 1.0. This inndicates
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9 Three-Dim
mensional Braaced Frame foor a Single-Sttory Structuree.
Figure 8.9
that the co
ombination off the Pδ effeccts and the noonuniform mooment results in a momentt less than
the maxim
mum momen
nt on the beeam-column from a firstt-order analyysis. In this case, the
amplificatiion factor B1 = 1.0.

E
EXAMPLE 8.1a
B
Braced Fram
me
C
Column Dessign for
C
Combined Axial
A
aand Bending
g by
L
LRFD

Go
oal:

Dessign column A1 in Figurre 8.9 for thhe given loadds using the LRFD
prov
visions and th
he second-ordder amplificattion factor prrovided in Apppendix
8 off the Specifica
ation.

Giiven:

Thee three-dimensional bracedd frame for a single-story structure is ggiven in
Figu
ure 8.9. Rigid
d connectionns are provideed at the rooof level for ccolumns
A1, B1, A4, and
d B4. All otheer column connnections aree pinned. Deaad Load
= 50
0 psf, Snow Load
L
= 20 psff, Roof Live Load = 10 pssf, and Wind Load =
20 psf
p horizontall. Use A992 ssteel. Assumee that the X-brracing is suffficiently
stifffer than the rigid frames too resist all lateeral load.

Beam-Columns and Frame Behavior Chapter 8

SOLUTION

Step 1:

13

Determine the appropriate load combinations. From ASCE 7, Section 2.3,
the following two combinations are considered.
ASCE 7 load combination 3
1.2D + 1.6(Lr or S or R) + (0.5L or 0.5W)
ASCE 7 load combination 4
1.2D + 1.0W + 0.5L + 0.5(Lr or S or R)

Step 2:

Determine the factored roof gravity loads for each load combination. For
load combination 3
1.2(50) + 1.6(20) = 92 psf
and for load combination 4
1.2(50) + 0.5(20) = 70 psf
Because column A1 does not participate in the lateral load resistance, the
worst case loading will use the uniformly distributed roof load of 92 psf.

Step 3:

Carry out a preliminary first-order analysis. Because the structure is
indeterminate, a number of approaches can be taken. If an arbitrary 6:1
ratio of moment of inertia for beams to columns is assumed, a moment
distribution analysis yields the moment and force given in Figure 8.9b.
Thus, the column will be designed to carry
Pu = 29.1 kips and Mu = 37.7 ft-kips

Step 4:

Select a trial size for column A1 and determine its compressive strength
and bending strength.
Try W10×33. (Section 8.8 addresses trial section selection.)
From Manual Table 1-1
A = 9.71 in.2, rx = 4.19 in., ry = 1.94 in., Ix = 171 in.4, rx/ry = 2.16
The column is oriented so that bending is about the x-axis of the column. It
is braced against sidesway by the diagonal braces in panel A2–A3 and is
pinned at the bottom and rigidly connected at the top in the plane of
bending. The column is also braced out of the plane of bending by the brace
in panel A1–B1. Because this column is part of a braced frame, K = 1.0 can
be used. Although the Specification permits the use of a lower K-factor if
justified by analysis, this is not recommended because it would likely
require significantly more stiffness in the braced panel.
From Manual Table 4-1a, for y-axis buckling
φPn = 214 kips for Lc = 16.0 ft
From Manual Table 3-10
φMn = 113 ft-kips for Lb = 16.0 ft

14
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Step 5:

Check the W10×33 for combined axial load and bending in-plane.
For an unbraced length of 16 ft, the Euler load is
π 2 EI π 2 (29,000)(171)
Pe1 = 2 =
= 1330 kips
Lc1
(16.0(12)) 2
The column is bent in single curvature between bracing points, the end
points, and the moment at the base is zero, so M1/M2 = 0.0. Thus
Cm = 0.6 – 0.4(0.0) = 0.6
Therefore, the amplification factor, with α = 1.0, becomes
Cm
0.6
B1 =
=
= 0.613 ≤ 1.0
αP
1.0 ( 29.1)
1− r 1–
Pe1
1330
The Specification requires that B1 not be less than 1.0. Therefore, taking B1
= 1.0,
Mrx = B1(Mx) = 1.0(37.7) = 37.7 ft-kips
To determine which equation to use, calculate
Pu
29.1
=
= 0.136 < 0.2
φPn 214
Therefore, use Equation H1-1b
Pu
Mu
+
≤ 1.0
2φPn φM n
37.7
0.5(0.136) +
= 0.402 < 1.0
113
Thus, the W10×33 will easily carry the given loads.
The solution to Equation H1-1b indicates that there is a fairly wide extra
margin of safety. It would be appropriate to consider a smaller column for a
more economical design.

EXAMPLE 8.1b
Braced Frame
Column Design for
Combined Axial
and Bending by
ASD

Goal:

Design column A1 in Figure 8.9 for the given loads using the ASD
provisions and the second-order amplification factor provided in Appendix
8 of the Specification.

Given:

The three-dimensional braced frame for a single-story structure is given in
Figure 8.9. Rigid connections are provided at the roof level for columns
A1, B1, A4, and B4. All other column connections are pinned. Dead Load
= 50 psf, Snow Load = 20 psf, Roof Live Load = 10 psf, and Wind Load =
20 psf horizontal. Use A992 steel. Assume that the X-bracing is sufficiently
stiffer than the rigid frames to resist all lateral load.

Beam-Columns and Frame Behavior Chapter 8
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Step 1:

15

Determine the appropriate load combinations. From ASCE 7, Section 2.3,
the following two combinations are considered.
ASCE 7 load combination 3
D + (Lr or S or R)
ASCE 7 load combination 6
D + 0.75(0.6W) + 0.75(Lr or S or R)

Step 2:

Determine the factored roof gravity loads for each load combination. For
load combination 3
50 + 20 = 70 psf
and for load combination 6
50 + 0.75(20) = 65 psf
Because column A1 does not participate in the lateral load resistance, the
worst case loading will use the uniformly distributed roof load of 70 psf.

Step 3:

Carry out a preliminary first-order analysis. Because the structure is
indeterminate, a number of approaches can be taken. If an arbitrary 6:1
ratio of moment of inertia for beams to columns is assumed, a moment
distribution analysis yields the moment and force given in Figure 8.9c.
Thus, the column will be designed to carry
Pa = 22.1 kips and Ma = 28.7 ft-kips

Step 4:

Select a trial size for column A1 and determine its compressive strength
and bending strength.
Try W10×33. (Section 8.8 addresses trial section selection.)
From Manual Table 1-1
A = 9.71 in.2, rx = 4.19 in., ry = 1.94 in., Ix = 171 in.4, rx/ry = 2.16
The column is oriented so that bending is about the x-axis of the column. It
is braced against sidesway by the diagonal braces in panel A2–A3 and is
pinned at the bottom and rigidly connected at the top in the plane of
bending. The column is also braced out of the plane of bending by the brace
in panel A1–B1. Because this column is part of a braced frame, K = 1.0 can
be used. Although the Specification permits the use of a lower K-factor if
justified by analysis, this is not recommended because it would likely
require significantly more stiffness in the braced panel.
From Manual Table 4-1a for y-axis buckling
Pn Ω = 142 kips for Lc = 16.0 ft
From Manual Table 3-10
M n Ω = 74.9 ft-kips for Lb = 16.0 ft
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Step 5:

Check the W10×33 for combined axial load and bending in-plane.
For an unbraced length of 16 ft, the Euler load is
π 2 EI π 2 (29,000)(171)
Pe1 = 2 =
= 1330 kips
Lc1
(16.0(12)) 2
The column is bent in single curvature between bracing points, the end
points, and the moment at the base is zero, so M1/M2 = 0.0. Thus
Cm = 0.6 – 0.4(0.0) = 0.6
Therefore, the amplification factor, with α = 1.6. becomes
Cm
0.6
B1 =
=
= 0.616 ≤ 1.0
αP
1.6 ( 22.1)
1− r 1–
Pe1
1330
The Specification requires that B1 not be less than 1.0. Therefore, taking B1
= 1.0,
Mrx = B1(Mx) = 1.0(28.7) = 28.7 ft-kips
To determine which equation to use, calculate
Pu
22.1
=
= 0.156 < 0.2
Pn Ω 142
Therefore, use Equation H1-1b
Pa
Ma
+
≤ 1.0
2 Pn Ω M n Ω
28.7
0.5(0.156) +
= 0.461 < 1.0
74.9
Thus, the W10×33 will easily carry the given loads.
The solution to Equation H1-1b indicates that there is a fairly wide extra
margin of safety. It would be appropriate to consider a smaller column for a
more economical design.

8.6

Moment Frames
A moment frame depends on the stiffness of the beams and columns that make up the frame for
stability under gravity loads and under combined gravity and lateral loads. Unlike braced frames,
there is no external structure to lean against for stability. Columns in moment frames are
subjected to both axial load and moment and experience lateral translation.
The same interaction equations, Equations H1-1a and H1-1b, are used to design beamcolumns in moment frames as were previously used for braced frames. However, in addition to
the member second-order effects discussed in Section 8.5, there is the additional second-order
effect that results from the sway or lateral displacement of the frame.

Beam
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10 Structuree Second-Ord
der Effect: Sw
way.
Figure 8.1
Fig
gure 8.10 sho
ows a cantilev
ver or flag polle column unnder the actionn of an axial lload and a
lateral loaad. Figure 8..10a is the column
c
as vviewed for a first-order eelastic analyssis where
equilibrium
m requires a moment
m
at th
he bottom, M lt = HL. The deflection thhat results at tthe top of
the column
n, Δ1, is the ellastic deflectiion of a cantillever, so
L3
HL
Δ1 =
(8.3)
3E
EI
A second-orderr analysis yieelds the forcees and displaccements as shhown in Figuure 8.10b.
The displaacement, Δ2, is
i the total displacement, iincluding seccond-order eff
ffects, and thee moment,
including second-order
s
effects, is
(8.4)
B2 M lt = H
HL + P Δ 2
An
n equivalent lateral load can be deterrmined that rresults in thee same momeent at the
bottom of the column as in the second-order annalysis. This lload is H + P
PΔ2/L and is shown in
Figure 8.10c.
It may be assum
med, with onlly slight errorr, that the dispplacements att the top of thhe column
for the cases in Figures 8.10b and c are
a the same. Thus, using tthe equivalennt lateral load
( H + PΔ2 /L) L3 HL3 ⎛ PΔ2 ⎞
⎛ PΔ2 ⎞
Δ2 =
=
(8.5)
⎟
⎜1 +
⎟ = Δ1 ⎜1 +
3EI ⎝
HL ⎠
3EI
HL ⎠
⎝
Equation 8.5
8 can now be
b solved for Δ2, where
Δ2 =

Δ1
P Δ1
1−
HL

(8.6)

and the result substituteed into Equattion 8.4. Solvving the resuulting equationn for the ampplification
factor, B2, and simplifyiing yields
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B2 =

Δ2
1
=
Δ1 1 – PΔ1
HL

(8.7)

Considering that the typical beam-column will be part of some larger structure, this
equation must be modified to include the effect of the multistory and multibay characteristics of
the actual structure. This is easily accomplished by summing the total gravity load on the columns
in the story and the total lateral load in the story. Thus, Equation 8.7 becomes
1
(8.8)
B2 =
ΣPΔ1
1–
ΣHL
This amplification factor is essentially that given in Appendix 8 of the Specification as
Equation A-8-6, when combined with Equation A-8-7
1
1
(AISC A-8-6)
B2 =
=
≥ 1.0
αPstory
αPstory Δ H
1–
1–
Pe story
RM HL
where
Pstory = total gravity load on the story
Pe story = measure of lateral strength of the structure = RM

HL
ΔH

(AISC A-8-7)

ΔH = story drift from a first-order analysis due to the lateral load, H
α = 1.0 for LRFD and 1.6 for ASD to account for the nonlinear behavior of the structure
at its ultimate strength
⎛ Pmf ⎞
RM = 1 − 0.15 ⎜
(AISC A-8-8)
⎟
⎝ Pstory ⎠
Pmf = the total vertical load in columns that are part of the lateral load resisting system
The variable RM accounts for the influence of the member effect on the sidesway displacement
that could not be accounted for in the simplified derivation above. If all the columns are moment
frame columns, Pmf/Pstory = 1.0 and RM = 0.85. For braced frames, Pmf = 0 and RM = 1.0. For frames
with a combination of columns resisting lateral load through bending and gravity only or leaning
columns, the value of RM will be between these limits.
It is often desirable to limit the lateral displacement, or drift, of a structure during the
design phase. ASCE 7 Appendix C Commentary provides some general guidance. This limit can
be defined using a drift index, which is the story drift divided by the story height, ΔH/L. The
design then proceeds by selecting members so that the final structure performs as desired. This is
similar to beam design, where deflection is the serviceability criterion. Because a limit on the
drift index can be established without knowing member sizes, it can be used in Equation A-8-6;
thus an analysis with assumed member sizes is unnecessary.
With this amplification for sidesway, the moment, Mr, to be used in Equations AISC H11a and AISC H1-1b, can be evaluated. Mr must include both the member and structure secondorder effects. Thus, a first-order analysis without sidesway is carried out, yielding moments, Mnt,
that is without translation, to be amplified by B1. Next, a first-order analysis including lateral
loads and permitting translation is carried out. This yields moments, Mlt, with translation, to be
amplified by B2. The resulting second-order moment is
M r = B1M nt + B2 M lt
(AISC A8-1)
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where
B1 is given by Equation A-8-3
B2 is given by Equation A-8-6
Mnt = first-order moments when the structure is not permitted to translate laterally
Mlt = first-order moments that result from just the lateral translation
Mlt could include moments that result from unsymmetrical frame properties or loading as well as
from lateral loads. In most real structures, however, moments resulting from this lack of
symmetry are usually small and are thus often ignored.
The second-order force is
Pr = Pnt + B2 Plt
(AISC A-8-2)
The sum of Pnt and Plt for the entire structure will equal the total gravity load on the
structure, since the sum of Plt will be zero. For the individual column, however, it is important to
amplify the portion of the individual column force that comes from the lateral load.
For situations where there is no lateral load on the structure, it may be necessary to
incorporate a minimum lateral load in order to capture the second-order effects of the gravity
loads. This is covered in Section 8.7 where the three methods provided in the Specification for
treating stability analysis and design are discussed.

EXAMPLE 8.2a
Moment Frame
Strength Check for
Combined
Compression and
Bending by LRFD

Goal:

Using the LRFD provisions, determine whether the W14×90, A992 column
shown in Figure 8.11 is adequate to carry the imposed loading.

Given:

An exterior column from an intermediate level of a multi-story moment
frame is shown in Figure 8.11. The column is part of a braced frame out of
the plane of the figure. Figure 8.11a shows the elevation of the frame with
the member to be checked labeled AB. The same column section will be
used for the level above and below the column AB. A first-order analysis of
the frame for gravity loads plus the minimum lateral load (the minimum
lateral load will be discussed in Section 8.7) results in the forces shown in
Figure 8.11b, whereas the results for gravity plus wind are shown in Figure
8.11c. Assume that the frame drift under service loads is limited to
height/300 for a story shear, H = 148 kips.

SOLUTION

Step 1:

Determine the column effective length factor in the plane of bending.
Using the effective length alignment chart introduced in Chapter 5 and
given in Commentary Figure C-A-7.2, determine the effective length for
buckling in the plane of the moment frame. At each joint there are two
columns and one beam framing in. Thus,
⎛ 999 ⎞
2⎜
⎟
Σ ( I L )c
12.5 ⎠
G A = GB =
= ⎝
= 2.28
Σ ( I L )g
⎛ 2100 ⎞
⎜
⎟
⎝ 30.0 ⎠
Thus, from Figure 5.20, K = 1.66.
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Determine the controlling effective length.
With rx/ry = 1.66 for the W14 × 90,

( Lcx )eff = ( KL )eff

=

( KL ) x
rx ry

=

1.66 (12.5 )
1.66

= 12.5 ft

Lcy = KLy = 1.0(12.5) = 12.5 ft
Step 3:

Since the effective length about each axis is 12.5 ft, determine the column
design axial strength using Lc = 12.5.
From the column tables, Manual Table 4-1a, for Lc = 12.5 ft,
φPn = 1060 kips

Step 4:

Determine the first-order moments and forces for the loading combination
that includes wind, 1.2D +0.5L + 1.0W.
The column end moments given in Figure 8.11c are a combination of
moments resulting from a nonsway gravity load analysis and a wind
analysis:
Moment for end A:
Moment for end B:
Compression:

Mnt = 96.7 ft-kips
Mlt = 154 ft-kips
Mnt = 48.3 ft-kips
Mlt = 154 ft-kips
Pnt = 354 kips
Plt = 99.0 kips
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Step 5:

Determine the second-order moments by amplifying the first-order
moments.
No-translation amplification: The no-translation moments must be
amplified by B1. From Figure 8.11c it is seen that the end moments bend
the column in reverse curvature:
M 1 48.3
=
= 0.50
M 2 96.7

Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4(0.50) = 0.4
Pe1 =

π2 E π 2 (29,000)(999)
=
= 12,700 kips
L2c1
(1.0(12.5)(12)) 2

Thus, with α = 1.0 for LRFD and Pr = 354 + 99 = 453 kips, Equation A-8-3
yields
Cm
0.4
B1 =
=
= 0.415 < 1.0
(1.0)(453)
αPr
1−
1–
Pe1
12,700
Therefore, B1 = 1.0.
Translation amplification: The translation forces and moments must be
amplified by B2. The design drift limit of height/300 and Equation A-8-6
are used to determine B2.
The total service lateral load on this story is given as
H = 148 kips
Additional given information is that the total gravity load for this load
combination in Figure 8.11c is
Pstory = 2110 kips
The drift limit under the service lateral load of 148 kips is
ΔH = L/300 = 12.5(12)/300 = 0.50 in.
Remember that in the calculation of B2, H can be taken as any convenient
magnitude, as long as ΔH is the corresponding displacement. This is
because it is the ratio of H to ΔH that is used in the determination of Pe story.
Thus, with α = 1.0 for LRFD and RM = 0.85 assuming all columns are
moment frame columns, Equation A-8-7 gives
Pe story =

RM HL 0.85(148)(12.5)(12)
=
= 37,700 kips
ΔH
0.50

and Equation A-8-6 gives
1
1
B2 =
=
= 1.06>1.0
αPstory
(1.0)2110 ⎞
⎛
1−
1– ⎜
⎟
Pe story
⎝ 37,700 ⎠
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Thus, the second-order compressive force and moment are
Pr = Pnt + B2(Plt) = 354 + 1.06(99) = 459 kips
Mr = B1(Mnt) + B2(Mlt) = 1.0(96.7) + 1.06(154) = 260 ft-kips
These represent the required strength for this load combination.
Step 6:

Determine whether the W14×90 will provide the required strength based on
the appropriate interaction equation.
The unbraced length of the compression flange for pure bending is 12.5 ft,
which is less than Lp = 15.1 ft for this section, taking into account that its
flange is noncompact. Thus, from Manual Table 3-2, the design moment
strength of the section is
φMn = 574 ft-kips
Determine the appropriate interaction equation. From Step 3, φPn = 1060
kips;
Pu
459
=
= 0.433 > 0.2
φPn 1060
so use Equation H1-1a, which yields
Pu 8 ⎛ M u
+ ⎜
φPn 9 ⎝ φM n

⎞
⎟ ≤ 1.0
⎠

8 ⎛ 260 ⎞
0.433 + ⎜
⎟ = 0.836 < 1.0
9 ⎝ 574 ⎠

Thus,
the W14×90 is adequate for this load combination.
Step 7:

Check the section for the gravity-only load combination, 1.2D + 1.6L.
Because this is a gravity-only load combination, Specification Appendix
Section 7.2.2, by reference to Section C2.2b, requires that the analysis
include a minimum lateral load of 0.002 times the gravity load. This will be
further discussed in Section 8.7. For this load combination, the total story
gravity load must also be known and is given in Figure 8.11b as Pstory =
2430 kips. Thus, for this frame the minimum lateral load is 0.002Pstory =
0.002(2430) = 4.86 kips at this level.
The forces and moments given in Figure 8.11b include the effects of this
minimum lateral load. The magnitude of the lateral translation effect is
small in this case. Since both the moment due to the minimum lateral load
and the amplification factor, B2, are expected to be small, the forces and
moments used for this check will be assumed to come from a no-translation
case, with little error. If the minimum lateral load would produce large
moments or the amplification factor, B2, calculated in Step 5, were large,
this would not be a good assumption. Therefore, at end A, Mnt = 142 ftkips, at end B Mnt = 71.0 ft-kips, and Pnt = 522 kips.
A quick review of the determination of B1 from the first part of this solution
shows that the only change is in the magnitude of the axial force and the
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member end moments; thus
M 1 71.0
=
= 0.50
M 2 142
Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4(0.50) = 0.4

Pe1 =

π2 EI π 2 (29,000)(999)
=
= 12,700 kips
L2c1
(1.0(12.5)(12)) 2

Thus, with α = 1.0 for LRFD,
Cm
0.4
B1 =
=
= 0.417 < 1.0
(1.0)(522)
αPr
1−
1–
Pe1
12,700
Note that B1 is again 1.0.
With the assumption that there is no lateral translation,
Mlt = 0.0 and B2 is unnecessary,thus

Pr = 522 kips, M r = 1.0(142) = 142 ft-kips
Again using Equation H1-1a,
Pu 8 ⎛ M u ⎞
+ ⎜
⎟ ≤ 1.0
φPn 8 ⎝ φM n ⎠
522 8 ⎛ 142 ⎞
+ ⎜
⎟ = 0.712 < 1.0
1060 9 ⎝ 574 ⎠
Thus,
the W14×90 is adequate for both load combinations.

EXAMPLE 8.2b
Moment Frame
Strength Check for
Combined
Compression and
Bending by ASD

Goal:

Using the ASD provisions, determine whether the W14×90, A992 column
shown in Figure 8.11 is adequate to carry the imposed loading.

Given:

An exterior column from an intermediate level of a multi-story moment
frame is shown in Figure 8.11. The column is part of a braced frame out of
the plane of the figure. Figure 8.11a shows the elevation of the frame with
the member to be checked labeled AB. The same column section will be
used for the level above and below the column AB. A first-order analysis of
the frame for gravity loads plus the minimum lateral load (the minimum
lateral load will be discussed in Section 8.7) results in the forces shown in
Figure 8.11d, whereas the results for gravity plus wind are shown in Figure
8.11e. Assume that the frame drift under service loads is limited to
height/300 for a story shear, H = 148 kips.

Beam-Columns and Frame Behavior

SOLUTION

Step 1:

Chapter 8

25

Determine the column effective length factor in the plane of bending.
Using the effective length alignment chart introduced in Chapter 5 and
given in Commentary Figure C-A-7.2, determine the effective length for
buckling in the plane of the moment frame. At each joint there are two
columns and one beam framing in. Thus,
⎛ 999 ⎞
2⎜
⎟
Σ ( I L )c
12.5 ⎠
G A = GB =
= ⎝
= 2.28
Σ ( I L )g
⎛ 2100 ⎞
⎜
⎟
⎝ 30.0 ⎠
Thus, from Figure 5.20, K = 1.66.

Step 2:

Determine the controlling effective length.
With rx/ry = 1.66 for the W14 × 90,

( Lcx )eff = ( KL )eff

=

( KL ) x
rx ry

=

1.66 (12.5 )
1.66

= 12.5 ft

Lcy = KLy = 1.0(12.5) = 12.5 ft
Step 3:

Since the effective length about each axis is 12.5 ft, determine the column
allowable axial strength using Lc = 12.5.
From the column tables, Manual Table 4-1a, for Lc = 12.5 ft,
Pn Ω = 703 kips

Step 4:

Determine the first-order moments and forces for the loading combination
that includes wind, D +0.75L + 0.75(0.6W).
The column end moments given in Figure 8.11e are a combination of
moments resulting from a nonsway gravity load analysis and a wind
analysis:
Moment for end A:
Moment for end B:
Compression:

Mnt = 78.0 ft-kips
Mlt = 96.0 ft-kips
Mnt = 39.0 ft-kips
Mlt = 96.0 ft-kips
Pnt = 280 kips
Plt = 62.0 kips
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Step 5:

Determine the second-order moments by amplifying the first-order
moments.
No-translation amplification: The no-translation moments must be
amplified by B1. From Figure 8.11e it is seen that the end moments bend
the column in reverse curvature:
M 1 39.0
=
= 0.50
M 2 78.0

Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4(0.50) = 0.4
Pe1 =

π2 E π 2 (29,000)(999)
=
= 12,700 kips
L2c1
(1.0(12.5)(12)) 2

Thus, with α = 1.6 for ASD and Pr = 280 + 62 = 342 kips, Equation A-8-3
yields
Cm
0.4
B1 =
=
= 0.418 < 1.0
(1.6)(342)
αPr
1−
1–
Pe1
12,700
Therefore, B1 = 1.0.
Translation amplification: The translation forces and moments must be
amplified by B2. The design drift limit of height/300 and Equation A-8-6
are used to determine B2.
The total service lateral load on this story is given as
H = 148 kips
Additional given information is that the total gravity load for this load
combination in Figure 8.11e is
Pstory = 1670 kips
The drift limit under the service lateral load of 148 kips is
ΔH = L/300 = 12.5(12)/300 = 0.50 in.
Remember that in the calculation of B2, H can be taken as any convenient
magnitude, as long as ΔH is the corresponding displacement. This is
because it is the ratio of H to ΔH that is used in the determination of Pe story.
Thus, with α = 1.6 for ASD and RM = 0.85 assuming all columns are
moment frame columns, Equation A-8-7 gives
Pe story =

RM HL 0.85(148)(12.5)(12)
=
= 37,700 kips
ΔH
0.50

and Equation A-8-6 gives
1
1
B2 =
=
= 1.08>1.0
αPstory
(1.6)1670 ⎞
⎛
1−
1– ⎜
⎟
Pe story
⎝ 37,700 ⎠
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Thus, the second-order compressive force and moment are
Pr = Pnt + B2(Plt) = 280 + 1.08(62.0) = 347 kips
Mr = B1(Mnt) + B2(Mlt) = 1.0(78.0) + 1.08(96.0) = 182 ft-kips
These represent the required strength for this load combination.
Step 6:

Determine whether this shape will provide the required strength based on
the appropriate interaction equation.
The unbraced length of the compression flange for pure bending is 12.5 ft,
which is less than Lp = 15.1 ft for this section, taking into account that its
flange is noncompact. Thus, from Manual Table 3-2, the allowable moment
strength of the section is
M n Ω = 382 ft-kips
Determine the appropriate interaction equation. From Step 3, φPn = 1060
kips;
Pa
347
=
= 0.494 > 0.2
Pn Ω 703
so use Equation H1-1a, which yields
Pa
8 ⎛ Ma ⎞
+ ⎜
⎟ ≤ 1.0
Pn Ω 9 ⎝ M n Ω ⎠
8 ⎛ 182 ⎞
0.494 + ⎜
⎟ = 0.918 < 1.0
9 ⎝ 382 ⎠

Thus,
the W14×90 is adequate for this load combination.
Step 7:

Check the section for the gravity-only load combination, D + L.
Because this is a gravity-only load combination, Specification Appendix
Section 7.2.2, by reference to Section C2.2b, requires that the analysis
include a minimum lateral load of 0.002 times the gravity load. This will be
further discussed in Section 8.7. For this load combination, the total story
gravity load must also be known and is given in Figure 8.11d as Pstory =
1690 kips. Thus, for this frame the minimum lateral load is 0.002Pstory =
0.002(1690) = 3.38 kips at this level.
The forces and moments given in Figure 8.11d include the effects of this
minimum lateral load. The magnitude of the lateral translation effect is
small in this case. Since both the moment due to the minimum lateral load
and the amplification factor, B2, are expected to be small, the forces and
moments used for this check will be assumed to come from a no-translation
case, with little error. If the minimum lateral load would produce large
moments or the amplification factor, B2, calculated in Step 5, were large,
this would not be a good assumption. Therefore, at end A, Mnt = 95.0 ftkips, at end B Mnt = 47.0 ft-kips, and Pnt = 348 kips.
A quick review of the determination of B1 from the first part of this solution
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shows that the only change is in the magnitude of the axial force and the
member end moments; thus
M 1 47.0
=
= 0.50
M 2 95.0

Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4(0.50) = 0.4
Pe1 =

π2 EI π 2 (29,000)(999)
=
= 12,700 kips
L2c1
(1.0(12.5)(12)) 2

Thus, with α = 1.6 for ASD,
Cm
0.4
B1 =
=
= 0.418 < 1.0
αPr
(1.6)(348)
1−
1–
Pe1
12,700
Note that B1 is again 1.0.
With the assumption that there is no lateral translation,
Mlt = 0.0 and B2 is unnecessary,
thus
Pr = 348 kips, M r = 1.0(95.0) = 95.0 ft-kips
Again using Equation H1-1a,
Pa
8 ⎛ Ma ⎞
+ ⎜
⎟ ≤ 1.0
Pn Ω 8 ⎝ M n Ω ⎠
348 8 ⎛ 95.0 ⎞
+ ⎜
⎟ = 0.716 < 1.0
703 9 ⎝ 382 ⎠

Thus,
the W14×90 is adequate for both load combinations.
The moments in the beams and the beam-column connections must also be amplified for
the critical case to account for the second-order effects. This is done by considering equilibrium
of the beam-column joint. The amplified moments in the column above and below the joint are
added together and this sum distributed to the beams which frame into the joint according to their
stiffnesses. These moments then establish the connection design moments.

8.7 SPECIFICATION PROVISIONS FOR STABILITY ANALYSIS AND DESIGN
Up to this point, the discussion of the interaction of compression and bending has concentrated on
the development of the interaction equations and one approach to incorporate second-order
effects. The Specification actually provides three approaches to deal with these two closely linked
issues. The most direct approach is to use a general second-order analysis in conjunction with the
Direct Analysis Method described in Chapter C.
A general second-order analysis yields forces and moments that can be used directly in
the interaction equations of Chapter H without the need to resort to amplification factors as just
described. The disadvantage to this approach is that, since the extremely useful principal of
superposition cannot be used (since the structural response is nonlinear), a complete nonlinear
analysis must be carried out for each load combination. A discussion of general, or rigorous,
methods of second-order analysis is beyond the scope of this book. Thus, in the remainder of this
book, if second-order effects have not already been included in the analysis results given, the
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amplified first-order an
nalysis approach will be uused to obtaiin the requireed second-ordder forces
and momeents.

ϕP
PnL

EI
EI, EA

ϕPnKL
n

EI*, EA
A*

K = 1.00

K = 2.66
F
Figure 8.12
Compariso
on of the
E
Effective Len
ngth Method and
a the Directt
A
Analysis Meth
hod

88.7.1 Direct Analysis
A
Metthod
The advan
ntage of the direct
d
analysiss method of SSpecification Chapter C iss that for the design of
compressio
on members, the effective length factorr is taken as 1.0. Since forr braced fram
mes, K can
always be taken as 1.0 based on Secction 7.2.3(a),, the direct annalysis methood is particulaarly useful
for momen
nt frames. Thee Specificatio
on requires thaat the stiffnesss of all elemeents contributting to the
lateral loaad resistance of the structure be reduuced. Thus, rrather than uusing EA for the axial
stiffness of
o the membeers, the modiified stiffnesss, EA* = 0.88EA, is used. Similarly foor flexural
stiffness, the
t modified stiffness EI*
* = 0.8τbEI, where τb acccounts for thee influence oof residual
stresses on
n second-ordeer effects, is used.
u
It shouuld be remem
mbered that thhe influence oof residual
stresses on
n the strength
h of compresssion and bendding memberss was alreadyy discussed inn Chapters
5 and 6. Th
he use of τb in
n this instancee is to capturee the influencce of those sam
me residual sstresses on
displacemeents and thuss on second--order effectss. This is thee same τb useed with the alignment
charts in th
he determinattion of the efffective lengthh in Chapter 5.
Fig
gure 8.12 sho
ows a compaarison betweeen the effectivve length metthod already presented
and the dirrect analysis method for a simple structture. Equatioons H1-1a andd H1-1b are pplotted for
the effectiive length method
m
and laabeled with K = 2.66. T
This indicates that the com
mpressive
strength off the memberr has been dettermined usinng K = 2.66. T
The nonlinearr load-momennt curve is
identified with EI and EA to indiccate that the nominal stifffnesses are uused to deterrmine this
behavior. The
T intersecttion of these two
t
curves inndicates that this load andd moment com
mbination
satisfy thee interaction equation.
e
Equ
uations H1-1 a and H1-1bb are plotted for the direcct analysis
method an
nd identified with
w K = 1.0. This indicattes that the coompressive sstrength of thee member
has been determined with
w
K = 1..0. Note thatt regardless of which appproach is seelected to
determine the compresssive strength
h, the flexuraal strength iss the same ffor both methhods. The
nonlinear load-momen
nt curve is id
dentified witth EI* and EA* to indicate that thee reduced
stiffnesses were used to
o determine this
t
behaviorr. The interseection of these two curvess indicates
that this lo
oad and mom
ment combinattion satisfy thhe interactionn equation. N
Next, note thaat the load
magnitudee for both off these interseections is neaarly the sam
me. Thus, the load that sattisfies the
interaction
n equation is the same reg
gardless of w
which methodd is used. Sinnce the direcct analysis
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method did not require the determination of K, it is a significantly simpler method than the
effective length method.
Another consideration that has only briefly been mentioned to this point is the
requirement in Section C1 that the influence of geometric imperfections be considered. As with
residual stresses, the influence of geometric imperfection on the strength of compression
members has already been addressed through the Specification column strength equations. The
requirement here is to consider the influence of out-of-plumbness on the stability of the structure.
This may be accomplished by modeling the structure in its out-of-plumb condition or through the
use of notional loads to simulate the out-of-plumbness. These notional loads will be discussed
later in this section. It should be noted that this is not a requirement of the direct analysis method
alone but a general requirement for determining required strength.
In addition to the direct analysis method, two other design methods are given in the
Specification. They are found in Appendix 7. The limitations on the application of these methods
are based on the direct analysis method.
8.7.2 Effective Length Method

Appendix 7.2 provides the requirements for the effective length method. This is the
approach already described earlier in this chapter for braced and moment frames. It is valid so
long as the ratio of second-order deflection to first-order deflection, Δ2/Δ1, is equal to or less than
1.5. Another way to state this requirement is to remember that Δ2/Δ1 = B2, so the effective length
method is valid as long as B2 ≤ 1.5. Although this check was not made in Example 8.2, it can now
be seen that it was acceptable to use the effective length method in that example, since for both
LRFD and ASD, B2 ≤ 1.5. A special case occurs when B2 ≤ 1.1. In this case, columns in moment
frames can be designed using K = 1.0. The effective length method is essentially the same method
used in past practice with the addition of the requirement of a minimum lateral load to be applied
in gravity-only load combinations. This is the notional load discussed above to account for initial
out-of-plumbness. It is the same as the minimum lateral load used in Example 8.2 and will be
discussed later in this section.
8.7.3 First-Order Analysis Method

A third method is given in the Appendix 7.3, the first-order analysis method. This
approach permits design without direct consideration of second-order effects except through the
application of additional notional lateral loads that account for structure out-of-plumbness and
second-order effects. This is possible because of the limits placed on the implementation of this
method. As with the effective length method, the structure must support gravity loads primarily
through vertical columns, walls or frames and the ratio of the second-order drift to first-order drift
must be less than or equal to 1.5. Additionally, compression members that participate in lateral
load resistance must behave elastically according to
αPr ≤ 0.5Pns
(AISC A-7-1)
With the foregoing limitations and the application of the notional load given by
N i = 2.1α ( Δ L ) Yi ≥ 0.0042Yi
(AISC A-7-2)
compression members may be designed using K = 1.0.
8.7.4 Geometric Imperfections

Now, consider in more detail the requirement to consider geometric imperfections.
Specification Section C1 requires that geometric imperfections be considered in the analysis and
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design of structures. There
T
are two
o types of geoometric impeerfections thaat must be coonsidered:
initial out--of-straightness and initial out-of-plumbbness. The strrength equatioons of Specifiication

Levell 1, Top

Figure 8.13

L
Level 2, Next llevel down

Notional Lo
oad Model forr Geometric IImperfectionss.

Chapter E already acccount for inittial out-of-strraightness. T
To consider out-of-plumbbness, the
structure may
m be modelled in the out--of-plumb po sition or notioonal loads, ass given in Speecification
Section C2
2.2b, may be used. The AISC
A
Code off Standard Prractice permiits columns tto be built
with an ou
ut-of-plumbneess tolerance of
o height/5000.
Fig
gure 8.13a shows the upper two storiies of a coluumn that is oout-of-plumb, L/500 =
0.002L. For level 1, with
w
a load P1 applied, a horizontall force of 0.002P1 is reqquired for
equilibrium
m as shown. The
T next story
y down, levell 2, is also ouut-of-plumb byy the same am
mount and
the load frrom above is added to the load introducced at that levvel so that thee column musst carry P1
e this load iss also applied
d at the eccenntricity of 0.0002L, equilibbrium requirees that the
+ P2. Since
column bee restrained by
y a force of 00
002(P1 + P2) as shown for level 2. Wheen these two ccolumns
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F
Figure 8.14
One-bay U
Unbraced Fraame for
C
Comparison of Analysis M
Methods

are put to
ogether, it can be seen in
n Figure 8.133b that the hhorizontal forrce at the inntersection
becomes 0.002
0
P2. Th
hus, Figure 8.13b
8
shows for this twoo story out-oof-plumb collumn, the
horizontal forces that are required to keep iit in equilibbrium. The ssame effect could be
accomplish
hed if the co
olumn was modeled
m
plum
mb and the restraining forcces from Figgure 8.13b
were appliied as loads ass shown in Fiigure 8.13c.
Th
hus, the out-o
of-plumbness can be modelled with a latteral load equual to 0.2 perccent of the
gravity loaad introduced
d at each leveel of the struccture. This laateral load is called a notiional load
and is takeen as Ni = 0.0
002αYi wheree Yi is the totaal gravity loaad on story i aand α is 1.0 ffor LRFD
and 1.6 for ASD, as discussed earlieer. The Specif
ification incluudes α as desscribed here, but when
the ampliffied first-order analysis method
m
is ussed to obtainn second-ordder effects, thhis is not
necessary, since α is in
ncluded in thee B1 and B2 caalculations. T
This notional load is the saame as the
“minimum
m lateral load”” used in Exam
mple 8.2.
88.7.5 Comparrison of Meth
hods
The three methods of frame stabiliity analysis juust describedd will be com
mpared usingg a simple
determinatte structure. Figure
F
8.14 shows
s
a one-bbay unbracedd frame with an LRFD gravity plus
lateral load combinatio
on. Column A is a flag p ole column aand provides all of the laateral load
resistance while column B is a grav
vity only coluumn. Gravityy only columnns will be disscussed in
more depth
h in Section 8.10.
8
Column
n A is a W14×
×90 bending about its stroong axis, coluumn B can
be any sizze sufficient to support thee gravity loadd since it does not contribbute to the laateral load
resistance, and the beam
m is assumed to be a rigid eelement.
Effective Length
L
Metho
od: First the effective
e
lenggth method off Appendix S
Section 7.2 wiill be used
along with
h the B1 – B2 amplification
n for second--order effectss. If the struccture is prevennted from
swaying, the
t nt analysiis produces, for
f column A
A, Pnt = 200 kkips and Mnt = 0 ft-kips. T
The lateral
translation
n analysis pro
oduces, for co
olumn A, Plt = 0 kips and Mnt = 300 ft--kips. Since thhere is no
moment in
n the nt analyssis, there are no P-δ effectts (member efffects) and noo need to deteermine B1.
To assess the
t P-Δ effects (sway effeccts), B2 will bbe determinedd. The 20 kip lateral load pproduces a
drift calcullated as for a cantilevered beam,

20 (155 (12 ) )
HL
H 3
=
= 1.334 in.
Δ=
3 ( 29,0000 )( 999 )
3EI
E
3

The total gravity
g
load on
o the structurre is 400 kip s. Half of thiss load is on thhe lateral loadd resisting
column A and half is on
n the gravity only
o
column. Thus,
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⎛ Pmf ⎞
⎛ 200 ⎞
RM = 1 − 0.15 ⎜
⎟ = 1 − 0.15 ⎜
⎟ = 0.925
⎝ 400 ⎠
⎝ Ptory ⎠
and
Pe story = RM

20 (15 (12 ) )
HL
= 0.925
= 2490 kips
1.34
ΔH

Thus,
B2 =

1
1
=
= 1.19
αP
1.0 ( 400 )
1 − story 1 −
Pe story
2490

Next, consider the limitations on use of the effective length method. This structure
supports gravity loads through vertical columns so it meets the first limitation in Section 7.2.1.
The second limitation requires that the second-order amplification, B2, be less than or equal to
1.5. Since B2 = 1.19 ≤ 1.5 the effective length method may be used for this frame.
The required strength, including second-order effects is found through Equations A-8-1
and A-8-2.
M r = B1M nt + B2 M lt = 0 + 1.19 ( 300 ) = 357 ft-kips
and
Pr = Pnt + B2 Plt = 200 + 1.19 ( 0 ) = 200 kips
The next step in the effective length method is determination of the effective length
factor. The effective length factor for the flag pole column alone is Kx = 2.0. However, as
discussed in Chapter 5, the inclusion of the gravity only column with load will increase the
effective length of column A. Using the approach presented in Chapter 5, with the load on the
moment frame column, Pmf = 200 kips and the load on the gravity only column, Pgrav only = 200
kips, the effective length factor is
K x* = K x 1 + Pgrav only Pmf = 2.0 1 + 200 200 = 2.83
Assuming that the frame is braced out of the plane of the frame, Ky = 1.0.
The available strength of the W14×90 column can be determined from Table 6-2 for an
unbraced length of the compression flange Lb = 15 ft < Lp = 15.1 ft, φM n = 574 ft-kips . The
controlling effective length is for x-axis buckling, thus

( Lcx )eff

= 2.83(15) 1.66 = 25.6 ft and

φPn = 720 kips . With the required strength and available strength determined, the interaction
equation can be checked.
First determine which interaction equation should be used. Since
Pr φPn = 200 720 = 0.278 > 0.2 use Equation H1-1a, thus

Pr 8 ⎛ M r
+
Pc 9 ⎜⎝ M c

⎞ 200 8 ⎛ 357 ⎞
⎟ = 720 + 9 ⎜ 574 ⎟ = 0.278 + 0.553 = 0.831 < 1.0
⎝
⎠
⎠

So the W14×90 is shown to be adequate by the effective length method.
First-Order Analysis Method: The first-order analysis method of Appendix Section 7.3 may be
used for those structures that meet the limitations of Section 7.3.1. These limitations are the same
as for the effective length method with the addition of the requirement that the columns behave
elastically such that
αPr ≤ 0.5Pns
(AISC A-7-1)
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Since the W14×90 column does not have slender elements for compression,
Pns = Py = Fy Ag = 50 ( 26.5 ) = 1330 kips and for the frame of Figure 8.14 αPr = 200 kips . Thus
200 ≤ 0.5 (1330 ) = 666 kips and the first-order analysis method may be used.

The required strength for the first-order analysis method is determined from a first-order
analysis that includes a notional load defined by Equation A-7-2 added to the lateral load in all
load combinations. This notional load accounts for both the initial out-of-plumbness of the
structure and second-order effects. Thus,
N i = 2.1α ( Δ L ) Yi ≥ 0.0042Yi
(AISC A-7-2)
For our structure, Δ = 1.34 in. as before and Yi = 400 kips so the notional load for this load
combination is

(

)

Ni = 2.1(1.0) 1.34 (15 (12) ) ( 400) = 6.25 kips ≥ 0.0042 ( 400) = 1.68 kips

Thus, the lateral load in the analysis will be increased from 20 kips to 26.3 kips. The results of the
Pu = 200 kips
and
first-order analysis for the determinate structure are

M u = 26.3 (15 ) = 395 ft-kips . Although this is called the first-order analysis method, it does
require that the moment be amplified by B1 found using
Cm
B1 =
≥ 1.0
(AISC A-8-3)
1 − αPr Pe1
This amplification addresses the member effect and is influenced by the buckling strength of the
column as a pin ended column in a no sway condition, Pe1, and the equivalent uniform moment
factor, Cm. Thus,
Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 − 0.4 ( 0 395 ) = 0.6
and with EI* = EI,
π2 EI * π2 (29,000)(999)
Pe1 = 2 =
= 8830 kips
2
Lc1
(15 (12) )
which gives

B1 =

0.6
= 0.614 < 1.0
1 − 200 8830

Therefore there is no amplification needed so Pr = Pu = 200 kips and M r = Mu = 395 ft-kips .
The available moment strength of the W14×90 column determined previously from Table
6-2 is unchanged, thus φM n = 574 ft-kips . The controlling effective length is for y-axis buckling,
thus Lcy = 15.0 ft and φPn = 1000 kips . With the required strength and available strength
determined, the interaction equation can be checked.
First determine which interaction equation should be used. Since Pr φPn = 200 1000 = 0.20 ≤ 0.2
use Equation H1-1a, thus
Pr 8 ⎛ M r ⎞ 200 8 ⎛ 395 ⎞
+
=
+ ⎜
⎟ = 0.200 + 0.612 = 0.812 < 1.0
Pc 9 ⎜⎝ M c ⎟⎠ 1000 9 ⎝ 574 ⎠
So the W14×90 is shown to be adequate by the first order analysis method.
Direct Analysis Method: The third method to be considered is the direct analysis method of
Chapter C. There are no limitations on the use of the direct analysis method like there are on the
effective length or first-order analysis methods and second-order effects and initial out-of-
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plumbness must be accounted for as they were for the effective length method. The only new
requirement is that the stiffness of all members that contribute to the lateral load resistance be
*
reduced in the analysis to EI * = 0.8τb EI and EA = 0.8EA . It is this stiffness reduction that
permits the use of an effective length factor equal to one when using the direct analysis method.
From the discussion of the effective length method it was seen that B2 was less than 1.5 when
using the unreduced stiffness thus the notional load to account for out-of-plumbness does not
need to be added to the lateral load. Thus, from a first order analysis of the determinate structure,
Pu = 200 kips and M u = 20.0 (15) = 300 ft-kips . As for the effective length method, τb = 1.0 so
*
that the flexural stiffness of column A will be taken as EI = 0.8EI . Thus the 20 kip lateral load
produces a drift calculated as for a cantilevered beam,

20 (15 (12 ) )
HL3
Δ=
=
= 1.68 in.
*
3EI
3( 0.8)( 29,000)( 999 )
3

The total gravity load on the structure is 400 kips. Half of this load is on the lateral load resisting
column A and half is on the gravity only column. Thus again,
⎛ Pmf ⎞
⎛ 200 ⎞
RM = 1 − 0.15 ⎜
⎟ = 1 − 0.15 ⎜
⎟ = 0.925
⎝ 400 ⎠
⎝ Ptory ⎠
and
20 (15 (12 ) )
HL
Pe story = RM
= 0.925
= 1980 kips
1.68
ΔH
Thus,
1
1
B2 =
=
= 1.25
αPstory
1.0 ( 400 )
1−
1−
Pe story
1980
Note that the drift increased from what was calculated for the effective length method and
therefore the second-order amplification increased.
The required strength, including second-order effects is found through Equations A-8-1
and A-8-2.
M r = B1M nt + B2 M lt = 0 + 1.25 ( 300 ) = 375 ft-kips
and
Pr = Pnt + B2 Plt = 200 + 1.25 ( 0 ) = 200 kips

The available moment strength of the W14×90 column determined previously from Table
6-2 is unchanged, thus φM n = 574 ft-kips . The controlling effective length is for y-axis buckling,
thus Lcy = 15.0 ft and φPn = 1000 kips . With the required strength and available strength
determined, the interaction equation can be checked.
First
determine
which
interaction
equation
should
be
used.
Since
Pr φPn = 200 1000 = 0.20 ≤ 0.2 use Equation H1-1a, thus

Pr 8 ⎛ M r ⎞ 200 8 ⎛ 375 ⎞
+
=
+ ⎜
⎟ = 0.200 + 0.581 = 0.781 < 1.0
Pc 9 ⎜⎝ M c ⎟⎠ 1000 9 ⎝ 574 ⎠
So the W14×90 is adequate by the direct analysis method. Note that based on the results of the
interaction equation, this approach is less conservative than the other two methods. Since the only
new requirement of the direct analysis method is to use a reduced stiffness in calculating second-
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order effects and this permits the use of an effective length factor in the lateral load resisting
direction of one, this is clearly the simplest and most direct method available.
Three methods of analysis are available and all three have their place in design. It is up to
the user to determine when to use each approach most efficiently.

EXAMPLE 8.3a
Direct Analysis
Method for
Column Design by
LRFD

Goal:

Using the LRFD provisions and the results from a second-order direct
analysis, determine if a W14×132, A992 member is adequate to carry the
given loads and moments.

Given:

The column has a length of 16 ft and is braced at the ends only. The results
of the second-order direct analysis are Pu = 800 kips, Mux = 300 ft kips, and
Muy = 76 ft kips.

SOLUTION

Step 1:

Determine the required strength.
Since the given results are from a second-order analysis, there is no need to
amplify forces and moments; thus
Pr = Pu = 800 kips, M rx = M ux = 300 ft kips,

Step 2:

M ry = M uy = 76 ft kips

Determine the available compressive strength of the column.
Since the given results are from a direct analysis, K = 1.0; thus, from
Manual Table 4-1 with Lc = 16.0 ft,
φPn = 1440 kips

Step 3:

Determine the available strength for bending about the x-axis.
With an unbraced length Lb = 16 ft, from Manual Table 3-2,

φM p = 878 ft kips, L p = 13.3 ft, φBF = 7.74 kips

and

Step 4:

φM nx = φM p − φBF ( Lb − Lp ) = 878 − 7.74 (16.0 − 13.3) = 857 ft kips

Determine the available strength for bending about the y-axis.
From Manual Table 3-4,
φM ny = 424 ft kips

Step 5:

Check the W14×132 for combined axial load and bending. To determine
which equation to use, check
Pu
800
=
= 0.556 ≥ 0.2
φPn 1440
Therefore, use Equation H1-1a.
M ry
Pr
M rx
+
+
≤ 1.0
φPn φM nx φM ny
0.556 +

300 76
+
= 1.09 > 1.0
857 424

Thus,
the W14×132 will not carry the given load.
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EXAMPLE 8.3a Goal:
Direct Analysis
Method for
Column Design
Given:
by ASD

SOLUTION

Step 1:

Chapter 8

Using the ASD provisions and the results from a second-order direct
analysis, determine if a W14×132, A992 member is adequate to carry the
given loads and moments.
The column has a length of 16 ft and is braced at the ends only. The
results of the second-order direct analysis are Pa = 530 kips, Max = 200 ft
kips, and May = 52 ft kips.
Determine the required strength.
Since the given results are from a second-order analysis, there is no need
to amplify forces and moments. Thus,
Pr = Pa = 530 kips, M rx = M ax = 200 ft kips,

Step 2:

M ry = M ay = 52 ft kips

Determine the available compressive strength of the column.
Since the given results are from a direct analysis, K = 1.0. Thus, from
Manual Table 4-1 with Lc = 16.0 ft,
Pn
= 960 kips
Ω

Step 3:

Determine the available strength for bending about the x-axis.
With an unbraced length Lb = 16 ft, from Manual Table 3-2,
Mp
BF
= 584 ft kips, Lp = 13.3 ft,
= 5.15 kips
Ω
Ω
And
M nx M p BF
=
−
( Lb − Lp ) = 584 − 5.15 (16.0 − 13.3) = 570 ft kips
Ω
Ω
Ω

Step 4:

Determine the available strength for bending about the y-axis.
From Manual Table 3-4
M ny
= 282 ft kips
Ω

Step 5:

Check the W14×132 for combined axial load and bending. To determine
which equation to use, check
Pu 530
=
= 0.552 ≥ 0.2
φPn 960
Therefore, use Equation H1-1a.
M ry
Pr
M rx
+
+
≤ 1.0
Pn Ω M nx Ω M ny Ω
0.552 +

200 52
+
= 1.09 > 1.0
570 282

Thus,
the W14×132 will not carry the given load.
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8.8 INITIAL BEAM-COLUMN SELECTION
Beam-column design is a trial-and-error process that requires that the beam-column section be
known before any of the critical parameters can be determined for use in the appropriate
interaction equations. There are numerous approaches to determining a preliminary beam-column
size. Each incorporates its own level of sophistication and results in its own level of accuracy.
Regardless of the approach used to select the trial section, one factor remains—the trial section
must ultimately satisfy the appropriate interaction equation.
To establish a simple, yet useful, approach to selecting a trial section, Equation H1-1a is
modified by multiplying each term by Pc which yields
8 M rx Pc 8 M ry Pc
Pr +
+
≤ Pc
(8.9)
9 M cx
9 M cy
Then multiplying the third term by Mcx/Mcx , letting
8Pc
m=
9M cx
and
M
U = cx
M cy
and substituting into Equation 8.9 yields
Pr + mM rx + mUM ry ≤ Pc

(8.10)

Because Equation 8.10 calls for the comparison of the left side of the equation to the
column strength, Pc, Equation 8.10 can be thought of as an effective axial load; thus
Peff = Pr + mM rx + mUM ry ≤ Pc
(8.11)
The accuracy used in the evaluation of m and U dictates the accuracy with which
Equation 8.11 represents the strength of the column being selected. Because at this point in a
design the actual column section is not known, exact values of m and U cannot be determined.
Past editions of the AISC Manual have presented numerous approaches to the evaluation
of these multipliers. A simpler approach however, is more useful for preliminary design. If the
influence of the length—that is, all buckling influence on Pc and Mcx—is neglected, the ratio,
Pc/Mcx, becomes A/Zx, and m = 8A/9Zx. Evaluation of this m for all W6 to W14 shapes with the
inclusion of a units correction factor of 12 results in the average m values given in Table 8.2. If
the relationship between the area, A, and the plastic section modulus, Zx, is established using an
approximate internal moment arm of 0.89d, where d is the nominal depth of the member in
inches, then m = 24/d. This value is also presented in Table 8.2. This new m is close enough to
the average m that it may be readily used for preliminary design.
When bending occurs about the y-axis, U must be evaluated. A review of the same W6 to
W14 shapes results in the average U values given in Table 8.2. However, an in-depth review of
the U values for these sections shows that only the smallest sections for each nominal depth have
U values appreciably larger than 3. Thus, a reasonable value of U = 3.0 can be used for the first
trial.
More accurate evaluations of these multipliers, including length effects, have been
conducted, but there does not appear to be a need for this additional accuracy in a preliminary
design. Once the initial section is selected, however, the actual Specification provisions must be
satisfied.
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Table 8.2
Shape
W6
W8
W10
W12
W14

EXAMPLE 8.4a
Initial Trial
Section Selection
by LRFD
SOLUTION

Simplified Bending Factors
mavg
m = 24/d
4.41
4.00
3.25
3.00
2.62
2.40
2.08
2.00
1.71
1.71
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Uavg
3.01
3.11
3.62
3.47
2.81

Goal:

Determine the initial trial section for a column.

Given:

The loadings of Figure 8.11c are to be used. Assume the column is a W14
and use A992 steel. Also, use the simplified values of Table 8.2, m = 24/d.

Step 1:

Obtain the required strength from Figure 8.11c. Use the first-order analysis
results.
Pu = 453 kips
M u = 251 ft-kips

Step 2:

Determine the effective load by combining the axial force and the bending
moment.
For a W14, m = 1.71, so

Peff = 453 + 1.71( 251) = 882 kips
Step 3:

Select a trial column size to carry the required force, Peff.
Using an effective length Lc = 12.5 ft, from Manual Table 4-1, the lightest
W14 to carry this load is
W14 × 90 with φPn = 1060 kips
Example 8.2a showed that this column adequately carries the imposed load.
Because the approach used here is expected to be conservative, it would be
appropriate to consider the next smaller selection, a W14×82, and check it
against the appropriate interaction equations.

EXAMPLE 8.4b
Initial Trial
Section Selection
by ASD
SOLUTION

Goal:

Determine the initial trial section for a column.

Given:

The loadings of Figure 8.11e are to be used. Assume the column is a W14,
and use A992 steel. Also, use the simplified values of Table 8.2, m = 24/d.

Step 1:

Obtain the required strength from Figure 8.11e. Use the first-order analysis
results.
Pa = 342 kips
M a = 174 ft-kips

Step 2:

Determine the effective load by combining the axial force and the bending
moment.
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For a W14, m = 1.71; thus
Peff = 342 + 1.71(174 ) = 640 kips
Step 3:

Select a trial column size to carry the required force, Peff.
Using an effective length Lc = 12.5 ft, from Manual Table 4-1, the lightest
W14 to carry this load is

W14 × 90 with Pn Ω = 703 kips
Example 8.2b showed that this column adequately carries the imposed load.
Because the approach used here is expected to be conservative, it would be
appropriate to consider the next smaller selection, a W14×82, and check it
against the appropriate interaction equations.
Every column section selected must be checked through the appropriate interaction equations for
the second-order forces and moments. Thus, the process for the initial selection should be quick
and reasonable. The experienced designer will rapidly learn to rely on that experience rather than
these simplified approaches.

8.9

BEAM-COLUMN DESIGN USING MANUAL PART 6
Manual Part 6, Design of Members Subject to Combined Loading contains Table 6-2 which
includes the axial and flexural strength for all W-shapes. Although these tables are presented here
as they relate to combined loading, they can also be used for compression only, bending only,
tension only and shear. There is no information found in Table 6-2 that is not already included in
other Parts of the Manual already discussed. The advantage for combined loading is that all of the
available strength values needed are found in one location.
Figure 8.15 is a portion of Manual Table 6-2. It shows that the compressive strength for a
given section is a function of the effective length about the weak axis of the member. The
effective length is tabulated in the center of the table with the compressive strengths shown on the
left portion of the table. This portion of the table is used in exactly the same way as the column
tables in Part 4 of the Manual. The strong axis bending strength is a function of the unbraced
length of the compression flange of the beam. Previously, this information was available only
through the beam curves in Part 3 of the Manual. In Table 6-2 it is tabulated on the right portion
of the table with the same column of lengths now defined as the unbraced length of the
compression flange. Weak axis bending is not a function of length, so only one value is given for
each shape. Although not used for beam-columns, when tension is combined with bending, the
table also provides tension yield and rupture strength.

Beam
m-Columns annd Frame Behavior

Chaptter 8

Musst Bee
Rep
placeed

Figurre 8.15 Com
mbined Axial and Bending Strength for W-Shapes.
Copyrright © Amerrican Institutee of Steel Con
nstruction, Incc. Reprinted w
with Permissiion. All rightss
reserv
ved.

41

42

Chapter 8

Beam-Columns and Frame Behavior

Goal:
EXAMPLE 8.5a
Combined Strength
Check Using
Manual Part 6 and Given:
LRFD

Check the strength of a beam-column using Manual Part 6 and compare to
the results of Example 8.2a.

Step 1:

Determine the values needed from Manual Table 6-2 (Figure 8.15). The
column is required to carry a compressive force with an effective length
about the y-axis of 12.5 ft and an x-axis moment with an unbraced length of
12.5 ft. Thus, from Figure 8.15,
φPn = 1060 kips
φM n = 574 ft-kips

Step 2:

Determine which interaction equation to use.
Pr
459
=
= 0.433 > 0.2
φPn 1060

SOLUTION

It has already been shown that the W14×90 column of Example 8.2a is
adequate by LRFD. Use the required strength values given in Example 8.2a
and recheck this shape using the values found in Figure 8.15 or Manual
Table 6-2.

Therefore, use Equation H1-1a.
200 8 ⎛ 260 ⎞
+ ⎜
⎟ = 0.433 + 0.403 = 0.836 < 1.0
1060 9 ⎝ 574 ⎠
Therefore, as previously determined in Example 8.2a, the shape is adequate
for this column and this load combination. The results from Manual Tables
6-2 are exactly the same as those determined from Table 4-1 for
compression and Table 3-2 for bending.

EXAMPLE 8.5b
Combined
Strength Check
Using Part 6 and
ASD

Goal:

Check the strength of a beam-column using Manual Part 6 and compare to
the results of Example 8.2b.

Given:

It has already been shown that the W14×90 column of Example 8.2b is
adequate by ASD. Use the required strength values given in Example 8.2b
and recheck this shape using the values found in Figure 8.15 or Manual
Table 6-2.

SOLUTION

Step 1:

Determine the values needed from Manual Table 6-2 (Figure 8.15). The
column is required to carry a compressive force with an effective length
about the y-axis of 12.5 ft and an x-axis moment with an unbraced length of
12.5 ft. Thus, from Figure 8.15,
Pn Ω = 703 kips
M n Ω = 382 ft-kips
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Deteermine which
h interaction eequation to usse.
Pr
347
=
= 0.4494 > 0.2
Pn Ω 703
Thu
us, use Equation H1-1a.
347
3
8 ⎛ 182 ⎞
+ ⎜
⎟ = 0.494 + 0..424 = 0.918 < 1.0
7
703
9 ⎝ 382 ⎠
Thu
us, as previou
usly determineed in Examplle 8.2b, the shhape is adequuate for
this column and this
t load com
mbination. Thee results from
m Manual Tabbles 6-2
are exactly the same
s
as thosee determined from Table 44-1 for comppression
and Table 3-2 forr bending.

88.10

COM
MBINED SIM
MPLE AND
D MOMEN
NT FRAMES
S
The practical design off steel structu
ures often ressults in framees that combinne segments of rigidly
connected elements witth segments that
t
are pin cconnected as was the casee in the exam
mple frame
used in Seection 8.7.5. If
I these strucctures rely onn the momentt frame to resist lateral looad and to
provide th
he overall stab
bility of the structure, thee rigidly connnected colum
mns are calledd upon to
carry more load than appears to be
b directly appplied to theem. In these combined siimple and
moment frrames, the siimple column
ns “lean” on the momentt frames in oorder to mainntain their
stability an
nd thus are offten called lea
aning columnns. They are aalso called graavity columnss which is
a more app
propriate term
m since they participate
p
onnly in carryinng gravity loads. These collumns can
be designeed with an efffective length
h factor, K = 1.0, regardleess of the appproach to anaalysis that
has been taken.
t
Becausse these grav
vity only coluumns have noo lateral stabbility of theirr own, the
moment frame
fr
column
ns must be designed
d
to pprovide the llateral stabiliity for the fuull frame.
Although this
t combinattion of framin
ng types makees design of a structure more complicaated, it can
also be eco
onomically advantageous, because the combinationn can reduce tthe number oof moment
connection
ns for the full structure and
d thereby reduuce overall coost.
Nu
umerous desiign approachees have beenn proposed foor consideratiion of the graavity only
column an
nd associated moment
m
fram
me design.3,4 Y
Yura proposess to design coolumns that prrovide

3

Yura, J. A., “T
The Effective Length
L
of Colum
mns in Unbracced Frames,” E
Engineering Jouurnal, AISC, V
Vol. 8, No. 2, 11971, pp.
337–42.
4
W J., “A Practtical Method of Second Ordeer Analysis,” En
Engineering Jouurnal, AISC, V
Vol. 14, No. 2, 1977, pp.
LeMessurier, W.
449–67.
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Figurre 8.16 Pinn
ned Base Unbbraced Framee.
bility for thee total load on
o the frame at the story in question, whereas LeM
Messurier
lateral stab
presents a modified efffective length
h factor that aaccounts for tthe full framee stability. Peerhaps the
ghtforward ap
pproach is thaat presented bby Yura, as follows.
most straig
Th
he two-colum
mn frame sho
own in Figurre 8.16a is a moment fraame with pinnned base
columns and
a a rigidly connected beeam. The collumn sizes arre selected soo that, under the loads
shown, th
hey buckle simultaneous
s
ly in a siddesway modee, because ttheir load iss directly
proportion
nal to the stifffness of the members.
m
Eqquilibrium in the displacedd position is shown in
Figure 8.16b. The laterral displacem
ment of the frrame, Δ, resuults in a mom
ment at the toop of each
qual to the loaad applied on
n the column ttimes the dispplacement, ass shown. Theese are the
column eq
second-ord
der effects diiscussed in Section 8.6. T
The total loadd on the fram
me is 700 kipss, and the
total PΔ moment
m
is 700
0Δ, divided beetween the tw
wo columns baased on the looad that each carries.
If the load on the
t right-hand
d column is rreduced to 5000 kips, the coolumn does nnot buckle
m
at thee top is now lless than 6000Δ. To reach tthe buckling ccondition,
sideways, because the moment
a horizontaal force must be applied att the top of th e column, as shown in Figgure 8.17b. Thhis force

Figure 8.17 Columns frrom Unbracedd Frame
with Revisedd Loading.
can result only from acction on the leeft column thhat is transmiitted through the beam. Eqquilibrium
wn in Figure 8.17a, requirres that an addditional colum
mn load of 1000 kips be
of the left column, show
applied to that column in order for the load on tthe frame to be in equilibbrium in this displaced
T total fram
me capacity is still 700 kkips and the total secondd-order momeent is still
position. The
700Δ.
he maximum load that an individual coolumn can reesist is limited to that perm
mitted for
Th
the column
n in a braced frame for wh
hich K = 1.0. IIn this exampple case, the left column coould resist
400 kips and
a the right column
c
2400 kips. This iss an increase of four timess the load origginally on
the column
n, because thee effective len
ngth factor foor each colum
mn would be reeduced from 22.0 to 1.0.
The additional capacity
y of the left column
c
is onlly with respect to the bending axis. Thhe column
would hav
ve the same caapacity aboutt the other axiis as it did prrior to reducinng the load onn the right
column.
he ability of one
o column to
t carry increeased load whhen another ccolumn in thee frame is
Th
called upo
on to carry less than its crritical load foor lateral buckkling is an im
mportant charracteristic.
This allow
ws a pin-endeed column to
o lean on a m
moment fram
me column, pprovided thatt the total
gravity loaad on the fram
me can be carrried by the riggid frame.
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Figure 8.18 Frame Usedd in Example 8.6.

Figurre 8.19 Nom
minal Wind Load,
L
Snow L oad, and Deaad Load (Exam
mple 8.6).

E
EXAMPLE 8.6a
M
Moment Fra
ame
S
Strength and
d
S
Stability by LRFD
L

Go
oal:

Deteermine whetther the struucture shownn in Figure 8.18 has suufficient
stren
ngth and stab
bility to carry the imposed loads.

Giiven:

Thee frame shown
n in Figures 88.18 and 8.19 is similar to that in Exam
mple 8.1,
exceept that the in
n-plane stabi lity and laterral load resisttance is proviided by
the moment fram
me action at the four corners. The exterior colum
mns are
Out-of-plane sstability
W8×40, and the roof girder iis assumed too be rigid. O
and lateral load resistance is provided by X-bracing allong column lines 1
and 4.
he same as thaat for Examplle 8.1: Dead L
Load = 50 psff, Snow
Thee loading is th
Loaad = 20 psf, Roof Live Load = 10 psf, and Wiind Load = 20 psf
horiizontal. Use A992
A
steel.

S
SOLUTION
N

Sttep 1:

Thee analysis of th
he frame for gravity loadss as given for Example 8.1 will be
used
d. Because different
d
load combinationns may be crritical, howevver, the
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analysis results for nominal Snow and nominal Dead Load are given in
Figure 8.19b. The analysis results for nominal Wind Load acting to the left
are given in Figure 8.19c.
Step 2:

Determine the first-order forces and moments for the column on lines A-1.
For ASCE 7 load combination 3:
Pu = 1.2(15.8) + 1.6(6.33) + 0.5(0.710) = 29.1 + 0.355 = 29.5 kips
Mu = 1.2(20.5) + 1.6(8.20) + 0.5(32.0) = 37.7 + 16.0 = 53.7 ft-kips
For ASCE 7 load combination 4:
Pu = 1.2(15.8) + 0.5(6.33) + 1.0(0.710) = 22.1 + 0.710 = 22.8 kips
Mu = 1.2(20.5) + 0.5(8.20) + 1.0(32.0) = 28.7 + 32.0 = 60.7 ft-kips

Step 3:

Determine the total story gravity load acting on one frame.
Dead = 0.05 ksf (90 ft)(50 ft)/2 frames = 113 kips
Snow = 0.02 ksf (90 ft)(50 ft)/2 frames = 45.0 kips

Step 4:

Determine the second-order forces and moments for load combination 3.
Gravity loads will be assumed to yield the no-translation effects, and wind
load to yield the lateral translation effects.
From Step 2,
Pnt = 29.1 kips, Plt = 0.355 kips, Mnt = 37.7 ft-kips, Mlt = 16.0 ft-kips
For the W8×40,
A = 11.7 in.2, Ix = 146 in.4, rx = 3.53 in., rx/ry = 1.73
In the plane of the frame,

⎛ 0 ⎞
Cm = 0.6 = 0.4 ( M 1 M 2 ) = 0.6 – 0.4 ⎜
⎟ = 0.6
⎝ 37.7 ⎠
π2 EI
π2 (29,000)(146)
Pe1 = 2 x =
= 1130 kips
(16.0(12)) 2
Lc1
and with Pr = Pnt + Plt = 29.1 + 0.355 = 29.5
Cm
0.6
B1 =
=
= 0.616 < 1.0
29.5
αP
1− r
1–
Pe1
1130
Therefore, use B1 = 1.0.
To determine the sway amplification, the total gravity load on the frame for
this load combination from Step 3 is
Pstory = 1.2(113) + 1.6(45.0) = 208 kips
A serviceability drift index of 0.003 is maintained under the actual wind
loads. Therefore, H = 4.0 kips, and Δ/L = 0.003 is used to determine the
sway amplification factor. If this limit is not met at the completion of the
design, the second-order effects must be recalculated.
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The sway amplification is given by

B2 =

1
⎛ αP
1 − ⎜ story
⎝ Pe story

⎞
⎟
⎠

> 1.0

(AISC A-8-6)

and
Pe story = RM

HL
ΔH

(AISC A-8-7)

Since one third of the load is on the moment frame corner columns,
Equation A-8-8 gives
⎛1⎞
RM = 1 − 0.15 ⎜ ⎟ = 0.95
⎝3⎠
Thus, with α = 1.0 for LRFD, Equation A-8-6 becomes
1
1
B2 =
=
= 1.20
1.0 ( 208)
⎛ αPstory ⎛ Δ ⎞ ⎞
1− ⎜
(0.003)
⎜ ⎟⎟ 1−
0.95 ( 4.0 )
⎝ RM H ⎝ L ⎠ ⎠
Thus, the second-order force and moment are
Mr = 1.0(37.7) + 1.20(16.0) = 56.9 ft-kips
Pr = 29.1 + 1.20(0.355) = 29.5 kips
Step 5:

Determine whether the column satisfies the interaction equation.
Because the roof beam is assumed to be rigid in this example, use the
recommended design value of K = 2.0 from Figure 5.17 case f in the plane
of the frame, Lcx = 2.0(16.0) = 32.0 ft. Out of the plane of the frame, this is
a braced frame where K = 1.0; thus, Lcy = 16.0 ft.
Determine the critical buckling axis.
L
32.0
= 18.5 ft > Lcy = 16.0 ft
( Lcx )eff = cx =
rx / ry 1.73
Thus, from Manual Table 6-2, using Lc =( Lcx) eff = 18.5 ft,
φPn = 222 kips
and from Manual Table 6-2 with an unbraced length of Lb = 16 ft
φMnx = 128 ft-kips
Determine the appropriate interaction equation to use.
Pr
29.5
=
= 0.133 < 0.2
φPn 222
Therefore, use Equation H1-1b.
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Pu
M
+ u ≤ 1.0
2φPn φM n
29.5
56.9
+
= 0.511 < 1.0
2(222) 128

Thus, the column is adequate for this load combination.
Step 6:

Determine the first-order forces and moments for load combination 4 with
the same assumption as to translation and no-translation effects. From Step
2.
Pnt = 22.1 kips, Plt = 0.710 kips, Mnt = 28.7 ft-kips, Mlt = 32.0 ft-kips

Step 7:

Determine the second-order forces and moments.
In the plane of the frame, as in Step 4,

⎛ 0 ⎞
Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4 ⎜
⎟ = 0.6
⎝ 28.7 ⎠
π2 EI
π2 (29, 000)(146)
Pe1 = 2 x =
= 1130 kips
Lc1
(16(12)) 2
and
B1 =

Cm
0.6
=
= 0.612 < 1.0
22.8
αPr
1−
1–
Pe1
1130

Therefore, use B1 = 1.0.
To determine the sway amplification, the total gravity load on the frame is
Pu = 1.2(113) + 0.5(45.0) = 158 kips
Again, a serviceability drift index of 0.003 is maintained under the actual
wind loads. Therefore, H = 4.0 kips, and Δ/L = 0.003 is used to determine
the sway amplification factor. As before, RM = 0.95 so
1
1
B2 =
=
= 1.14
1.0 (158)
⎛ αPstory ⎛ Δ ⎞ ⎞
1– ⎜
(0.003)
⎜ ⎟⎟ 1–
0.95 ( 4.0 )
⎝ RM H ⎝ L ⎠ ⎠

Step 8:

Thus, the second-order force and moment are
Mr = 1.0(28.7) + 1.14(32.0) = 65.2 ft-kips
Pr = 22.1 + 1.14(0.710) = 22.9 kips
Determine whether the column satisfies the interaction equation.
Using the same strength values found in Step 5, determine the appropriate
interaction equation.
Pr
22.9
=
= 0.103 < 0.2
φPn 222
Therefore, use Equation H1-1b.
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Pu
M
+ u ≤ 1.0
2φPn φM n
22.9
65.2
+
= 0.561 < 1.0
2(222) 128
Thus, the column is adequate for this load combination also.

Step 9:

The W8×40 is shown to be adequate for gravity and wind loads in
combination. Now, check to see that these columns have sufficient capacity
to brace the interior pinned columns for load combination 3, which will put
the greatest load on the gravity only columns.

Step 10:

For stability in the plane of the frame, using the Yura approach discussed in
Section 8.10, the total load on the structure is to be resisted by the four
corner columns; thus
Dead Load = 0.05 ksf (50 ft)(90 ft)/4 columns = 56.3 kips/column
Snow Load = 0.02 ksf (50 ft)(90 ft)/4 columns = 22.5 kips/column
Thus, for load combination 3
Pu = 1.2(56.3) + 1.6(22.5) +0.5(0.710) = 104 kips
Mu = 1.2(20.5) + 1.6(8.20) + 0.5(32.0) = 53.7 ft-kips

Step 11:

Determine the second-order amplification.
As before, for the length Lx = 16.0 ft, Pe1 = 1130 kips, and Cm = 0.6, the
second-order amplification for member effect is
Cm
0.6
B1 =
=
= 0.66 < 1.0
104
αPr
1−
1–
Pe1
1130
Therefore, use B1 = 1.0 and Pr = Pu = 104 kips.
Sway amplification will be the same as determined in step 4, since the
gravity load is the same; thus B2 = 1.20. Therefore
Mr = Mu = 1.0(37.7) + 1.20(16.0) = 56.9 ft-kips.

Step 12:

Check the corner columns for interaction under these forces and moments.
As determined in Step 5 for in-plane buckling,
φPnx = 222 kips
φMnx = 128 ft-kips
Checking for the appropriate interaction equation,
Pu 104
=
= 0.468 > 0.2
φPn 222
Thus, use Equation H1-1a.
Pu 8 ⎛ M u x ⎞
+ ⎜
⎟ ≤ 1.0
φPn 9 ⎝ φM n x ⎠
104 8 ⎛ 56.9 ⎞
+ ⎜
⎟ = 0.864 < 1.0
222 9 ⎝ 128 ⎠
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Thus, the W8×40 is adequate for both strength under combined load and
stability for supporting the gravity only columns.

EXAMPLE 8.6b
Moment Frame
Strength and
Stability by ASD

Goal:

Determine whether the structure shown in Figure 8.18 has sufficient
strength and stability to carry the imposed loads.

Given:

The frame shown in Figures 8.18 and 8.19 is similar to that in Example 8.1
except that the in-plane stability and lateral load resistance is provided by
the rigid frame action at the four corners. The exterior columns are W8×40,
and the roof girder is assumed to be rigid. Out-of-plane stability and lateral
load resistance is provided by X-bracing along column lines 1 and 4.
The loading is the same as that for Example 8.1: Dead Load = 50 psf, Snow
Load = 20 psf, Roof Live Load = 10 psf, and Wind Load = 20 psf
horizontal. Use A992 steel.

SOLUTION

Step 1:

The analysis of the frame for gravity loads as given for Example 8.1 will be
used. Because different load combinations may be critical, however, the
analysis results for nominal Snow and nominal Dead Load are given in
Figure 8.19b. The analysis results for nominal Wind Load acting to the left
are given in Figure 8.19c.

Step 2:

Determine the first-order forces and moments for the column on lines A-1.
For ASCE 7 load combination 3:
Pa = (15.8) + (6.33) = 22.1 kips
Ma = (20.5) + (8.20) = 28.7 ft-kips
For ASCE 7 load combination 6:
Pa = (15.8) + 0.75(6.33) + 0.75(0.6(0.710)) = 20.9 kips
Ma = (20.5) + 0.75(8.20) + 0.75(0.6(32.0)) = 41.1 ft-kips

Step 3:

Determine the total story gravity load acting on one frame.
Dead = 0.05 ksf (90 ft)(50 ft)/2 frames = 113 kips
Snow = 0.02 ksf (90 ft)(50 ft)/2 frames = 45.0 kips

Step 4:

Determine the second-order forces and moments for load combination 3.
Gravity loads will be assumed to yield the no-translation effects. With no
wind load, there will be no lateral translation effects; thus
From Step 2:
Pnt = 22.1 kips, Plt = 0 kips, Mnt = 28.7 ft-kips, Mlt = 0 ft-kips
For the W8×40:
A = 11.7 in.2, Ix = 146 in.4, rx = 3.53 in., rx/ry = 1.73
In the plane of the frame:

Beam-Columns and Frame Behavior

Chapter 8

51

⎛ 0 ⎞
Cm = 0.6 − 0.4 ( M 1 M 2 ) = 0.6 – 0.4 ⎜
⎟ = 0.6
⎝ 28.7 ⎠
π2 EI
π2 (29,000)(146)
Pe1 = 2 x =
= 1130 kips
(16.0(12)) 2
Lc1
and
Cm
0.6
=
= 0.619 < 1.0
1.6(22.1)
αPr
1−
1–
Pe1
1130
Therefore, use B1 = 1.0.
B1 =

To determine the sway amplification, even though there are no lateral
translation forces or moments for this combination, the total gravity load on
the frame for this load combination from Step 3 is
Pstory = (113) + (45.0) = 158 kips
A serviceability drift index of 0.003 is maintained under the actual wind
loads. Therefore, H = 4.0 kips, and Δ/L = 0.003 is used to determine the
sway amplification factor. If this limit is not met at the completion of the
design, the second-order effects must be recalculated.
The sway amplification is given by

B2 =

1
⎛ αP
1 − ⎜ story
⎝ Pe story

⎞
⎟
⎠

> 1.0

(AISC A-8-6)

and
Pe story = RM

HL
ΔH

(AISC A-8-7)

Since one third of the load is on the moment frame corner columns,
Equation A-8-8 gives
⎛1⎞
RM = 1 − 0.15 ⎜ ⎟ = 0.95
⎝ 3⎠
Thus, with α = 1.6 for ASD, Equation A-8-6 becomes

B2 =

1
1
=
= 1.25
1.6(158)
⎛ αPstory ⎛ Δ ⎞ ⎞ 1 –
(0.003)
1– ⎜
⎜ ⎟⎟
0.95 ( 4.0 )
⎝ RM H ⎝ L ⎠ ⎠

Thus, the second-order force and moment are
Mr = 1.0(28.7) + 1.25(0) = 28.7 ft-kips
Pr = 22.1 + 1.25(0) = 22.1 kips
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Step 5:

Determine whether the column satisfies the interaction equation.
Because the roof beam is assumed to be rigid in this example, use the
recommended design value of K = 2.0 from Figure 5.17 case f in the plane
of the frame, Lcx = 2(16.0) = 32.0 ft. Out of the plane of the frame, this is a
braced frame where K = 1.0; thus, Lcy = 16.0 ft.
Determining the critical buckling axis.
L
32
= 18.5 ft > Lcy = 16.0 ft
( Lcx )eff = cx =
rx /ry 1.73
Thus, from Manual Table 6-2, using Lc = (Lcx)eff = 18.5 ft,
Pn/Ω = 148 kips
and from Manual Table 6-2, with an unbraced length of Lb = 16 ft,
Mnx/Ω = 84.9 ft-kips
Determine the appropriate interaction equation to use.
Pr
22.1
=
= 0.149 < 0.2
Pn /Ω 148
Therefore, use Equation H1-1b.
Pa
Ma
+
≤ 1.0
2 ( Pn Ω ) ( M n Ω )

22.1
28.7
+
= 0.413 < 1.0
2(148) 84.9
Thus, the column is adequate for this load combination.
Step 6:

Determine the first-order forces and moments for load combination 6.
Gravity loads will be assumed to yield the no-translation effects, and wind
load will yield the lateral translation effects. From Step 2.
Pnt = 20.5 kips, Plt = 0.320 kips, Mnt = 26.7 ft-kips, Mlt = 14.4 ft-kips

Step 7:

Determine the second-order forces and moments.
In the plane of the frame, as in Step 4,
⎛ 0 ⎞
Cm = 0.6 − 0.4 ( M 1 M 2 ) 0.6 – 0.4 ⎜
⎟ = 0.6
⎝ 26.7 ⎠
π2 EI
π2 (29,000)(146)
Pe1 = 2 x =
= 1130 kips
Lc1
(16(12)) 2

and
Cm
0.6
=
= 0.618 < 1.0
1.6(20.8)
αPr
1−
1–
Pe1
1130
Therefore, use B1 = 1.0.
B1 =

To determine the sway amplification, the total gravity load on the frame is
Pstory = (113) + 0.75(45.0) = 147 kips
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Again, a serviceability drift index of 0.003 is maintained under the actual
wind loads. Therefore, H = 4.0 kips and Δ/L = 0.003 is used to determine
the sway amplification factor. As before, RM = 0.95 so
1
1
B2 =
=
= 1.23
1.6(147)
⎛ αPstory ⎛ Δ ⎞ ⎞ 1 –
(0.003)
1– ⎜
⎜ ⎟⎟
0.95 ( 4.0 )
⎝ RM H ⎝ L ⎠ ⎠
Thus, the second-order force and moment are
Mr = 1.0(26.7) + 1.23(14.4) = 44.4 ft-kips
and, adding in the lateral load effect amplified by B2,
Pr = 20.5 + 1.23(0.320) = 20.9 kips
Step 8:

Determine whether the column satisfies the interaction equation.
Using the same values found in Step 5, determine the appropriate
interaction equation.
Pr
20.9
=
= 0.141 < 0.2
Pn /Ω 148
Therefore, use Equation H1-1b.
Pa
Ma
+
≤ 1.0
2 ( Pn Ω ) ( M n Ω )

20.9
44.4
+
= 0.594 < 1.0
2(148) 84.9
Thus, the column is adequate for this load combination also.
Step 9:

The W8×40 is shown to be adequate for gravity and wind loads in
combination. Now, check to see that these columns have sufficient capacity
to brace the interior pinned columns for gravity load only. This load
combination puts the greatest load in the gravity only columns.

Step 10:

For stability in the plane of the frame, using the Yura approach discussed in
Section 8.10, the total load on the structure is to be resisted by the four
corner columns; thus
Dead Load = 0.05 ksf (50 ft)(90 ft)/4 columns = 56.3 kips
Snow Load = 0.02 ksf (50 ft)(90 ft)/4 columns = 22.5 kips
Thus, for load combination 3,
Pa = (56.3) + (22.5) = 78.8 kips
Ma = (20.5) + (8.20) = 28.7 ft-kips
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Step 11:

Determine the second-order amplification
As before, for the length Lx = 16.0 ft, Pe1 = 1130 kips and Cm = 0.6, the
second-order amplification for member effect is
Cm
0.6
B1 =
=
= 0.675 < 1.0
1.6(78.8)
αP
1− r 1–
P1
1130
Therefore, use B1 = 1.0 and Pr = Pa = 78.8 kips
Sway amplification will be the same as determined in step 4, since the
gravity load is the same; thus, B2 =1.25. Therefore

M r = 1.0 ( 28.7 ) + 1.25 ( 0 ) = 28.7 ft-kips
Step 12:

Check the corner columns for interaction under this force and moment.
As determined in Step 5 for in-plane buckling,
Pn/Ω = 148 kips
Mnx/Ω = 84.9 ft-kips
Checking for the appropriate interaction equation,
Pu
78.8
=
= 0.532 > 0.2
Pn /Ω 148
Thus, use Equation H1-1a.
Pa
8 ⎛ Max ⎞
+ ⎜
≤ .0
Pn /Ω 9 ⎝ M n x /Ω ⎟⎠
78.8 8 ⎛ 28.7 ⎞
+ ⎜
⎟ = 0.833 < 1.0
148 9 ⎝ 84.9 ⎠

Thus, the W8×40 is adequate for both strength under combined load and
stability for supporting the gravity only columns.

8.11 PARTIALLY RESTRAINED FRAMES
The beams and columns in the frames considered up to this point have all been connected with
moment-resisting fully restrained (FR) connections or simple pinned connections. These latter
simple connections are defined in Specification Section B3.4a. Partially restrained connections,
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Figure 8.2
20 Moment Rotation Currves for Unifoormly Loadedd Beam and T
Typical Conneections.
defined in Specification
n Section B3.4
4b along withh FR connectiions, have hisstorically beeen referred
hese PR connnections are iincluded as thhe connectingg elements
to as semirrigid connecttions. When th
in a structu
ural frame, they influence both
b
the strenngth and stabiility of the strructure.
Beefore considerring the partially restraine d frame, it w
will be helpful to look at thee partially
restrained beam. The relationship
r
between
b
the eend moment and end rotaation for a syymmetric,
matic beam caan be obtainedd from the weell-known sloope deflectionn equation
uniformly loaded prism
as
EI θ WL
+
(8.12)
M = –22
L
12
d in Figure 8.2
20a and labeleed as the beam
m line.
This equattion is plotted

Figure 8.21
Curves.

Beam Linee and Connecttion

556

Chapter 8

Beam-C
Columns and Frame Behav
vior

Figure 8.22 Innfluence of thee PR
Connnection on thhe Maximum Positive
andd Negative Mooments of a B
Beam.
Alll PR connecttions exhibit some
s
rotationn as a result oof an applied m
moment. Thee momentrotation ch
haracteristics of these conn
nections are thhe key to deteermining the type of conneection and
thus the behavior
b
of the structure. Moment-rottation curves for three geeneric connecctions are
shown in Figure 8.20b
b and are labeeled rigid, sim
mple, and PR
R. Numerouss research stuudies have
been cond
ducted in an effort to iden
ntify the mom
ment-rotationn curves for rreal connectiions. Two
compilatio
ons of these cu
urves have beeen publishedd.5,6
Th
he relationship
p between thee moment-rottation charactteristics of a cconnection annd a beam
can be seeen by plotting
g the beam liine and conn ection curve together, as shown in Figgure 8.21.
Equilibrium
m is obtaineed when thee beam line and the coonnection currve intersectt. Normal
engineerin
ng practice treeats connections capable of resisting aat least 90 peercent of the fixed-end
moment ass rigid and those capable of
o resisting noo more than 220 percent off the fixed-endd moment
as simple. All connectiions that exhiibit an abilityy to resist mooment betweeen these limitts must be
treated ass partially restrained connections,
c
accounting for their true momennt-rotation
characterisstics.
Th
he influence of
o the PR con
nnection on thhe maximum
m positive andd negative mooments on
the beam is
i seen in Fig
gure 8.22. Heere, the ratio oof positive orr negative mooment to the fixed-end
moment iss plotted again
nst the ratio of
o beam stiffn
fness, EI/L, too a linear connnection stiffnness, M/θ.
The momeent for which the beam mu
ust be designeed ranges from
m 0.75 times the fixed-endd moment
to 1.5 timees the fixed-en
nd moment, depending
d
on the stiffness of the connecction.
When
W
PR conn
nections are used
u
to conneect beams annd columns too form PR frrames, the
analysis beecomes much
h more comp
plex. The resuults of numerrous studies ddealing with this issue
have been reported. Altthough some practical dessigns have beeen carried ouut, widespreadd practical
design of PR frames is not commo
on. In additioon to the prooblems associated with m
modeling a
particular connection, the
t question of
o loading seequence arises. Because reeal, partially restrained
connection
ns behave non
nlinearly, the sequence of applied loadss influences tthe structural response.
The approaach to load ap
pplication maay have more significance than the accuuracy of the cconnection
model used
d in the analy
ysis.
5

Goverdhan, A. V., A Collection of Experim
mental Moment Rotation Curvves and Evaluaation of Prediction Equationss for SemiR
Rigid Connections, Master off Science Thesiis, Vanderbilt University,
U
Naashville, TN, 19983.
6
Kishi, N., and Chen, W. F,. Data
D
Base of Steel
S
Beam-to-C
Column Conneections, CE-STR-86-26, Westt Lafayette, IN
N: Purdue
U
University, Sch
hool of Engineeering, 1986.
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Allthough a com
mplete, theoreetical analysiss of a partiallyy restrained fframe may cuurrently be
beyond the scope of no
ormal engineeering practicce, a simplifieed approach exists that iss not only
well within
n the scope of practice, bu
ut also commoonly carried oout in everydaay design andd has been
for over haalf a century. This approacch can be refferred to as F
Flexible Momeent Connectioons. It has
historically
y been called
d Type 2 witth Wind. Thee Flexible M
Moment Connnection approach relies
heavily on
n the nonlineear moment-rrotation behaavior of the P
PR connectioon although tthe actual
curve is no
ot used. In ad
ddition, it reliees on a phenoomenon calledd shake-downn, which show
ws that the
connection
n, although exhibiting
e
no
onlinear behaavior initiallyy, behaves liinearly after a limited
number off applications of lateral load
d.7
Th
he moment-ro
otation curve for a typicall PR connectiion is shown in Figure 8.223a along
with the beam line for a uniformly loaded beam
m. The point llabeled 0 reprresents equiliibrium for
the applied
d gravity load
ds. The appliccation of winnd load produuces momentss at the beam
m ends that
add to the gravity mom
ment at the leeeward end off the beam annd subtract frrom the windw
ward end.
Because moment
m
at the windward en
nd is being rem
moved, the coonnection behhaves elasticaally with a
stiffness close to the original
o
conneection stiffneess, whereas at the leewarrd end, the cconnection
continues to move alon
ng the nonlineear connectioon curve. Poinnts labeled 1 and 1′ in Figgure 8.23b
represent equilibrium
e
un
nder the first application oof wind to thee frame.
When
W
the wind
d load is remo
oved, the connnection movves from poinnts 1 and 1′ too points 2
and 2′, as shown
s
in Figu
ure 8.23c. The next applicaation of a winnd load that iss larger than tthe first

Figure 8.223 Moment--Rotation
Curves Shhowing Shakee-Down

7

Geschwindnerr, L. F., and Disque, R. O., “F
Flexible Momeent Connectionns for Unbracedd Frames Subjeect to Lateral F
Forces—A
R
Return to Simp
plicity.” Engineeering Journal,, AISC, Vol. 42, No. 2, 2005 , pp 99–112.
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and in the opposite direction will see the connection behavior move to points 3 and 3′.
Note that on the windward side, the magnitude of this applied wind moment dictates whether the
connection behaves linearly or follows the nonlinear curve, as shown in Figure 8.23d. Removal of
this wind load causes the connection on one end to unload and on the other end to load, both
linearly as shown in Figure 8.23e. Any further application of wind load, less than the maximum
already applied, will see the connection behave linearly. In addition, the maximum moment on
the connection is still close to that applied originally from the gravity load. Thus, the condition
described in Figure 8.23f shows that shake-down has taken place and the connection now behaves
linearly for both loading and unloading.
The design procedure used to account for this shake-down is straight forward. All beams
are designed as simple beams using the appropriate load combinations. This assures that the
beams are adequate, regardless of the actual connection stiffness, as was seen in Figure 8.22.
Wind load moments are determined through a modified portal analysis where the leeward column
is assumed not to participate in the lateral load resistance. Connections are sized to resist the
resulting moments, again for the appropriate load combinations. In addition, it is particularly
important to provide connections that have sufficient ductility to accommodate the large rotations
that will occur, without overloading the bolts or welds under combined gravity and wind.
Columns must be designed to provide frame stability under gravity loads as well as
gravity plus wind. The columns may be designed using the approach that was presented for
columns in moment frames, but with two essential differences from the conventional rigid frame
design:
1.
Because the gravity load is likely to load the connection to its plastic moment
capacity, the column can be restrained only by a girder on one side and this
girder will act as if it is pinned at its far end. Therefore, in computing the girder
stiffness rotation factor, Ig/Lg, for use in the effective length alignment chart, the
girder length should be doubled.
2.
One of the external columns, the leeward column for the wind loading case,
cannot participate in frame stability, because it will be attached to a connection
that is at its plastic moment capacity. The stability of the frame may be assured,
however, by designing the remaining columns to support the total frame load.
For the exterior column, the moment in the beam to column joint is equal to the capacity
of the connection. It is sufficiently accurate to assume that this moment is distributed one-half to
the upper column and one-half to the lower column. For interior columns, the greatest realistically
possible difference in moments resulting from the girders framing into the column should be
distributed equally to the columns above and below the joint.

EXAMPLE 8.7a
Column Design
with Flexible Wind
Connections by
LRFD

Goal:

Select girders and columns for a building with flexible wind connections.

Given:

An intermediate story of a three-story building is given in Figure 8.24.
Story height is 12 ft. The frame is braced in the direction normal to that
shown. Use the LRFD provisions and A992 steel.
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Figure 8.24 Intermeediate Story of a Three-S
Story Buildiing (Example 8.7).
S
SOLUTION
N

Sttep 1:

Deteermine the required forcess and momentts for the loadd combinationn
122.D + 0.5L + 1.0W.
Thee loads shown
n in Figure 8..24 are the coode-specifiedd nominal loads. The
requ
uired forces are
a calculated using tributaary areas as foollows.
Gravity loads on exterior coluumns.
1.2D = 1.2(25 kips + 0.75 kips/ft (15 ft)) = 43.55 kips
0.5L = 0.5 (75 kips + 2.25 kips/ft ((15 ft)) = 54.44 kips
Total =97.99 kips
mns
Gravity loads on interior colum
1.2D = 1.2 (50 kips + 0.75 kips/ft ((30 ft)) = 87.00 kips
0.5L = 0.5 (150 kips + 2.25 kips/ftt (30 ft)) = 109 kips
Total= 1966 kips

Sttep 2:

g
for thee worst case 11.2D + 1.6L:
Gravity load on girders
1.2D = 1.2 (0.75 kips//ft (30 ft)) = 227.0 kips
1.6L = 1.6 (2.25 kips//ft (30 ft)) = 1108 kips
Total = 1135 kips
Dessign the girderr for the simpple beam mom
ment assuminng full lateral support
usin
ng Manual Taable 3-2 or 6-22.
M u = WL 8 = 135 ( 30.0 ) 8 = 506 ft-kipps
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Therefore use

Step 3:

W21×62 (φMn = 540 ft-kips, Ix = 1330 in.4)

Design the columns for the gravity load on the interior column using
Manual Table 4-1.
For buckling out of the plane in a braced frame, K = 1.0 and Lcy = 12.0
Thus, with Pu = 196 kips ,try
W14×43, (φPn = 371 kips, Ix = 428 in.4, rx/ry = 3.08)

Step 4:

To check the column for stability in the plane, determine the effective
length factor from the alignment chart with
⎛ 428 ⎞
2⎜
⎟
Σ ( I L )c
12.0 ⎠
Gtop = Gbottom =
= ⎝
= 3.21
Σ ( I L ) g ⎛ 1330 ⎞
⎜
⎟
⎝ 2(30.0) ⎠

Note that only one beam is capable of restraining the column and that the
beam is pinned at its far end; thus the effective beam length is taken as
twice its actual length.
Considering the stress in the column under load, the stiffness reduction
factor can be determined.
Pu A = 196 12.6 = 15.6 ksi
Thus, since Pu/A = 15.6 < 0.5Fy, the stiffness reduction factor from Manual
Table 4-13 is τb = 1.00. The stiffness ratio then remains
Gtop = Gbottom = 3.21
which yields, from the alignment chart, Figure 5.20
K = 1.87
Step 5:

Determine the effective length in the plane of bending.
L
1.87(12.0)
= 7.29 ft
( Lcx )eff = cx =
rx /ry
3.08

Step 6

Determine the column compressive strength from Manual Table 4-1 or 6-2
with Lc = 7.29 ft.
φPn = 484 kips
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Determine the second-order moment.
The applied wind moment is Mu = 1.0(6.0)(12.0) = 72.0 ft-kips and the
applied force is Pu = 196 kips.
Considering all the moment as a translation moment and using
Commentary equation C-A-8-1
π2 EI
π2 (29,000)(428)
Pe story =
=
= 1690 kips
2
2
( K 2 L ) (1.87(12.0)(12))
Therefore, for all three columns,
1
1
B2 =
=
= 1.13
1.0 ( 3(196) )
⎛ αPstory ⎞
1− ⎜
⎟ 1 – 3(1690)
⎝ Pe story ⎠
and
Mr = 1.13 (72.0) = 81.4 ft-kips

Step 8:

Determine whether the column satisfies the interaction equation
Pu 196
=
= 0.405 > 0.2
φPn 484
Therefore, use Equation H1-1a, φMn = 222, from Manual Table 3-10 or 62, which results in
Pu 8 ⎛ M u ⎞
+ ⎜
⎟ ≤ 1.0
φPn 9 ⎝ φM n ⎠
8 ⎛ 81.4 ⎞
0.405 + ⎜
⎟ = 0.731 < 1.0
9 ⎝ 222 ⎠

This indicates that the W14×43 is adequate for stability. The members can
then be used as a starting point in a more rigorous analysis.

EXAMPLE 8.7b
Column Design
with Flexible Wind
Connections by
ASD

Goal:

Select girders and columns for a building with flexible wind connections.

Given:

An intermediate story of a three-story building is given in Figure 8.24.
Story height is 12 ft. The frame is braced in the direction normal to that
shown. Use the ASD provisions and A992 steel.

Step 1:

Determine the required forces and moments for the load combination
D + 0.75L +0.75(0.6W).
The loads shown in Figure 8.24 are the code-specified nominal loads. The
required forces are calculated using tributary areas as follows.
Gravity loads on exterior columns
D = (25 k + 0.75 k/ft (15 ft)) = 36.3 kips
0.75L = 0.75 (75 k + 2.25 k/ft (15 ft)) = 81.6 kips
Total = 118 kips
Gravity loads on interior columns
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D = (50 k + 0.75 k/ft (30 ft)) = 72.5 kips
0.75L = 0.75 (150 k + 2.25 k/ft (30 ft)) = 163 kips
Total = 236 kips
Gravity load on girders for the worst case, D + L
D = (0.75 k/ft (30 ft)) = 22.5 kips
L = (2.25 k/ft (30 ft)) = 67.5 kips
Total = 90.0 kips
Step 2:

Design the girder for the simple beam moment assuming full lateral support
using Manual Table 3-2 or 6-2.
M a = WL 8 = 90.0 ( 30.0 ) 8 = 338 ft-kips
Therefore use

Step 3:

W21×62 (Mn/Ω = 359 ft-kips, Ix = 1330 in.4)

Design the columns for gravity load on the interior column using Manual
Table 4-1 or 6-2.
For buckling out of the plane in a braced frame, K = 1.0 and Lcy = 12.0
Thus, with Pa = 236 kips
try W14×43 (Pn/Ω = 247 kips, Ix = 428 in.4, rx/ry = 3.08)

Step 4:

To check the column for stability in the plane, determine the effective
length factor from the alignment chart with
⎛ 428 ⎞
2⎜
⎟
Σ ( I L )c
12.0 ⎠
= ⎝
= 3.21
Gtop = Gbottom =
Σ ( I L ) g ⎛ 1330 ⎞
⎜
⎟
⎝ 2(30.0) ⎠
Note that only one beam is capable of restraining the column and that that
beam is pinned at its far end; thus the effective beam length is taken as
twice its actual length.
Considering the stress in the column under load, the stiffness reduction
factor can be determined.
Pa 236
=
= 18.7 ksi
A 12.6
Thus, from the Manual Table 4-13, the stiffness reduction factor τb = 0.960.
The inelastic stiffness ratio then becomes
Gtop = Gbottom = 0.960(3.21) = 3.08
which yields, from the alignment chart, Figure 5.20
K = 1.84

Step 5:

Determine the effective length in the plane of bending.
L
1.84(12.0)
= 7.17 ft
( Lcx )eff = cx =
rx /ry
3.08
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Step 6:

Determine the column compressive strength from Manual Table 4-1 or 6-2
with Lc = 7.17 ft.
Pn/Ω = 324 kips

Step 7:

Determine the second-order moment.
The applied wind moment is Ma = 0.75(0.6)(6.0(12.0)) = 32.4 ft-kips and
the applied force is Pa = 236 kips.
Considering all the moment as a translation moment and using
Commentary equation C-A-8-1
π2 EI
π2 (29,000)(428)
Pe story =
=
= 1740 kips
2
2
( K 2 L ) (1.84(12)(12))
αPa = 1.6(236) = 378 kips
Therefore, for all three columns,
1
1
B2 =
=
= 1.28
3(378)
αPstory
1–
1−
3(1740)
Pe story
and
Mr = 1.28(32.4) = 41.5 ft-kips

Step 8:

Determine whether the column satisfies the interaction equation
Pr
236
=
= 0.728 < 0.2
Pn /Ω 324
Therefore, use Equation H1-1a, Mn/Ω = 148, from Manual Table 3-10 or 62, which results in
Pa
8 ⎛ Ma ⎞
+ ⎜⎜
⎟ ≤ 1.0
( Pn Ω ) 9 ⎝ ( M n Ω ) ⎟⎠
8 ⎛ 41.5 ⎞
0.728 + ⎜
⎟ = 0.98 < 1.0
9 ⎝ 148 ⎠
This indicates that the W14×43 is adequate for stability. These members
can then be used as a starting point in a more rigorous analysis.

After an acceptable column is selected, the lateral displacement of the structure must be
checked. Coverage of drift in wind moment frames is beyond the treatment intended here, but is
covered in the Geschwindner and Disque paper already referenced.
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Figure 8.2
25 Definitio
ons of Bracing
g Types. Copyyright © Ameerican Institute of Steel
Construction, Inc. Reprrinted with Peermission. Alll rights reservved.

88.12

STAB
BILITY BR
RACING DE
ESIGN
Braces in steel
s
structurees are used to
o reduce the eeffective lenggth of columnns, reduce thee unbraced
length of beams,
b
and prrovide overalll structural sttability. The discussion off columns in Chapter 5
showed ho
ow braces cou
uld be effectiv
ve in reducingg effective lenngth and therreby increasinng column
strength. Chapter
C
6 dem
monstrated ho
ow the unbracced length off a beam influuenced its streength, and
earlier in this
t
chapter the
t influence of sway on tthe stability oof a structuree was discusssed. Every
case assum
med that the given
g
bracing
g requirementts were satisffied, but nothing was said about the
strength orr stiffness of the
t required braces.
b
For caases when braaces are not sspecifically inncluded in
the second
d-order analy
ysis, design of
o braces willl follow thee provisions of Appendixx 6 of the
Specificatiion. Appendix
x 6 treats braacing for coluumns and beaams similarlyy, although thhe specific
requiremen
nts are differeent. Two typees of braces arre defined: pooint bracing aand panel braccing.
Po
oint bracing controls
c
the movement
m
of a point on thhe member w
without interacction with
any adjaceent braced po
oints. These braces
b
would be attached to the membber and then tto a fixed
support, su
uch as the abu
utment shown
n in Figure 8.225b.
Paanel bracing relies on otherr braced pointts of the struccture to proviide support. A diagonal
brace with
hin a frame would
w
be a paanel brace, a s shown in F
Figure 8.25a. In this case,, the axial
deformatio
on of the diaagonal brace is a functionn of the displlacement at eeach end of tthe brace.
Because th
he horizontall strut is usu
ually a part oof a very stifff floor systeem that has ssignificant
strength in
n its plane, thee strength and
d stiffness of the diagonal element usuaally controls tthe overall
behavior of
o this braced system.
Th
he brace requ
uirements of the
t Specifica tion are intennded to enablle the membeers’ being
designed to
t reach theirr maximum strength
s
base d on the lenggth between bracing poinnts and an
effective leength factor, K = 1.0. A brrace has two rrequirements:: strength andd stiffness. A brace that
is inadequ
uate in either of these resp
pects is not ssufficient to eenable the m
member it is bbracing to
perform ass it was design
ned.
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Column Bracing

For column panel bracing, the required shear strength of the bracing system is

Vbr = 0.005Pr
and the required shear stiffness is
1 ⎛ 2P
βbr = ⎜ r
φ ⎝ Lbr

⎞
⎟ (LRFD)
⎠
φ = 0.75 (LRFD)

(AISC A-6-1)

⎛ 2P ⎞
βbr = Ω ⎜ r ⎟ (ASD)
⎝ Lbr ⎠
Ω = 2.00 (ASD)

(AISC A-6-2)

where
Lbr = unbraced length of the panel under consideration
Pr = required strength of the column within the panel under consideration for ASD or
LRFD as appropriate for the design method being used.
For a column point brace, the required brace strength is
Pbr = 0.01 Pr
and the required brace stiffness is
1 ⎛ 8P
βbr = ⎜ r
φ ⎝ Lbr

⎞
⎟ (LRFD)
⎠
φ = 0.75 (LRFD)

(AISC A-6-3)

⎛ 8P ⎞
βbr = Ω ⎜ r ⎟ (ASD)
⎝ Lbr ⎠
Ω = 2.00 (ASD)

(AISC A-6-4)

where
Lbr = laterally unbraced length adjacent to the point brace
Pr = required strength for ASD or LRFD as appropriate for the design method being used.
It should be noted that the requirements for point braces are significantly greater than those for
panel braces. Thus, if a panel bracing system can be developed, it has the potential to be the more
economical approach.
8.12.2

Beam Bracing

For a beam panel brace, the required shear strength of the bracing system is

⎛M C ⎞
Vbr = 0.01⎜ r d ⎟
⎝ ho ⎠
and the required panel brace stiffness is
1 ⎛ 4M r Cd ⎞
βbr = ⎜
(LRFD)
φ ⎝ Lbr ho ⎟⎠
φ = 0.75 (LRFD)

⎛ 4M r Cd
βbr = Ω ⎜
⎝ Lbr ho
Ω = 2.00 (ASD)

(AISC A-6-5)

⎞
⎟ (ASD)
⎠

(AISC A-6-6)

where
ho = distance between flange centroids
Cd = 1.0 for single curvature bending and 2.0 for the brace closest to the inflection point
for double curvature bending
Lbr = laterally unbraced length within the panel under consideration
Mr = the largest required flexural strength of the beam within the unbraced lengths
adjacent to the point being braced
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For a beam point brace, the required strength of the brace is
Pbr = 0.02MrCd/ho
and the required brace stiffness is

1 ⎛ 10M r Cd ⎞
βbr = ⎜
(LRFD)
φ ⎝ Lbr ho ⎟⎠
φ = 0.75 (LRFD)

⎛ 10M r Cd ⎞
βbr = Ω ⎜
⎟ (ASD)
⎝ Lbr ho ⎠
Ω = 2.00 (ASD)

(AISC A-6-7)

(AISC A-6-8)

where
ho = distance between flange centroids
Cd = 1.0 for single curvature and 2.0 for double curvature as above
Lbr = laterally unbraced length adjacent to the point brace
Mr = the largest required flexural strength of the beam within the unbraced lengths
adjacent to the point being braced
As with column bracing, the requirements for point braces are greater than those for panel braces.
8.12.3

Frame Bracing

Frame bracing and column bracing are accomplished by the same panel and point braces and may
be designed using the same stiffness and strength equations. However, the most direct approach
to bracing design for frames is to include the braces in the model when a second-order analysis is
carried out. When that is the case, the provisions of Appendix 6 do not need to be checked.

EXAMPLE 8.8a
Bracing Design by
LRFD

Goal:

Determine the required bracing for a braced frame to provide stability for
the gravity load.

Given:

Using the LRFD requirements, select a rod to provide the point bracing
shown in the center panel of the three-bay frame of Figure 8.9a to provide
stability for a total gravity dead load of 113 kips and live load of 45 kips.

SOLUTION

Step 1:

Determine the required brace stiffness for gravity load.
For the gravity load, the required brace stiffness is based on 1.2D + 1.6L.
Pr = 1.2 (113) + 1.6 ( 45.0 ) = 208 kips
and from Equation A-6-4
1 ⎛ 8P ⎞
1 ⎛ 8(208) ⎞
βbr = ⎜ r ⎟ =
⎜
⎟ = 139 kips/ft
φ ⎝ Lbr ⎠ 0.75 ⎝ 16.0 ⎠

Step 2:

Determine the required brace area based on required stiffness and
accounting for the angle of the brace.
Based on the geometry of the brace from Figure 8.9, where θ is the angle of
the brace with the horizontal and Lr = 34.0 ft is the length of the brace,
A E
βbr = br cos 2 θ = 139 kips/ft
Lr
This results in a required brace area
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Abr =

Step 3:

βbr Lr
=
E cos 2 θ

139(34.0)
⎛ 30 ⎞
29,000 ⎜ ⎟
⎝ 34 ⎠

2
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= 0.209 in.2

Determine the required brace force for gravity load. The required horizontal
brace force for a point brace given by Equation A-6-3 is
Pbr = 0.01Pr = 0.01( 208) = 2.08 kips
which gives a force in the member of
Pbr ( angle ) = 2.08 ( 34 30 ) = 2.36 kips
and a required area, assuming Fy = 36 ksi for a rod, of
Pbr ( angle)
2.36
Abr =
=
= 0.0728 in.2
φFy
0.9(36)

Step 4:

For the dead plus live load case,
Amin = 0.209 in.2

Step 5:

Select a rod to meet the required area for the controlling case of stiffness
for the dead plus live load case where Amin = 0.209 in.2
use a 5/8-in. rod with A = 0.307 in.2

EXAMPLE 8.8b
Bracing Design by
ASD

Goal:

Determine the required bracing for a braced frame to provide stability for
the gravity load.

Given:

Using the ASD requirements, select a rod to provide the point bracing
shown in the center panel of the three-bay frame of Figure 8.9a to provide
stability for a total gravity dead load of 113 kips and live load of 45 kips.

SOLUTION

Step 1:

Determine the required brace stiffness for gravity load.
For the gravity load, the required brace stiffness is based on D + L.
Pr = 113 + 45.0 = 158 kips
and from Equation A-6-4

⎛ 8P
βbr = Ω ⎜ r
⎝ Lbr

⎞
⎛ 8(158) ⎞
⎟ = 2.00 ⎜ 16.0 ⎟ = 158 kips/ft
⎝
⎠
⎠
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Step 2:

Determine the required brace area based on required stiffness and
accounting for the angle of the brace.
Based on the geometry of the brace from Figure 8.9, where θ is the angle of
the brace with the horizontal and Lr =34.0 ft is the length of the brace.
A E
βbr = br cos 2 θ = 158 kips/ft
Lr
This results in a required brace area
β L
158(34.0)
Abr = br 2r =
= 0.238 in.2
2
E cos θ
⎛ 30 ⎞
29,000 ⎜ ⎟
⎝ 34 ⎠

Step 3:

Determine the required brace force for gravity load.
The required horizontal brace force for a point brace given by Equation A6-3 is
Pbr = 0.01Pr = 0.01(158 ) = 1.58 kips
which gives a force in the member of
Pbr ( angle ) = 1.58 ( 34 30 ) = 1.79 kips
and a required area, assuming Fy = 36 ksi for a rod, of
Pbr ( angle )
1.79
Ab r =
=
= 0.0830 in.2
Fy Ω
(36 1.67)

Step 4:

For the dead plus live load case,
Amin = 0.238 in.2

Step 5:

Select a rod to meet the required area for the controlling case of stiffness
for the dead plus live load case, Amin = 0.238 in.2.
use a 5/8-in. rod with A = 0.307 in.2

8.13 TENSION PLUS BENDING
Throughout this chapter, the case of combined compression plus bending has been treated. That is
the most common case of combined loading in typical building structures. However, the
Specification also has provisions, in Section H1.2, for combining flexure and tension. The
addition of a tension force to a member already undergoing bending may be beneficial.
The interaction equations for combined tension and flexure are the same as those already
discussed and given as Equations H1-1a and H1-1b. However, if the flexural strength is
controlled by the limit state of lateral-torsional buckling, the addition of a tension force can
increase bending strength. This is accounted for in the Specification by the introduction of a
modification factor to be applied to Cb. Thus, for doubly symmetric members, Cb in Chapter F
can be multiplied by 1 + αPr Pey for axial tension that acts concurrently with flexure, where

Pey = π2 EI y L2b and α = 1.0 for LRFD and 1.6 for ASD, as before. The limit that Mn cannot
exceed Mp still must be satisfied as it was for beam design discussed in Chapter 6.
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EXAMPLE 8.9a
Combined Tension
and Bending by
LRFD

Goal:

Check the given W-shape beam for combined tension and bending

Given:

A W16×77 beam spans 25 ft and carries a uniform dead load of 0.92 kips/ft
and a uniform live load of 2.79 kips/ft. It also carries a tension live load of
62.5 kips. The member is braced at the ends only for lateral-torsional
buckling. Use A992 steel.

SOLUTION

Step 1:

Determine the required moment strength

wu = 1.2 ( 0.92 ) + 1.6 ( 2.79 ) = 5.57 kips/ft

Mu =

5.57 ( 25 )

2

Step 2:

= 435 ft-kips
8
Determine the required tension strength
Tu = 1.6 ( 62.5 ) = 100 kips

Step 3:

Determine the available moment strength. With Lb = 25 ft and Cb = 1.14,
from Manual Table 6-2
φM n = 1.14 ( 382 ) = 435 ft-kips < φM p = 563 ft-kips

Step 4:

Determine the available tension strength for the limit state of yielding.
Connections at the end of the member are at a location of zero moment so
tension rupture will not be a factor for interaction with bending. From
Table 6-2

φTn = 1020 kips

Step 5:

Determine the increase to be applied to Cb when tension is applied in
conjunction with moment strength determined for the lateral-torsional
buckling limit state.
2
π2 EI π ( 29,000 )(138 )
Pey = 2 =
= 439 kips
2
Lb
( 25 (12) )
1+

1.0 (100 )
αPr
= 1+
= 1.11
439
Pey

Step 6:

Moment strength when considered in combination with tension

Step 7:

Determine the interaction equation to use
Pr 100
=
= 0.098 < 0.2
Pc 1020

Step 8:

Use Equation H1-1b
Pr
M
0.098 435
+ r =
+
= 0.049 + 0.901 = 0.95 < 1.0
2 Pc M c
2
483

φM n = 1.11( 435 ) = 483 ft-kips < φM p = 563 ft-kips

So the beam is adequate to carry the bending moment and tension force.
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Step 9:

Check the beam for bending alone, in case the tension force were not there.
Use the available moment strength from Step 3.
M r 435
=
= 1.0 ≤ 1.0
M c 435
So the beam would just be adequate. In cases where the application of the
tension force increases interaction strength and that force may not actually
occur, it is important to check the member for flexure alone.
The W16×77 is adequate to carry the applied loads.

EXAMPLE 8.9b
Combined Tension
and Bending by
ASD

Goal:

Check the given W-shape beam for combined tension and bending

Given:

A W16×77 beam spans 25 ft and carries a uniform dead load of 0.92 kips/ft
and a uniform live load of 2.79 kips/ft. It also carries a tension live load of
62.5 kips. The member is braced at the ends only for lateral-torsional
buckling. Use A992 steel.

SOLUTION

Step 1:

Determine the required moment strength

wa = 0.92 + 2.79 = 3.71 kips/ft
Ma =

Step 2:

3.71( 25 )

2

8
Determine the required tension strength

= 290 ft-kips

Ta = 62.5 kips

Step 3:

Determine the available moment strength. With Lb = 25 ft and Cb = 1.14,
from Manual Table 6-2
Mp
Mn
= 1.14 ( 254 ) = 290 ft-kips <
= 374 ft-kips
Ω
Ω

Step 4:

Determine the available tension strength for the limit state of yielding.
Connections at the end of the member are at a location of zero moment so
tension rupture will not be a factor for interaction with bending. From
Table 6-2
Tn
= 677 kips
Ω

Step 5:

Determine the increase to be applied to Cb when tension is applied in
conjunction with moment strength determined for the lateral-torsional
buckling limit state.

Pey =

2
π2 EI π ( 29,000 )(138 )
=
= 439 kips
2
L2b
( 25 (12) )

1+

Step 6:

1.6 ( 62.5 )
αPr
= 1+
= 1.11
Pey
439

Moment strength when considered in combination with tension
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Mp
Mn
= 1.11( 290 ) = 322 ft-kips <
= 374 ft-kips
Ω
Ω

Step 7:

Determine the interaction equation to use
Pr 62.5
=
= 0.092 < 0.2
Pc 677

Step 8:

Use Equation H1-1b
Pr
M
0.092 290
+ r =
+
= 0.046 + 0.901 = 0.95 < 1.0
2 Pc M c
2
322
So the beam is adequate to carry the bending moment and tension force.

Step 9:

Check the beam for bending alone, in case the tension force were not there.
Use the available moment strength from Step 3.
M r 290
=
= 1.0 ≤ 1.0
M c 290
So the beam would just be adequate. In cases where the application of the
tension force increases interaction strength and that force may not actually
occur, it is important to check the member for flexure alone.
The W16×77 is adequate to carry the applied loads.

8.14

PROBLEMS

Unless noted otherwise, all columns should be
considered pinned in a braced frame out of the plane
being considered in the problem with bending about
the strong axis.
1. Determine whether a W14×90, A992 column
with a length of 12.5 ft is adequate in a braced frame
to carry the following loads from a first-order
analysis: a compressive dead load of 100 kips and
live load of 300 kips, a dead load moment of 30 ftkips and live load moment of 70 ft-kips at one end,
and a dead load moment of 15 ft-kips and a live load
moment of 35 ft-kips at the other. The member is
bending in reverse curvature about the strong axis.
Determine by (a) LRFD and (b) ASD.

2. A W12×58, A992 is used as a 14 ft column in a
braced frame to carry a compressive dead load of 60
kips and live load of 120 kips. Will this column be
adequate to carry a dead load moment of 30 ft-kips
and live load moment of 60 ft-kips at each end,

bending the column in single curvature about the
strong axis? The analysis results are from a firstorder analysis. Determine by (a) LRFD and (b)
ASD.
3. Determine whether a W12×190, A992 column
with a length of 22 ft is adequate in a braced frame
to carry the following loads from a first-order
analysis: a compressive dead load of 300 kips and
live load of 500 kips, a dead load moment of 50 ftkips and live load moment of 100 ft-kips at one end,
and a dead load moment of 25 ft-kips and a live load
moment of 50 ft-kips at the other. The member is
bending in reverse curvature about the strong axis.
Determine by (a) LRFD and (b) ASD.
4. A W10×60, A992 is used as a 13 ft column in a
braced frame to carry a compressive dead load of 74
kips and live load of 120 kips. Will this column be
adequate to carry a dead load moment of 30 ft-kips
and live load moment of 45 ft-kips at each end,
bending the column in single curvature about the
strong axis? The analysis results are from a firstorder analysis. Determine by (a) LRFD and (b)
ASD.
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5. Given a W14×500, A992 42 ft column in a
braced frame with a compressive dead load of 90
kips and live load of 270 kips. Maintaining a live
load to dead load ratio of 3, determine the maximum
live and dead load second-order moments that can be
applied about the strong axis on the upper end when
the lower end is pinned by (a) LRFD and (b) ASD.
6. Given a W14×132, A992 15 ft column in a
braced frame with a compressive dead load of 350
kips and live load of 350 kips, and maintaining a live
load to dead load ratio of 1, determine the maximum
live and dead load second-order moments that can be
applied about the strong axis on the upper end when
the lower end is pinned by (a) LRFD and (b) ASD.
7. Reconsider the column and loadings in Problem
1 if that column were bent in single curvature by (a)
LRFD and (b) ASD.
8. Reconsider the column and loadings in Problem
2 if that column were bent in reverse curvature by
(a) LRFD and (b) ASD.
9. Reconsider the column and loadings in Problem
3 if that column were bent in single curvature by (a)
LRFD and (b) ASD.
10. Reconsider the column and loadings in
Problem 4 if that column were bent in reverse
curvature by (a) LRFD and (b) ASD.
11. A 14 ft pin-ended column in a braced frame
must carry a compressive dead load of 85 kips and
live load of 280 kips, along with a uniformly
distributed transverse dead load of 0.4 kips/ft and
live load of 1.3 kips/ft. Will a W14×68, A992
member be adequate if the transverse load is applied
to put bending about the strong axis? Determine by
(a) LRFD and (b) ASD.
12. A pin-ended chord of a truss is treated as a
member in a braced frame. Its length is 12 ft. It must
carry a compressive dead load of 90 kips and live
load of 170 kips, along with a uniformly distributed
transverse dead load of 1.1 kips/ft and live load of
2.3 kips/ft. Will a W8×58, A992 member be
adequate if the transverse load is applied to put
bending about the strong axis? Determine by (a)
LRFD and (b) ASD.
13. A moment frame is designed so that under a
service lateral load H= 150 kips, the frame drifts no

more than L/400. There are a total of 15 columns in
this frame, so Pstory is 15 times the load on this
column. A 13 ft, W14×120, A992 column is to be
checked. Analysis results are from a first-order
analysis. The column is called upon to carry a
compressive dead load of 100 kips and live load of
300 kips. This load will be taken as coming from a
no-translation analysis. The top of the column is
loaded with no-translation dead load moment of 25
ft-kips and a no-translation live load moment of 80
ft-kips. The translation moments applied to that
column end are a dead load moment of 35 ft-kips
and a live load moment of 100 ft-kips. The lower
end of the column feels half of these moments. The
column is bending in reverse curvature about the
strong axis. Will the W14×120, A992 member be
adequate to carry this loading? Analysis shows that
the effective length factor in the plane of bending is
1.66. Determine by (a) LRFD and (b) ASD.
14. A W14×193, A992 member is proposed for
use as a 12.5 ft column in an moment frame. The
frame is designed so that under a service lateral load
H= 120 kips, the frame drifts no more than L/500.
The total story load, Pstory, is 20 times the individual
column load. Analysis results are from a first-order
analysis. Will this member be adequate to carry a
no-translation compressive dead load of 160 kips
and live load of 490 kips? The top of the column is
loaded with a no-translation dead load moment of 15
ft-kips and a no-translation live load moment of 30
ft-kips. The translation moments applied to that
column end are a dead load moment of 80 ft-kips
and a live load moment of 250 ft-kips. The column
is bending about the strong axis and, the lower end
of the column is considered pinned, and the effective
length factor is taken as 1.5. Determine by (a) LRFD
and (b) ASD.
15. Will a W14×48 be adequate as a 14 ft column
in a moment frame with a compressive dead load of
35 kips and live load of 80 kips? One half of this
compressive load is taken as a no-translation load
and one half as a translation load. The top and
bottom of the column are loaded with a notranslation dead load moment of 20 ft-kips and a notranslation live load moment of 55 ft-kips. The
translation moments applied to the column ends are
a dead load moment of 10 ft-kips and a live load
moment of 50 ft-kips. Analysis results are from a
first-order analysis. The frame is designed so that
under a service lateral load H= 50 kips, the frame
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ddrifts no moree than L/300. The total storry load, Pstory,
is eight timees the indiv
vidual colum
mn load. Thee
ccolumn is ben
nt in reverse curvature
c
abo
out the strong
g
aaxis, and Kx = 1.3. Determ
mine by (a) LRFD
L
and (b))
A
ASD.

116. Determiine whether a 10 ft braced
b
framee
W
W14×43, A9
992 column can carry a compressivee
ddead load of 35 kips and live
l
load of 80
8 kips along
g
w
with a dead lo
oad moment of
o 20 ft-kips and live load
d
m
moment of 40
0 ft-kips. One half of these moments aree
aapplied at th
he other en
nd, bending it in singlee
ccurvature.
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17. A two-story
ry single bayy frame is shown in
Figuure P8.17. Thhe uniform livve and dead loads are
indiccated along with the winnd load. A ffirst-order
elasttic analysis hhas yielded thhe results shoown in the
figurre for the given loads and the apppropriate
notioonal loads. Assuming thhat the storyy drift is
limitted to heightt/300 under tthe given wiind loads,
deterrmine whethher the firsst- and seccond-story
colum
mns are addequate. Thee gravity looads will
prodduce the no-trranslation ressults and the w
wind load
will produce the ttranslation ressults. The meembers are
show
wn and are all A992 steeel. Determinne by (a)
LRF
FD and (b) AS
SD.
18. Determine w
whether the ccolumns of the two-bay
unbrraced frame sshown in Figuure P8.18 aree adequate
to suupport the giiven loading.. Results for the firstordeer analysis arre provided. T
The gravity lloads will
prodduce the no-trranslation ressults and the w
wind load
will produce the translation reesults. Assum
me that the
laterral drift underr the given wiind load will bbe limited
to a maximum off 0.5 in. All m
members are A
A992 steel
and the sizes are as shown. D
Determine by (a) LRFD
and ((b) ASD.
P8.117
19. A nonsymm
metric two-bay unbraced frame is
requuired to suppoort the live annd dead loadss given in
Figuure P8.19. Ussing the resullts from the ffirst-order
elasttic analysis pprovided, assuuming the axxial forces
provvided are from
m the no-transslation analyssis and the
laterral drift due too a 5 kip forcce is limited to 0.4 in.,
deterrmine whethher each coluumn will be adequate.
All members aree A992 steell and the sizzes are as
show
wn. Determine by (a) LRFD
D and (b) AS
SD.
P8.118
20. A 14 ft coluumn in a mom
ment frame m
must carry
a com
mpressive loaad of 540 kipps and a mom
ment about
the sstrong axis off 135 ft-kips ffrom an LRFD
D secondordeer direct analyysis. Will a W
W14×74, A9922 member
be addequate if thee moment is applied to puut bending
abouut the strong aaxis?
21. A 14 ft coluumn in a mom
ment frame m
must carry
a com
mpressive loaad of 360 kipps and a mom
ment about
the sstrong axis oof 90 ft-kips from an ASD
D secondordeer direct analyysis. Will a W
W14×74, A9922 member
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bbe adequate iff the momentt is applied to
o put bending
g
aabout the stron
ng axis?

222. A 28 ft column in a moment fram
me must carry
y
a compressivee load of 110
0 kips and moment
m
aboutt
the strong axis of 100 ft-kiips from an LRFD
L
second-oorder direct an
nalysis. Will a W10×60, A992
A
memberr

23. A 28 ft coluumn in a mom
ment frame m
must carry
a com
mpressive loaad of 73 kips and moment about the
stronng axis of 67 ft-kips from aan LRFD seccond-order
direcct analysis. W
Will a W10×
×60, A992 m
member be
adeqquate if the m
moment is appplied to puut bending
abouut the strong aaxis?
24a. Select a W
W-shape for a column withh a length
of 155 ft. The resuults of a seconnd-order direcct analysis
indiccate that the member musst carry a forrce of 700
kips and a momennt of 350 ft-kkips. Design bby LRFD.
24b.. Select a W
W-shape for a column withh a length
of 155 ft. The resuults of a seconnd-order direcct analysis
indiccate that the member musst carry a forrce of 467
kips and a momennt of 230 ft-kkips. Design bby ASD.
25a. Select a W
W-shape for a column withh a length
of 288 ft. The resuults of a seconnd-order direcct analysis
indiccate that the m
member mustt carry a forcce of 1100
kips and a momennt of 170 ft-kkips. Design bby LRFD.
25b.. Select a W
W-shape for a column withh a length
of 288 ft. The resuults of a seconnd-order direcct analysis
indiccate that the member musst carry a forrce of 730
kips and a momennt of 110 ft-kkips. Design bby ASD.
26a. Select a W
W-shape for a column withh a length
of 114 ft. The results of a second-ordder direct
analyysis indicate that the mem
mber must carrry a force
of 3550 kips and a moment of 470 ft-kips. D
Design by
LRF
FD.
26b.. Select a W
W-shape for a column withh a length
of 114 ft. The results of a second-ordder direct
analyysis indicate that the mem
mber must carrry a force
of 2330 kips and a moment of 320 ft-kips. D
Design by
ASD
D.

bbe adequate iff the momentt is applied to
o put bending
g
aabout the stron
ng axis?

27a. Select a W
W-shape for a column withh a length
of 116 ft. The results of a second-ordder direct
analyysis indicate that the mem
mber must carrry a force
of 12250 kips andd a moment oof 450 ft-kipps. Design
by L
LRFD.

Beam
m-Columns annd Frame Behavior

Chaptter 8

75

P8.19
227b. Select a W-shape fo
or a column with
w a length
h
oof 16 ft. The
T
results of
o a second
d-order directt
aanalysis indiccate that the member
m
must carry a forcee
oof 830 kips an
nd a moment of 300 ft-kip
ps. Design by
y
A
ASD.

30. The two-bayy, two-story fframe shown in Figure
P8.3 0 is to be designed. U
Using the Livve, Dead,
Snow
w, and Windd Loads givenn in the figurre, design
the columns andd beams to provide thee required
strenngth and stabiility by (a) LR
RFD and (b) A
ASD.

228. The two
o-bay momen
nt frame show
wn in Figuree
P
P8.28 contain
ns a single leaaning column
n. The resultss
oof a first-ord
der elastic an
nalysis for each load aree
ggiven. Determ
mine whetherr the exterior columns aree
aadequate to provide
p
stabiility for the frame underr
ddead and livee load. All W-shapes
W
are given
g
and thee
ssteel is A992. Determine by (a) LRFD and
a (b) ASD.

31. Select an A
A36 rod to proovide the poinnt bracing
show
wn in the cennter panel of tthe three-bayy frame of
Figuure 8.9a to pprovide stabillity for a totaal gravity
deadd load of 1550 kips and live load off 60 kips.
Desiign by (a) LR
RFD and (b) A
ASD.

229. The two
o-story framee shown in Figure
F
P8.29
9
rrelies on the left-hand columns to prov
vide stability..
U
Using the first-order analysis
a
ressults shown,,
ddetermine wh
hether the given structure is
i adequate iff
the steel is A9
992.

32. Select an A
A36 rod to proovide the poinnt bracing
show
wn in the cennter panel of tthe three-bayy frame of
Figuure 8.9a to pprovide stabillity for a totaal gravity
deadd load of 1880 kips and live load off 95 kips.
Desiign by (a) LR
RFD and (b) A
ASD.

776

Chapter 8

Beam-C
Columns and Frame Behav
vior
2.0 kkips/ft. Deterrmine the reqquired shear strength of
the bracing systtem and the required paanel brace
stiffnness by (a) LR
RFD and (b) ASD.

35. A simply suupported W188×86 beam sppans 30 ft
and carries a unifformly distribbuted dead looad of 0.8
kips//ft and a uniiformly distriibuted live looad of 2.4
kips//ft. It also caarries a tensioon live load oof 18 kips.
The member is fully bracedd for laterall-torsional
buckkling. Use A9992 steel. Dettermine if thee W18×86
is addequate for thhe combined ttension and bending by
(a) L
LRFD and (b)) ASD.

P
P8.28
333. A 30 ftt simply supp
ported W24×68 beam hass
ppoint bracing at third poin
nts. The beaam supports a
uuniformly disstributed dead
d load of 1.2 kips/ft and a
uuniformly diistributed liv
ve load of 2.0 kips/ft..
D
Determine thee required po
oint brace streength and thee
rrequired poin
nt brace stiffn
ness by (a) LRFD
L
and (b))
A
ASD.
334. A 30 ftt simply supp
ported W24×68 beam hass
ppanel bracing
g in three equ
ual panels ov
ver its length..
T
The beam sup
pports a uniformly distribu
uted dead load
d
oof 1.2 kips/ft and a uniform
mly distributed live load off

P8.229
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method of Apppendix 8;
ampllified first-ordder analysis m
thus,, superpositioon may be useed.
Befoore an analysiis may be carrried out, preliiminary
mem
mber sizes muust be obtainedd. Using the ggravity
load s calculated iin Chapter 2, select prelimiinary
colum
mn and beam
m sizes withouut concern forr the
fram
me behavior off the structuree.
Withh these membber sizes, the aanalysis is to be
carriied out for dead load, live load, roof loaad, and
windd load. Membbers are to be selected for tthe
gravvity plus windd load combinnation, so therre should
be noo need to incllude notional loads.
Desiign the colum
mns and beamss for the resullting load
effeccts and redo tthe analysis too check the sttrength of
thesee new membeers and the drrift of the struucture.
Conffirm that the eeffective lenggth method m
may be
usedd.

P
P8.30
336. A simply
y supported W27×84
W
beam
m spans 30 ftt
aand carries a uniformly distributed deaad load of 1.2
2
kkips/ft and a uniformly diistributed livee load of 2.5
5
kkips/ft. It also
o carries a ten
nsion live loaad of 30 kips..
T
The member is braced att third points for lateral-torsional buck
kling. Use A9
992 steel. Dettermine if thee
W
W27×84 is adequate for the
t combined
d tension and
d
bbending by (aa) LRFD and (b)
( ASD.
337. Integrated Design Pro
oject – Effecttive Length
M
Method
L
Lateral load reesistance in th
he east-west direction
d
is
pprovided by tw
wo perimeter moment fram
mes as seen in
n
F
Figure 1.24. Before
B
the forrces in these members
m
can
bbe determined
d, the specifieed wind load must
m be
ddetermined. At
A this stage in
n the design, a simplified
aapproach to wind
w
load calcculation similaar to that
uused in Chaptter 4 might yieeld the follow
wing loads at
eeach level:
Rooff
4th Floor
F
3rd Floor
F
2nd Floor
F
Totall Wind Load

32.0 kips
59.0 kips
54.0 kips
50.0 kips
195.0 kips

T
The moment frames
f
will sh
hare equally in
i carrying
these loads. They
T
will be designed
d
using
g the
eeffective length method of Appendix 7.2
2, and
ssecond-order effects will be incorporateed using the

38. IIntegrated D
Design Projecct – Direct An
nalysis
Meth
hod
Lateeral load resisttance in the eeast-west direction is
provvided by two pperimeter mooment frames as seen in
Figuure 1.24. Befoore the forces in these mem
mbers can
be deetermined, thhe specified w
wind load musst be
deterrmined. At thhis stage in thee design, a sim
mplified
apprroach to windd load calculattion similar too that
usedd in Chapter 4 might yield the followingg loads at
eachh level:
Roof
4th Flooor
3rd Flooor
2nd Flooor
Total Wind Load

32.0 kips
59.0 kips
54.0 kips
50.0 kips
195.0 kips

The moment fram
mes will sharee equally in caarrying
thesee loads. Theyy will be desiggned using thee Direct
Anallysis Method from Chapteer C.
Befoore an analysiis may be carrried out, preliiminary
mem
mber sizes muust be obtainedd. Using the ggravity
load s calculated iin Chapter 2, select prelimiinary
colum
mn and beam
m sizes withouut concern forr the
fram
me behavior off the structuree.
Withh these membber sizes, the aanalysis is to be
carriied out for dead load, live load, roof loaad, and
windd load, follow
wing the generral analysis
requuirements of S
Section C2. M
Members are tto be
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selected for the gravity plus wind load combination,
so there should be no need to include notional loads.
Design the columns and beams for the resulting load
effects and redo the analysis to check the strength of
these new members and the drift of the structure.

