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8.1 INTRODUCTION Q

Beam-columns are members subjected to forces and bending moments simultaneously; thus

their behavior falls somewhere beggveen that of an axially loaded column and that of a beam under

pure bending. It is thus possiblgito\com®ider the beam or axially loaded member as special cases

of the beam-column. Practi ications of the beam-column are numerous. They occur as

chord members in trygses(aPelements of rigidly connected frameworks, and as members of pin-

connected structures - gverse or eccentric loads. It is not always possible to look at a
n

member and dete whgther it is a beam-column or not; some knowledge of the actual forces
being carried b mber is required to categorize it as a beam-column. However, many
structural me re subjected to these combined forces, and the beam-column is a very
common elefigen uilding structures.
e magner in which the combined loads are transferred to a particular beam-column
&
D

signifi y impacts the ability of the member to resist those loads. Starting with the axially

oa n, bending moments can occur from various sources. Lateral load can be applied
e 0 the member, as is the case for a truss top chord or a column supporting the lateral load
froMpa wall. Alternatively, the axial force can be applied at some eccentricity from the centroid of
Me column as a result of the specific connections. In addition, the member can receive end
oments from its connection to other members of the structure, such as in a rigid frame. In all
cases, the relation of the beam-column to the other elements of the structure is important in
determining both the applied forces and the strength of the member.

To understand the behavior of beam-columns, it is common practice to look at the
response predicted by an interaction equation. The response of a beam-column to an axial load P,
major axis moment M., and minor axis moment M, is presented on the three-dimensional diagram
shown in Figure 8.1. Each axis in this diagram represents the capacity of the member when it is
subjected to loading of one type only, whereas the curves represent the combination of two types
of loading. The surface formed by connecting the three curves represents the interaction of axial

load and biaxial bending. This interaction surface is of interest to the designer.
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Figure 8.1 Ultimate Interaction Surface for a
Stocky Beam-Column.

The end points of the curves shown in Figure 8.1 depe cmngth of the beam-

columns as described for compression members (Chapter SE;md b8gding members (Chapter 6).
The shape of the curves between these end points depend whe properties of the particular
member as well as the properties of other members of the(Strifytu

Table 8.1 lists the sections of the Specificati s of the Manual discussed in this
chapter.

M

¥

8.2 SECOND-ORDER EFFECTS

The single most complicating factor i alysis and design of a beam-column is what are
known as second-order effects. Second-ofr effects are the changes in member forces and
moments as the direct result of4tructural deformations. Because the commonly used elastic
methods of structural analysis ¢ Mhat all deformations are small, and because the equations
of equilibrium are written e Undeformed configuration of the structure, these methods are
not able to capture ®he itional second-order effects that occur in real structures without
adjustment. The resu sx type of analysis are called first-order effects—that is, first-order
forces, first-order morgentyy and first-order displacements. To account for the influence of the
deformations, a 1tM@nal analysis must be performed. The results of this additional analysis are
referred to as ecpnd-order effects.

Sev approaches are available for including second-order effects in an analysis. A
complegd®econdorder inelastic analysis would take into account the actual deformation of the

Jallle 8N 7 Sections of Specification and Parts of Manual Covered in This Chapter
Specification
B3 Design Basis
M Design for Stability
Design of Members for Combined Forces and Torsion
‘b Appendix 6 Stability Bracing for Columns and Beams
& Appendix 7 Alternative Methods of Design for Stability

Appendix 8 Approximate Second-Order Analysis

Manual
Part 1 Dimensions and Properties
Part 3 Design of Flexural Members
Part 4 Design of Compression Members

Part 6 Design of Members Subject to Combined Loading
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structure and the resulting forces, as well as the sequence of loading and the behavior of the
structure after any of its components are stressed beyond the elastic limit. This approach to
analysis is generally more complex than is necessary for normal design. A similar approach that
includes the actual deformations but that does not include inelastic behavior is usually sufficient.

An approach that is consistent with normal design office practice and with how bean‘@
columns have been handled for many years uses a first-order elastic analysis and amplificgtio
factors to approximate the second-order effects. This approach applies these amplificatio
as multipliers to the results of the first-order analysis to obtain the second-order effec

Two different deflection components that could occur in a beam-column ¢ the
moments in that beam-column. The first, illustrated in Figure 8.2a, is the defleug ong the
length of the member that results from the moment along the member. In thj he member
ends must remain in their original position relative to each other; thus, no is considered. The
moment created by the load, P, acting at an eccentricity d, from t ed member, is
superimposed on the moment resulting from the applied end Inomen e the magnitude of
this additional moment depends on the properties of the column % alled the member

tt

effect.

When the beam-column is part of a structure that i 1s ed to sway, the displacements
of the overall structure also influence the moments in t er. For a beam-column that is
permitted to sway an amount A,, as shown in Figure 8 Q ddltlonal moment is given by PA,.
Because the lateral displacement of a given membolg nction of the properties of all of the
members in a given story, this is called the structure eff@gt.

To understand the magnitude of the ial increase in moments on a column due to
second-order effects, two simple calc ONg e carried out. The first is for a 20 ft long
column similar to that shown in Figufe % 12x96 member is used to carry an axial load P,
=400 kips and equal end moments of M, 00 ft-kips bending the member in single curvature. A
first-order analysis yields an axial force in the column of 400 kips and a bending moment at every
point along the column length of R00dt-kips. The maximum deflection of the member at mid
height due to the moment is

L 200(20) (1728)

Q\@ 8EI  8(29,000)(833) ~0.715 in.

B -

iz Moment diagram \'ﬁ + PA IM PA .
y M1 2 STty Figure 8.2 Column
8 p Moment diagram - nyjsplacements for Second-
")

Order Effects.

(a) Member effect (b) Structure effect
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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 ggitionat = T =23.8 ft-kips

The addition of this additional moment to the original internal moment of 200 ft-kips yi d< the)
second-order moment,

M,,s =200+ 23.8 =224 ft-kips

second-order analysis would be fairly simple. Unfortunately, the ad 3 oment just
determined also causes additional deflection, which, in turn, causes af moment. This
process continues until equilibrium is reached. The process is an iterati nd is nonlinear.

i he same W12x96
member is used, and the axial force is again P, = 400 kips. In thi e column is a cantilever
with a moment of M, = 200 ft-kips applied at the top. Th#s mon¥ent will cause a horizontal
deflection at the top of the column of

2
p ML _200(20)" (1 8@86 in.
2EI 2(29,000&

In this displaced position, the 400 kip logedsi
induces an additional moment

Thus, there is an amplification of the moment by 224/200 = 1.12. If this mal case,
d&n

Madditional =

]
The addition of this additio nt to the original support moment of 200 ft-kips yields the
second-order momeng,
Mz,,d =200+95.3 =295 ft-kips

which is an in 1.48 times the first-order moment. Again, this is not the end of the
(@; this additional moment causes additional deflections and additional

required cal
moments. &

Both ese second-order effects are significant in real structures and must be accounted
inth&ydesign of beam-columns according to Section C1 of the Specification. Procedures for

tifig these effects will be addressed once an overall approach to beam-column design is
ed.

TION PRINCIPLES

The interaction of axial load and bending within the elastic response range of a beam-
column 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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1. 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 effec
such as local buckling. t@

4, Superposition cannot account for structural deflections and @
stability.

With these limitations in mind, it is desirable to develop interaction e that
will reflect the true limit states behavior of beam-columns. Any limit action
equation must reflect the following characteristics:

2. Individual column slenderness

Axial Load &
1. Maximum column strength @
Bending Moment QN

. Lateral support conditions Q

Sidesway conditions

1
2
3. Member second-ord
4 Structure second-ordet
5

Moment variation along the member
°
The resulting equata st also provide a close correlation with test results and

theoretical analyses,for p8am-Blumns, including the two limiting cases of pure bending
and pure compressio

%resulting interaction equations can be regarded as a process of
axial strength in the presence of a given bending moment or
determinin ayailable moment strength in the presence of a given axial load. An
applied be% oment consumes a portion of the column strength, leaving a reduced
axial 1g&d stredgth. When the two actions are added together, the resulting total load must
t the total column strength. Conversely, the axial load can be regarded as
n g a fraction of the moment strength. This fraction, plus the applied moments,
mugt not exceed the maximum beam strength.

8.4 | &CTIONEQUATIONS

A simple form of the three-dimensional interaction equation is

B M M,
& —+—=+—2<10 (8.1)
E M., M.,

&

where the terms with the subscript r represent the required strength and those with the subscript ¢
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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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 three-
dimensional 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 interactio@
equations that are similar to the form of Equation 8.1 to a set of data developed from an andlysi
of forces and moments for various plastic stress distributions on a stub column. Figure 8.44
the actual analysis results for a W14x82 stub column. Figure 8.4b shows the same datg
functions of the normalized axial strength P, and flexural strength M,,. In both cases,
of length on the axial or flexural strength is not included. Using curves of this tyyendSug
a wide variety of steel beam-column shapes, two equations were developed ¢ %

§
X

and accurate for x-axis bending. When applied to y-axis bending, they g niticantly more
conservative; however, simplicity of design and the infrequent use of % bending justify

Rather than normalizing the curves on the yield load and, the plagtic moment as was done in
Figure 8.4b, the equations were developed around the no 1 gth of the column and the
nominal strength of the beam. The resulting equations tions H1-1a and H1-1b in the

Specification and are plotted in Figure 8.5.
The equations shown here consider bending ARo th principal axes, whereas the plot in
Figure 8.5 is for single-axis bending.

1y J <10 (AISC H1-1a)

this extra level of conservatism.
An additional modification to these equations is require% uprfor length effects.
str

For 520.2,
P

c

For£<0.2,
| ‘: &
M
L Me My ) (AISC H1-1b)
2Pg Mcx MC)’

where
P.= q@ compressive strength, kips
P, = aailable compressive strength, kips
= required flexural strength, ft-kips
= available flexural strength, ft-kips

= 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, P., 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, M,, 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

O
N . &
Equation Hjl-lb( @Q

Figure 8.5 Interaction Equations
W Hl-1a and HI-1b.

3. The required compressive strength, P,, @!ﬁ: 1n the member, including second-

order effects.
4. The required flexural strength, Mgamthe bending moment in the member, including
second-order effects. g
Second-order forces and moments ca ined through a second-order analysis or by a
modification of the results of a first-oRder ghalysis using amplification factors as mentioned
earlier. These amplification factors will be Jifscussed as they relate to braced frames (Section 8.5)
and moment frames (Section 8.6):
Additional provisions i1able for cases where the axial strength limit state is out-of-
plane buckling and the ﬂ@ rength limit state is lateral-torsional buckling for bending in

plane. Equations H1® 4 akd b)are conservative for this situation, but an additional approach is
available. Specificati C H1.3 provides that (1) for the limit state of in-plane instability,
Equations H1-1a should be used where the compressive strength is determined for
buckling in the@s f bending and M., = M,, and (2) for the limit states of out-of-plane

buckling am& |_gorsional buckling
P P M, Y
~11.5-0.5= +(—”‘] <1.0 (AISC H1-3)
D Pcy I)cy Cchx

T

P., = available compressive strength out of the plane of bending
M., = available lateral-torsional buckling strength for strong axis bending with C, = 1.0

C, = lateral-torsional buckling factor discussed in Chapter 6

If there is significant biaxial bending, meaning that the required-moment-to-available-moment
ratio for y-axis bending is greater than or equal to 0.05, then this option is not available. Although
this optional approach can provide a more economical solution in some cases, it is not used in the
examples or problems in this book.
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Figure 8.6 Braced Frame.

O\

M:(x) S BN .

‘ P _ Figure 8.7 An Axially Loaded
\ Loading Moment diagram Column with Equal and Opposite End
(2) (b) Moments.
8.5 D FRAMES
& A frame is considered to be braced if a positive system—that is, an actual system such as a shear

wall (masonry, concrete, steel, or other material) or diagonal steel member—as illustrated in
Figure 8.6, serves to resist the lateral loads, stabilize the frame under gravity loads, and resist
lateral displacements. In these cases, columns are considered braced against lateral translation and
the in-plane K-factor can be taken as 1.0, according to Appendix Section 7.2.3(a), unless a
rational analysis indicates that a lower value is appropriate. This is the type of column 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 th
displacement along the column length can be determined through the application of a%
amplification factor.

The full derivation of the amplification factor has been presented by varigus a
Although this derivation is quite complex, a somewhat simplified derivation is pres¢
help establish the background. An axially loaded column with equal and opposite e
shown in Figure 8.7a. This is the same column that was discussed in Section $=2
moment diagram is shown in Figure 8.7b where the moments from both the e nts and the
secondary effects are given.

The maximum moment occurring at the mid-height of the colu gﬁhown to be
M,. = Ml + P82 @
The amplification factor is defined as

AF =M. _ M@
M, Q
Rearranging terms yields

P3,
M, + P5,

1,

Two simplifying assumgtions will be made. The first is based on the assumption that o is
sufficiently small that

W&
\ M, +Ps, M,
and the second,@ beam deflection, 8, = M, L*/8EI, assumes that

M, 8EI T’El
—_— :—2 ~ > = Pe
o L L
@se simplifying assumptions are in error in opposite directions, they tend to be

. This results in a fairly accurate prediction of the amplification. Thus,

I
% A= (8.2)

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

'Galambos, T. V.,

Structural Members and Frames. Englewood Cliffs, NJ: Prentice Hall, Inc., 1968.

2Johnson, B. G., Ed., Guide to Stability Design Criteria for Metal Structures, 3rd ed., SSRC, New York: Wiley, 1976.
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Y

displacement along the member is less than previously considered esulting amplified
moment is less than indicated. It has been customary in design pragti&€ tojusSyhe case of uniform
moment as a base and to provide for other moment distribu y converting them to an

equivalent uniform moment through the use of an additional‘ ctor,

Numerous studies have shown that a reasonabl e correction results for beam-
columns braced against translation and not subject to t n%s loading between their supports, if
the moment is reduced through its multiplication by &,

C, =0.6— 0.4@/\/2 (AISC A-8-4)

M,/M, is the ratio of the smaller to largg jents at the ends of the member unbraced length in
the plane of bending. M;/M, is positive §pfien the member is bent in reverse curvature and

negative when bent in single curvagure.
For beam-columns in fr®mes where the member is subjected to transverse loading

between supports, C,, may b om Commentary Table C-A-8.1, or conservatively taken as

accounts for the tot mWer secondary effects. This combined factor is given as By in Appendix

8 of the Specificaigon
@ B = Co >1.0 (AISC A-8-3)

1—
F
hg &
‘ = 1.6 for ASD and 1.0 for LRFD to account for the nonlinear behavior of the

structure at its ultimate strength
P, = required strength, which may be taken as the first-order required strength, P,, + Py,

1.0. °
The combinatj (@ amplification factor, AF, and the equivalent moment factor, C,,
il ée

& when used in moment frames

P, = Euler buckling load for the column in the plane of bending with an effective length
factor, K=1.0

Thus, the value of M, in Equations H1-1a and H1-1b is taken as
Mr = Bant
where M, is the maximum moment on the beam-column. The subscript nt indicates that for this

case, the column does not undergo any lateral translation of its ends. It is possible for C,, to be
less than 1.0 and for Equation A-8-3 to give an amplification factor less than 1.0. This indicates
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Figure 8.9 Th@nsional Braced Frame for a Single-Story Structure.
t

of the P9 effects and the nonuniform moment results in a moment less than

oment on the beam-column from a first-order analysis. In this case, the
caglon factor B; = 1.0.

EXAMPLE 8.
Braced e
Columme for
Comb# ial

a g by

oal:

Given:

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

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
Al, 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.



SOLUTION

Step 1:

Step 2:

Step 3:

Step 4:

&

)
@b‘wuaz Table 1-1

Q) A=971in2 r,=4.19in., r,= 1.94 in., I, = 171 in.%, r/r,=2.16
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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(L; or S or R) + (0.5L or 0.5W) @
ASCE 7 load combination 4 ‘ l

1.2D+ 1.0W + 0.5L + 0.5(L; or S or R)

Determine the factored roof gravity loads for each load combi %-

load combination 3
1.2(50) + 1.6(20) = 92 psf @

and for load combination 4

1.2(50) + 0.5(20) = 70 p%

Because column Al does not participatg in t teral load resistance, the
worst case loading will use the uniformly*istributed roof load of 92 psf.

Carry out a preliminary first-order sis. Because the structure is
indeterminate, a number of appfgachgs can be taken. If an arbitrary 6:1
ratio of moment of inertia for be to columns is assumed, a moment

ield moment and force given in Figure 8.9b.
d to carry
ft-kips

distribution analysis
Thus, the column wg
P, =29.1 kips an

Select a trial
and bendinggtrgngtl.

lumn Al and determine its compressive strength

Ty W, ection 8.8 addresses trial section selection.)

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
oP, =214 kips for L. = 16.0 ft

From Manual Table 3-10
oM, = 113 ft-kips for L, = 16.0 ft
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Step5:  Check the W10%33 for combined axial load and bending in-plane.

For an unbraced length of 16 ft, the Euler load is
po_ n’El _ 1(29,000)(171)
T (16.0(12))?

=1330 kips

points, and the moment at the base is zero, so M;/M, = 0.0. Thu

The column is bent in single curvature between bracing points, %&@

C,,=0.6—0.4(0.0)=0.6

Therefore, the amplification factor, with a = 1.0, becom@

B=—Sr 90 ____g613
L_oh 1.0(29.)
_— 1_7

P 1330 %

The Specification requires that B; not bewha 1.0. Therefore, taking B,
= 1.0,

M, = B,(M,) AL =37.7 ft-kips

To determine which equati se, calculate

291 =0.136<0.2
> 214
Therefore, use4€quation H1-1b
[
kM,
+ <1.0
208, oM,

o
:\Q) 0.5(0.136)+3171—'37=0.402 <10

Thus, the W10x33 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.

Design column Al 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.

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
Al, 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 15

SOLUTION Step1l:  Determine the appropriate load combinations. From ASCE 7, Section 2.3,
the following two combinations are considered.

ASCE 7 load combination 3

D+ (L; or S or R) @
ASCE 7 load combination 6

D+ 0.75(0.6W) + 0.75(L; or S or R) )

Step2:  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 Al 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

P,=22.1 kips and M, = 28.7 ft-kips

Step4:  Select a trial size for column A1l and determine its compressive strength
and bending strength.

Try W10x33. (Section 8.8 addresses trial section selection.)
From Manual Table 1-1
A=971in% r,=4.19in,r,=1941n., I, =171 in* r/r,=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

(b require significantly more stiffness in the braced panel.

& From Manual Table 4-1a for y-axis buckling
P,/Q =142 kips for L. =16.0 ft

From Manual Table 3-10
M, /Q=74.9 fi-kips for L, =16.0 ft



16 Chapter 8 Beam-Columns and Frame Behavior

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

. n’El _ w(29,000)(171)
el —

=1330 kips

Ik (16.0(12)) @

The column is bent in single curvature between bracing points, the end )
points, and the moment at the base is zero, so M;/M, = 0.0. Thus

C,,=0.6—0.4(0.0)= 0.6

Therefore, the amplification factor, with a = 1.6. becomes
B = Gy = s =0.616 < 1.0
| ob, 1.6(22. 1)
—_— 1 R S

F, 1330

The Specification requires that B; not be less than 1.0. Therefore, taking B,
= 1.0,
M, = Bi(M,) = 1.0(28.7) = 28.7 ft-kips

To determine which equation to use, calculate

b =£:0.156 <0.2
B/Q 142
Therefore, use Equation H1-1b
F, M,
+ <1.0
2R/Q M,/Q
28.7

0.5(0.156) + ——= = 0.461 < 1.0
74.9

Thus, the W10x33 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.

t 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 beam-
columns 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.
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A,

H Y H

777 777

Y
N\ A AMe=HL N A ABM=HL+Pry (A BMy
P P
(a) Ist-order elastic (b) 2nd-order elastic (c) Equivalent lateral load

Figure 8.10 Structure Second-Order Effect: Sway. V) 7

Figure 8.10 shows a cantilever or flag pole co under the action of an axial load and a
lateral load. Figure 8.10a is the column as ed for a first-order elastic analysis where
equilibrium requires a moment at the héto HL. The deflection that results at the top of
the column, Ay, is the elastic deflection ftilever, so

(8.3)

A second-order an s the forces and displacements as shown in Figure 8.10b.
The displacement, A® is thg’total displacement, including second-order effects, and the moment,

including second-ordes € s
BzM]t = HL + PAz (84)

An aleht lateral load can be determined that results in the same moment at the
bottom of tl%umn as in the second-order analysis. This load is H + PA,/L and is shown in

Figure 8f10c.
y be assumed, with only slight error, that the displacements at the top of the column
s in Figures 8.10b and c are the same. Thus, using the equivalent lateral load

H+PA,/L)[’  HI PA PA
A, cHHPADE HL () PA Y, PAS (8.5)
% 3EI 3EI\ HL HL
% Equation 8.5 can now be solved for A,, where
A
= 8.6
& A, A (8.6)
HL

and the result substituted into Equation 8.4. Solving the resulting equation for the amplification
factor, B, and simplifying yields
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A, 1
_82 _ 8.7
T (8.7)

HL

B,

Considering that the typical beam-column will be part of some larger structure, thi
equation must be modified to include the effect of the multistory and multibay characteristi ‘%
the actual structure. This is easily accomplished by summing the total gravity load on the col@
in the story and the total lateral load in the story. Thus, Equation 8.7 becomes

1
= 8.8
B, | IPA, )

XHL

This amplification factor is essentially that given in Appendix Q&qg?eciﬁcation as

Equation A-8-6, when combined with Equation A-8-7

RN
B, = = >1. AISC A-8-6
? 1 _ aPsmry 1 _ PsmryAH‘ & ( )
Py RuHL \
where Q

Py, = total gravity load on the story

P, sior, = measure of lateral strength of the st& Ry f—L (AISC A-8-7)
H

ot @le to the lateral load, H

account for the nonlinear behavior of the structure

Ay = story drift from a first-ordegsa

o = 1.0 for LRFD and 1.6 for ASD
at its ultimate strength

P,
R\ :1—0.15( A ] (AISC A-8-8)

story

P,s=the tota’ver@a in columns that are part of the lateral load resisting system

The variable Ry, %ﬁ r the influence of the member effect on the sidesway displacement
that could not bgsgccOMated for in the simplified derivation above. If all the columns are moment
frame colum wory= 1.0 and Ry = 0.85. For braced frames, P,,= 0 and R),= 1.0. For frames
with a combTgtioft of columns resisting lateral load through bending and gravity only or leaning
columngfhe valWlie of R,, will be between these limits.
&often desirable to limit the lateral displacement, or drift, of a structure during the
s@a e. ASCE 7 Appendix C Commentary provides some general guidance. This limit can
d using a drift index, which is the story drift divided by the story height, Ay/L. The
desi®ni then proceeds by selecting members so that the final structure performs as desired. This is
ximilar to beam design, where deflection is the serviceability criterion. Because a limit on the
rift index can be established without knowing member sizes, it can be used in Equation A-8-6;
‘b thus an analysis with assumed member sizes is unnecessary.

& With this amplification for sidesway, the moment, M,, to be used in Equations AISC H1-
la and AISC H1-1b, can be evaluated. M, must include both the member and structure second-
order effects. Thus, a first-order analysis without sidesway is carried out, yielding moments, M,,,
that is without translation, to be amplified by B;. Next, a first-order analysis including lateral
loads and permitting translation is carried out. This yields moments, M, with translation, to be

amplified by B,. The resulting second-order moment is
M,=BM,, +B,M, (AISC A8-1)
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where
B, is given by Equation A-8-3

B, is given by Equation A-8-6

M,, = first-order moments when the structure is not permitted to translate laterally
M, = first-order moments that result from just the lateral translation Q@
as
f

M, could include moments that result from unsymmetrical frame properties or loadi %
from lateral loads. In most real structures, however, moments resulting from
symmetry are usually small and are thus often ignored.

The second-order force is
P =P, +B,F, & AISC A-8-2

The sum of P, and P, for the entire structure will equal t ravity load on the
structure, since the sum of P, will be zero. For the individual colwmn} ever, it is important to
amplify the portion of the individual column force that comﬁ;@ lateral load.

(o)

For situations where there is no lateral load on tH&gstructiire, it may be necessary to
incorporate a minimum lateral load in order to capture e®®nd-order effects of the gravity
loads. This is covered in Section 8.7 where the thre provided in the Specification for
treating stability analysis and design are discussed. Q

Combined

Compression and
Bending by LRFD

EXAMPLE 8.2a Goal: Using the LRFD provisions, def®rmine whether the W14x90, A992 column
Moment Frame shown in Figure 8

Strength Check for s Q

¢ to carry the imposed loading.

iven:  An exterior column fr@ga an intermediate level of a multi-story moment
frame is showsq in Figure 8.11. The column is part of a braced frame out of

e\figle. Figure 8.11a shows the elevation of the frame with
checked labeled AB. The same column section will be
used f@e el above and below the column AB. A first-order analysis of

h r gravity loads plus the minimum lateral load (the minimum
1at)§al d will be discussed in Section 8.7) results in the forces shown in

e 8.11b, whereas the results for gravity plus wind are shown in Figure

@1 lc. Assume that the frame drift under service loads is limited to

eight/300 for a story shear, H = 148 kips.

SOLUTION Q% 1:  Determine the column effective length factor in the plane of bending.

Using the effective length alignment chart introduced in Chapter 5 and

columns and one beam framing in. Thus,

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

T(1/L), 2(1929'95j =228

=), [200)

GA=GB=

30.0
Thus, from Figure 5.20, K = 1.66.
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W24x76
A 4
| 1.=2100in. el A
= 0
gl a ol B
ol I 8
g Il S
Nk
W24x76
B pf——— \
1 =2100 in.
H - o, v 7 7 7
H H H H
4 w)
(a) QC>
Van \
Piory = 2430 Pigory =2110" Py = 1690 P giory=1670%
P =520k P=453%=354+99.0 P =348k

y

ﬂ 142Mt-kip

Y

A

P = 342K = 280 + 62.0

Y Y
mzs 1fKiP = 06 7 + 154 mt)s.o“-”l’ m 174"KiP =78 0 + 96.0

U 203MKIP = 48.3 + 154 U 47.0" kP U 135MKiP =390 + 96.0
A A

P =453k P =348k P=342¥ =280+ 62.0
1.2D +0.5L + 1.0W D+L D +0.75L + 0.75 (0.6W)
(c) (d) (e)

Figure 8.11 Exterior Column From an Intermediate Level of a Multistory Rigid Frame (Example 8.2).
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Step 2:  Determine the controlling effective length.

With r,/r, = 1.66 for the W14 x 90,

(KL), _1.66(12.5)

L.) =(KL) = =12.5 ft Q)
(Lec ) =(KL),, r/r, 1.66 < )
Lo,=KL,=1.0(12.5)=12.5 ft Q’

Step 3:  Since the effective length about each axis is 12.5 ft, deter ¢ column
design axial strength using L. = 12.5.

From the column tables, Manual Table 4-1a, for L ,
P, = 1060 kips 2)

Step4:  Determine the first-order moments and fgtces foythe loading combination

that includes wind, 1.2D +0.5L + 1.0
The column end moments giv%v re 8.11c are a combination of

moments resulting from a nons gravity load analysis and a wind

analysis: Q

Moment for end
=96.7 ft-kips

= 154 ft-kips

Moment for B: °
M,, = 48.3 ft-kips
M, = 154 ft-kips
c8 @1
K P, =354 kips
4 Py =99.0 kips

&
N 3
§

Q‘&
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Step5:  Determine the second-order moments by amplifying the first-order

moments.

No-translation amplification: The no-translation moments must be
amplified by B;. From Figure 8.11c it is seen that the end moments bend
the column in reverse curvature:

M B3 _ 450
M, 967

C, =0.6—0.4(M,/M>)=0.6—0.4(0.50) = 0.4

2 2
p T 2E _m (29,000)(992) 12700 kip
L (10(12.5)(12))

<
Q'C)

Thus, with oo = 1.0 for LRFD and P, =354 + 99 =
yields

Equation A-8-3

C, 0.4

B = = %SQ.O
oB (100
! 1@

Translation amplification: e&ion forces and moments must be
amplified by B,. The desi t limit of height/300 and Equation A-8-6

Therefore, B; = 1.0.

are used to determj

The total service lateralNgad on this story is given as

H =148 kips
[
AdditionaNgi information is that the total gravity load for this load
cambiga#ion in Figure 8.11c¢ is

Pyyory = 2110 Kips

ﬂkift limit under the service lateral load of 148 kips is
@ Ay =L/300 =12.5(12)/300 = 0.50 in.

Remember that in the calculation of B,, H can be taken as any convenient
magnitude, as long as Ay is the corresponding displacement. This is
because it is the ratio of H to Ay that is used in the determination of P, s,

Thus, with o = 1.0 for LRFD and R, = 0.85 assuming all columns are
moment frame columns, Equation A-8-7 gives

_ RyHL _0.85(148)(12.5)(12)

Pe.vo = 237,700 kips
Ay 0.50 P
and Equation A-8-6 gives
B, = ! = ! =106>1.0
- Py 1 (1.0)2110
F. oy 37,700
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Thus, the second-order compressive force and moment are
P, =P, + By(P;) =354 + 1.06(99) = 459 kips
M, = B\(M,;) + Bo(M,)) = 1.0(96.7) + 1.06(154) = 260 ft-kips

These represent the required strength for this load combination.

Step 6:  Determine whether the W14x90 will provide the required strength based en Ql
the appropriate interaction equation.

The unbraced length of the compression flange for pure bending
which is less than L, = 15.1 ft for this section, taking into g
flange is noncompact. Thus, from Manual Table 3-2, t g moment
strength of the section is

oM, = 574 ft-kips

Determine the appropriate interaction equati@ Stop 3, ¢P, = 1060

kips;
L _49 _ 0.2
oP, 1060
so use Equation H1-1a, which yie
8|’ M, <1.0
9 d)Mﬂ
§(@ =0.836<1.0
9\ 574

Thus, °
14x90 is adequate for this load combination.

Step 7: CBegk e sketion for the gravity-only load combination, 1.2D + 1.6L.

us¢ this is a gravity-only load combination, Specification Appendix
ection 7.2.2, by reference to Section C2.2b, requires that the analysis
igiclude 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 Py, =

& 2430 kips. Thus, for this frame the minimum lateral load is 0.002P,, =
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, B,, 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, B,, calculated in Step 5, were large,
this would not be a good assumption. Therefore, at end A, M,, = 142 ft-
kips, at end B M,,, = 71.0 ft-kips, and P,, = 522 kips.

A quick review of the determination of B; 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, 710 50

M, 142

C, =0.6—0.4(M,/M,)=0.6—0.4(0.50) = 0.4
2 2

n fl _m (29,000)(993) _ 12,700 kips
I (10(12.5)12)

el —

Thus, with o = 1.0 for LRFD,
C, 0.4

B = oP. = _ (10)(522) =0417< @

1= = AP ATEE)
P, 12,700 Q
Note that B) is again 1.0. %

With the assumption that there is no later ahon,
M, = 0.0 and B, is unnecessary,thus

P. =522 kips, @(142) =142 ft-kips
Again using Equatio 9
g 8[ M, ]

+_
oF, 8\ oM,

o 22831123 h712<10
1060 9\ 574

<1.0

<
Q,C)

EXAMPLE 8.2b
Moment Frame

Combined

Bending by A

XU
i

Compression gnd

Goal: Using the ASD provisions, determine whether the W14x90, A992 column

shown in Figure 8.11 is adequate to carry the imposed loading.

Strength Check for

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.



SOLUTION

>

C

Step 1:

Step 2:

Step 3:

Step 4:
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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
B
30.0

Thus, from Figure 5.20, K = 1.66.
Determine the controlling effective length.
With r,/r, = 1.66 for the W14 x 90,

(KL), 1.66(12.5)
PR e ) =125 f
( Cx)eﬁ" ( )eff rx/ry 166 5 t

L,=KL,=1.0(12.5) = 12.5 ft

Since the effective length about each axis is 12.5 ft, determine the column
allowable axial strength using L. = 12.5.

From the column tables, Manual Table 4-1a, for L. = 12.5 ft,
P,/Q =703 kips

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 8.1le are a combination of
moments resulting from a nonsway gravity load analysis and a wind
analysis:

Moment for end A4:

M,, = 78.0 ft-kips

M, = 96.0 ft-kips
Moment for end B:

M, = 39.0 ft-kips

M, = 96.0 ft-kips
Compression:

P, =280 kips

P, =62.0 kips



26 Chapter 8 Beam-Columns and Frame Behavior

Step 5:  Determine the second-order moments by amplifying the first-order
moments.

No-translation amplification: The no-translation moments must be
amplified by B;. From Figure 8.11e it is seen that the end moments bend
the column in reverse curvature: %
M _390_ 0.50 )
M, 78.0

C, =0.6-0.4(M,/M,)=0.6-0.4(0.50) = 0.4
_mE _ 7°(29,000)(999)
L, (1.0(12.5)12))

=12,700 kips

el

Thus, with o = 1.6 for ASD and P, = 280 + 62 = 342 kips, Equation A-8-3

yields
C 0.4
B =—2"_= =0.418 <10
: ek (1634
P, 12,700

Therefore, B; = 1.0.

Translation amplification: The translation forces and moments must be
amplified by B,. The design drift limit of height/300 and Equation A-8-6
are used to determine B,.

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 8.11¢ is
Py, = 1670 kips

The drift limit under the service lateral load of 148 kips is
Ap=L1/300=12.5(12)/300 = 0.50 in.

Remember that in the calculation of B,, H can be taken as any convenient
magnitude, as long as Ay is the corresponding displacement. This is
C because it is the ratio of H to Ay that is used in the determination of P, .

Thus, with o = 1.6 for ASD and Ry = 0.85 assuming all columns are
&\ moment frame columns, Equation A-8-7 gives

b _RyHL _085(148)(12.5)(12)
TN, 0.50

Q and Equation A-8-6 gives
1 1

B, = - =1.08>1.0
|_ %Py ((L6)1670
2 s 37,700

=37,700 kips
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Step 6:

Step 7:
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Thus, the second-order compressive force and moment are
P,= P, + By(P;;) =280 + 1.08(62.0) = 347 kips
M, = B\(M,,) + Bo(My) = 1.0(78.0) + 1.08(96.0) = 182 ft-kips

These represent the required strength for this load combination.

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 L, = 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, /Q =382 ft-kips

Determine the appropriate interaction equation. From Step 3, ¢P, = 1060
kips;

B__347

=0.494> 0.2
B/Q 703

so use Equation H1-1a, which yields

£ +§ M, <1.0
£/0 " o\ M, /0
0.494+§ ﬁ =0918<1.0
9\ 382

Thus,
the W14x90 is adequate for this load combination.

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 Py, =
1690 kips. Thus, for this frame the minimum lateral load is 0.002P,,, =
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, B,, 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, B,, calculated in Step 5, were large,
this would not be a good assumption. Therefore, at end A, M,, = 95.0 ft-
kips, at end B M,, = 47.0 ft-kips, and P,, = 348 kips.

A quick review of the determination of By from the first part of this solution

L
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shows that the only change is in the magnitude of the axial force and the
member end moments; thus

% =] —47.0 = 0.50

M, 95.0

C, =0.6—0.4(M,/M,)=0.6—0.4(0.50) = 0.4 @

2 2

, _T 2E1 _n (29,000)(992) ~ 12,700 kips )
2 (10(12.5)(12))

Thus, with o = 1.6 for ASD,
C 0.4
B=—"_= =0418<1.
: LB (L6)348) 0418 <10
P, 12,700

Note that B, is again 1.0.

With the assumption that there is no lateral translation,
M, = 0.0 and B, is unnecessary,
thus
P. =348 kips, M, =1.0(95.0) =95.0 ft-kips
Again using Equation H1-1a,
fa + §[ M, ) <1.0
B/Q 8\ M,/Q

ﬂ+§ 93:0 =0.716<1.0
703 9

382

Thus,
the W14x90 is adequate for both load combinations.

-

The mom the beams and the beam-column connections must also be amplified for
the critical cas account for the second-order effects. This is done by considering equilibrium
of the beamggol joint. The amplified moments in the column above and below the joint are
added togethe this sum distributed to the beams which frame into the joint according to their
stiffnes@gs. These moments then establish the connection design moments.

8.7 SPECI A%N PROVISIONS FOR STABILITY ANALYSIS AND DESIGN

Up to this point, the discussion of the interaction of compression and bending has concentrated on

e 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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Effective Length Method and the Direct 0
Analysis Method .
M @ (in.-kips)
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amplified first-order analysis approach will be used to obtain the required second-order forces
and moments.

250

—
Ln
(=]

Load (Kips)
8

Comparison of the

700

8.7.1 Direct Analysis Method Q

>

The advantage of the direct analysis na€thod¥g cification Chapter C is that for the design of
compression members, the effective le dgfor is taken as 1.0. Since for braced frames, K can
always be taken as 1.0 based on Section 7®M(a), the direct analysis method is particularly useful
for moment frames. The Specificagon requites that the stiffness of all elements contributing to the
lateral load resistance of the tur® be reduced. Thus, rather than using E4 for the axial
stiffness of the members, t ied stiffness, £4* = 0.8EA, is used. Similarly for flexural
stiffness, the modifiasl st@ * = (.8t1,EI, where T, accounts for the influence of residual
stresses on second-ordéiye , 1s used. It should be remembered that the influence of residual
stresses on the strepggt %ampression and bending members was already discussed in Chapters
5 and 6. The use ig) this instance is to capture the influence of those same residual stresses on
thus on second-order effects. This is the same t, used with the alignment

displacement
charts in theAdgte ation of the effective length in Chapter 5.
%re 2 shows a comparison between the effective length method already presented
1

and t ect analysis method for a simple structure. Equations H1-1a and H1-1b are plotted for
the length method and labeled with K = 2.66. This indicates that the compressive

f the member has been determined using K = 2.66. The nonlinear load-moment curve is
ideBgfied with EI and EA to indicate that the nominal stiffnesses are used to determine this

Nehavior. The intersection of these two curves indicates that this load and moment combination

atisfy the interaction equation. Equations H1-1a and H1-1b are plotted for the direct analysis
method and identified with K = 1.0. This indicates that the compressive strength of the member
has been determined with K = 1.0. Note that regardless of which approach is selected to
determine the compressive strength, the flexural strength is the same for both methods. The
nonlinear load-moment curve is identified with E/* and EA* to indicate that the reduced
stiffnesses were used to determine this behavior. The intersection of these two curves indicates
that this load and moment combination satisfy the interaction equation. Next, note that the load
magnitude for both of these intersections is nearly the same. Thus, the load that satisfies the
interaction equation is the same regardless of which method is used. Since the direct 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 compressio
members has already been addressed through the Specification column strength equations. Th%
requirement here is to consider the influence of out-of-plumbness on the stability of the strudture.
This may be accomplished by modeling the structure in its out-of-plumb condition Qr thr
use of notional loads to simulate the out-of-plumbness. These notional loads wil i

later in this section. It should be noted that this is not a requirement of the direct an thod
alone but a general requirement for determining required strength.
In addition to the direct analysis method, two other design metho iven in the
0

Specification. They are found in Appendix 7. The limitations on the appli ese methods
are based on the direct analysis method. Q

8.7.2 Effective Length Method @
Vi

Appendix 7.2 provides the requirements for the % e length method. This is the
approach already described earlier in this chapter for brac® moment frames. It is valid so
long as the ratio of second-order deflection to first-ordg

1.5. Another way to state this requirement is to remggab3gthat Ay/A; = B,, so the effective length
method is valid as long as B, < 1.5. Although this checlywas not made in Example 8.2, it can now
be seen that it was acceptable to use the effec ngth method in that example, since for both

LRFD and ASD, B, < 1.5. A special cg€c 08 en B, < 1.1. In this case, columns in moment
frames can be designed using K = 1.0" % tive length method is essentially the same method
used in past practice with the addition of thg g€quirement 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 sa the minimum lateral load used in Example 8.2 and will be

discussed later in this sectio

°
8.7.3 First-Order Analysis Method @

A third &i given in the Appendix 7.3, the first-order analysis method. This
approach permi%fgn without direct consideration of second-order effects except through the
application @f adeadonal notional lateral loads that account for structure out-of-plumbness and
second-qgder ts. This is possible because of the limits placed on the implementation of this
metho%wit the effective length method, the structure must support gravity loads primarily

o% ical columns, walls or frames and the ratio of the second-order drift to first-order drift
stbe dess than or equal to 1.5. Additionally, compression members that participate in lateral
sistance must behave elastically according to

oP. <0.5P, (AISC A-7-1)

With the foregoing limitations and the application of the notional load given by

)\1"’
@ N, =2.10.(A/L)Y; >0.0042Y, (AISC A-7-2)
Q 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 are two types of geometric imperfections that must be considered:
initial out-of-straightness and initial out-of-plumbness. The strength equations of Specification

e =0.002L ¢=0.002L Q)
"_'l Py "_'l P, + P, Q
e— [ -
0.002P, | 0.002(P, + P,)
L O
— ' &
0.002P, 0.002(P, +
Pll P, + Py I Q)
Level 1, Top Level 2, Ne Vf&vvn
(a)
=0.002L
— — 5 -
0.002P, Np2P,
L
¢=0.002L L

/P

2 ] P,
— ® > 4
0.002P, 0.002P,
Q L
P

"

002(P, + P,)

— ¥

0.002(P, + P))

P+ P |

Q& (b) (©)

& Figure 8.13  Notional Load Model for Geometric Imperfections.

structure may be modeled in the out-of-plumb position or notional loads, as given in Specification
Section C2.2b, may be used. The AISC Code of Standard Practice permits columns to be built
with an out-of-plumbness tolerance of height/500.

Figure 8.13a shows the upper two stories of a column that is out-of-plumb, L/500 =
0.002L. For level 1, with a load P, applied, a horizontal force of 0.002P; is required for
equilibrium as shown. The next story down, level 2, is also out-of-plumb by the same amount and
the load from above is added to the load introduced at that level so that the column must carry P,
+ P». Since this load is also applied at the eccentricity of 0.002L, equilibrium requires that the
column be restrained by a force of 0002(P; + P,) as shown for level 2. When these two columns

@ Chapter E already account for initial out-of-straightness. To consider out-of-plumbness, the



32 Chapter 8 Beam-Columns and Frame Behavior

200 kips 200 kips

v v
20 Kips ¢ 7y
Rigid element

15 ft

Col B .
Columa A ommn R Figure 8.14 One-bay Unbraced Q
7777 ﬁ Comparison of Analysis Methon

H

are put together, it can be seen in Figure 8.13b that the horizontal the intersection
becomes 0.002 P,. Thus, Figure 8.13b shows for this two sto t lumb column, the
horizontal forces that are required to keep it in equilibriu ¢ dsa effect could be

accomplished if the column was modeled plumb and the restraii orces from Figure 8.13b
were applied as loads as shown in Figure 8.13c. S

Thus, the out-of-plumbness can be modeled with ' load equal to 0.2 percent of the
gravity load introduced at each level of the structure THys lajeral load is called a notional load

and i1s taken as N; = 0.002a.Y; where 7Y; is the total ghgvi ad on story i and o is 1.0 for LRFD
and 1.6 for ASD, as discussed earlier. The Specificatioyincludes o as described here, but when
the amplified first-order analysis method is @to obtain second-order effects, this is not
necessary, since ¢, is included in the B, lations. This notional load is the same as the
“minimum lateral load” used in Exampl®

8.7.5 Comparison of Methods
[
The three methods of fram analysis just described will be compared using a simple
determinate structureg Fig .14%shows a one-bay unbraced frame with an LRFD gravity plus
lateral load combinati n A is a flag pole column and provides all of the lateral load

resistance while colu js a gravity only column. Gravity only columns will be discussed in
more depth in S 10. Column A is a W14x90 bending about its strong axis, column B can
be any size s ent to support the gravity load since it does not contribute to the lateral load
resistance, th@€am is assumed to be a rigid element.

Effecti%‘r‘lgth Method: First the effective length method of Appendix Section 7.2 will be used
alo h¥he B, — B, amplification for second-order effects. If the structure is prevented from
a the nt analysis produces, for column A, P,, = 200 kips and M,, = 0 ft-kips. The lateral
traf§lation analysis produces, for column A, P, = 0 kips and M,, = 300 ft-kips. Since there is no
Nnoment in the nt analysis, there are no P-0 effects (member effects) and no need to determine B;.
o assess the P-A effects (sway effects), B, will be determined. The 20 kip lateral load produces a

drift calculated as for a cantilevered beam,

3
s 20(15(12
& AcHL (15(12)) ~134in.
3EI 3(29,000)(999)

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,
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P
R, =1-0.15] ==L =1—0.15(@j=0.925
400

tory
and

HL 20(15(12))

Py = Ry —=0.925————"2 = 2490 kips
P A, 1.34 P cz)
Thus,
1 1
B, = - =1.19 @
? b 1.0(400)
1=

1— story

F, story 2490 Q
Next, consider the limitations on use of the effective length -- his structure

supports gravity loads through vertical columns so it meets the first li % n”in Section 7.2.1.
The second limitation requires that the second-order amplification, (62 bN€ss than or equal to
1.5. Since B, =1.19<1.5 the effective length method may be used% isgfraiie.

fo

The required strength, including second-order effe&

through Equations A-8-1
and A-8-2.

M, =BM,, +B,M, =0+1.19 (3(@ fi-kips
and

P =P, +B,b = 200+1.F%=v 200 kips

The next step in the effectivg od is determination of the effective length

factor. The effective length factor fo @ pole column alone is K, = 2.0. However, as
discussed in Chapter 5, the inclusion ofNhe’ gravity only column with load will increase the
effective length of column A. Usjng the approach presented in Chapter 5, with the load on the
moment frame column, P, = ipseand the load on the gravity only column, Pgay onty = 200
kips, the effective length factdigy
e K(K

Q

% Py oy [ By = 2.04/14+200/200 =2.83

Assuming that the ﬁis raced out of the plane of the frame, K, = 1.0.
The av%1 ength of the W14x90 column can be determined from Table 6-2 for an

e compression flange L, = 15 ft < L, = 15.1 ft, ¢M, =574 fi-kips. The

unbraced le
controlliﬁ;f ive length is for x-axis buckling, thus (ch)gﬁ" :2.83(15)/1.66:25.6 ft and

ips . With the required strength and available strength determined, the interaction

u an be checked.
First determine which interaction equation should be used. Since

\)B JOP, =200/720=0.278 > 0.2 use Equation HI-la, thus

£+§ M, |_200 81357 =0.278+0.553=0.831<1.0
P 9\M.) 720 9\574

Q& So the W14x90 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

aP. <0.5P, (AISC A-7-1)
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Since the W14x90 column does mnot have slender elements for compression,
Py=P =F,A, =50(26.5) =1330 kips and for the frame of Figure 8.14 oF. =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—ordf%
analysis that includes a notional load defined by Equation A-7-2 added to the lateral load uf®l
load combinations. This notional load accounts for both the initial out-of-plumbnes
structure and second-order effects. Thus, é

N, =2.10(A/L)Y; >0.0042Y, 7-2)

For our structure, A = 1.34 in. as before and Y; = 400 kips so the notion @or this load
kips

combination is
N, =2.1(1.0)(1.34/(15(12)))(400) = 6.25 kips >0.0042(4001¥
The results of the
P, =200kips  and

Thus, the lateral load in the analysis will be increased from 20 kip

first-order  analysis for the determinate structure Ire

M, =26.3(15)=395 ft-kips. ~ Although this is called the Rgst-order analysis method, it does

require that the moment be amplified by B, found using

G I
l-ak, / F,

400

(AISC A-8-3)

1

Qis influenced by the buckling strength of the
dondition, P,;, and the equivalent uniform moment

This amplification addresses the memb
column as a pin ended column in a N0
factor, C,,. Thus,

C, =0.620.4(M,/M,)=0.6-0.4(0/395)=0.6
and with EI* = EI, ®
" 12(29,000)(999)

° 0 =8830 kips
@} L (15(12))°

which gives

B :L:0.614<1.0
1-200/8830
Therefore thereys no amplification needed so B, = F, =200 kips and M, =M, =395 ft-kips.
%available moment strength of the W14x90 column determined previously from Table

2 anged, thus ¢M, =574 ft-kips . The controlling effective length is for y-axis buckling,

o =15.0 ft and ¢F, =1000 kips. With the required strength and available strength

th
MFetermined, the interaction equation can be checked.
irst determine which interaction equation should be used. Since P./¢F, =200/1000=0.20<0.2

‘b use Equation H1-1a, thus
& £+§ M, =ﬂ+§ 395 =0.200+0.612=0.812<1.0
P 9\M.) 1000 9\574

So the W14x90 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" =0.8t,E] 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 B, was less than 1.5 whe
using the unreduced stiffness thus the notional load to account for out-of-plumbness doe

need to be added to the lateral load. Thus, from a first order analysis of the determinate st %

P, =200 kips and M, =20.0(15)=300 ft-kips. As for the effective length meth =

that the flexural stiffness of column A will be taken as EI" =0.8EI . Thus the 20 ki load
produces a drift calculated as for a cantilevered beam,

HI 20(15(12))

A= - = =1.68 in.
3EI 3(0.8)(29, 000)(999) Q
The total gravity load on the structure is 400 kips. Half of this lo@ne

column A and half is on the gravity only column. Thus agai

P.
R, =1-0.15] =2 :1—0.15(
Bory

" %
HL (15(92)) :
})es’to =R _:09 21980 kl S
o TN € 51.68 P

teral load resisting

Thus,
1 1
B, = - =1.25
" i 9Py | 1.0(400)
P, on 1980

Note that the drift increa hat was calculated for the effective length method and
therefore the second-8rde ification increased.

The required including second-order effects is found through Equations A-8-1
and A-8-2. Q\/
, =BM,, +B,M, =0+1.25(300) =375 ft-kips
and @
B, =P, +B,P, =200+1.25(0) = 200 kips

Q&available moment strength of the W14x90 column determined previously from Table
iSWwchanged, thus ¢M, =574 fi-kips . The controlling effective length is for y-axis buckling,
thus” L, =15.0 ft and ¢F, =1000 kips. With the required strength and available strength

etermined, the interaction equation can be checked.
First determine  which interaction equation should be used. Since
B, /¢P, =200/1000 =0.20 < 0.2 use Equation H1-1a, thus

B 8 M.)_ 200 83753 200+0.581=0.781<1.0
P9\ M. ) 1000 9\ 574

So the W14x90 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 Goal: Using the LRFD provisions and the results from a second-order direct Q )

Direct Analysis analysis, determine if a W14x132, A992 member is adequate to carry the

Method for given loads and moments.

Column Design by i .

LRED Given:  The column has a length of 16 ft and is braced at the ends only. ts
of the second-order direct analysis are P, = 800 kips, M, = , and
M,,,= 76 ft kips. &

SOLUTION Step1:  Determine the required strength.

amplify forces and moments; thus
P. =P, =800 kips, M, =M, =300 )% . =M, =76 ftkips

Step 2:  Determine the available compressi Q!h of the column.
Since the given results a &ect analysis, K = 1.0; thus, from

re 1o
Manual Table 4-1 with L. ft,
= 1440 kips

Step 3:  Determine the available$frength for bending about the x-axis.

With an 1@ 1ehgth L, = 16 ft, from Manual Table 3-2,
. , =878 ftkips, L, =13.3 ft, $BF =7.74 kips
and @

: OMG, =M, —OBF (L, —L,)=878—7.74(16.0—13.3) =857 ft kips

Step 4 etermine the available strength for bending about the y-axis.
& From Manual Table 3-4,

Since the given results are from a second-ordﬁl@s, re is no need to
S’

OM,, =424 ft kips
Qtep 5:  Check the W14x132 for combined axial load and bending. To determine

\ which equation to use, check
39 556> 02
‘b oP, 1440

Therefore, use Equation H1-1a.

& Pr er Mr'y
b <10
¢Pn (I)Mnx ¢Mny
300 76

0.556+—+—=1.09>1.0
857 424

Thus,
the W14x132 will not carry the given load.
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EXAMPLE 8.3a Goal:
Direct Analysis

Method for

Column Design

XN

by ASD Given:
SOLUTION Step 1:
Step 2:
Step 3:
Step 4:

Q Step 5:

Using the ASD provisions and the results from a second-order direct
analysis, determine if a W14x132, 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 P, = 530 kips, M,, = 200 ft

Determine the required strength.

Since the given results are from a second-order analysis, there is no need
to amplify forces and moments. Thus,
P, =P, =530 kips, M, =M, =200 ftkips, M, =M, =52 ftkips

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 L, = 16.0 ft,

£ =960 kips
Q

Determine the available strength for bending about the x-axis.

With an unbraced length L, = 16 ft, from Manual Table 3-2,
M
—2 =584 frkips, L,=13.31t, £=5.15 kips
Q Q
And
M, M, BF .
— = — (L,—L,)=584-5.15(16.0-13.3) =570 ft kips

Determine the available strength for bending about the y-axis.
From Manual Table 3-4

My _ 282 ft kips
Q

Check the W14x132 for combined axial load and bending. To determine
which equation to use, check
P, 530

Therefore, use Equation H1-1a.
£ + Mo + M, <1.0
P/Q M,/Q M, /Q
200 52

0.552+—+—=1.09>1.0
570 282

Thus,
the W14x132 will not carry the given load.

¢©

kips, and M,,= 52 ft kips. >
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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-colu
size. Each incorporates its own level of sophistication and results in its own level of accurarc‘%
Regardless of the approach used to select the trial section, one factor remains—the trial seftio
must ultimately satisfy the appropriate interaction equation.

To establish a simple, yet useful, approach to selecting a trial section, Equ 1-W is
modified by multiplying each term by P, which yields
8M.P 8M,P _

r — *c

9O M. 9 M,

Then multiplying the third term by M,/M.. , letting Q&
N
N &

9ML‘X N
and substituting into Equation 8.9 yields
P,+mM"@Mry <P (8.10)

Because Equation 8.10 calls % pmparison of the left side of the equation to the
column strength, P., Equation 8.10 can beShigifeht of as an effective axial load; thus
Py=F4+mM, +mUM,, <P. (8.11)
[
The accuracy used e evaluation of m and U dictates the accuracy with which
Equation 8.11 represents @:ength of the column being selected. Because at this point in a

design the actual colu ioh is not known, exact values of m and U cannot be determined.
Past editio th®AISC Manual have presented numerous approaches to the evaluation

and
M.

M,

Y,

U=

of these multiplj impler approach however, is more useful for preliminary design. If the
influence of ength—that is, all buckling influence on P, and M.—is neglected, the ratio,
P./M.., bec S v and m = 84/9Z,. Evaluation of this m for all W6 to W14 shapes with the

er hip between the area, 4, and the plastic section modulus, Z,, is established using an
p@ internal moment arm of 0.89d, where d is the nominal depth of the member in
en m = 24/d. This value is also presented in Table 8.2. This new m is close enough to

the Ywerage m that it may be readily used for preliminary design.

NN When bending occurs about the y-axis, U must be evaluated. A review of the same W6 to
14 shapes results in the average U values given in Table 8.2. However, an in-depth review of

inclusi f a upits correction factor of 12 results in the average m values given in Table 8.2. If
{1QuSs
a

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 Simplified Bending Factors

Shape Mave m =24/d Uavg
W6 441 4.00 3.01
W8 3.25 3.00 3.11

W10 2.62 2.40 3.62
W12 2.08 2.00 3.47 Q)
W14 171 171 281 Q

EXAMPLE 8.4a Goal: Determine the initial trial section for a column.
Initial Trial
Section Selection Given: The loadings of Figure 8.11c are to be used. Assume th isa W14
by LRFD and use A992 steel. Also, use the simplified values ofglaBle 8.2, m = 24/d.
SOLUTION Step 1: Obtain the required strength from Figure 8.11c. IS¢ irst-order analysis
results. %
P, =453 kips
M, = 251@;
Step 2: Determine the effective load by ¢ the axial force and the bending
moment.

453+1.71(251) =882 kips

Step 3: Select a trial olurgn size to carry the required force, Py
Usin ctive length L, = 12.5 ft, from Manual Table 4-1, the lightest
Wl4%—ry this load is
4\' W14 %90 with ¢P, =1060 kips

xample 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 W14x82, and check it
against the appropriate interaction equations.

Fora W14, m=1.71, s0 Q

EXA A4b Goal: Determine the initial trial section for a column.
Initial
Secti tion Given:  The loadings of Figure 8.11e are to be used. Assume the column is a W14,
S and use A992 steel. Also, use the simplified values of Table 8.2, m = 24/d.
ION Step 1:  Obtain the required strength from Figure 8.11e. Use the first-order analysis
results.
P, =342 kips

M, =174 fi-kips

Step2:  Determine the effective load by combining the axial force and the bending
moment.
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Fora W14, m = 1.71; thus
Py =342+ 1.71(174) = 640 kips

Step 3:  Select a trial column size to carry the required force, P,

Using an effective length L. = 12.5 ft, from Manual Table 4-1, the lightest )
W14 to carry this load is

W14 %90 with B,/Q =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 W14x82, and check it
against the appropriate interaction equations.

Yy

Every column section selected must be checked through t riate interaction equations for
the second-order forces and moments. Thus, the process /@ initial selection should be quick
and reasonable. The experienced designer will rapid rely on that experience rather than
these simplified approaches.

8.9 BEAM-COLUMN DESIGN USING MAN @ 6

Manual Part 6, Design of Members Su o Combined Loading contains Table 6-2 which
includes the axial and flexural strength for afl W-shapes. Although these tables are presented here
as they relate to combined loading, thgy can also be used for compression only, bending only,
tension only and shear. Therggs formation found in Table 6-2 that is not already included in
other Parts of the Manual iscussed. The advantage for combined loading is that all of the
available strength value n@i are found in one location.

Figure 8.15 1 Nl n of Manual Table 6-2. It shows that the compressive strength for a
given section is 4‘?0 of the effective length about the weak axis of the member. The
effective 1ength@u ated in the center of the table with the compressive strengths shown on the
left portion @f"t le. This portion of the table is used in exactly the same way as the column
tables in_Part % of the Manual. The strong axis bending strength is a function of the unbraced
length A& the compression flange of the beam. Previously, this information was available only

r eam curves in Part 3 of the Manual. In Table 6-2 it is tabulated on the right portion

ble with the same column of lengths now defined as the unbraced length of the

comgpression flange. Weak axis bending is not a function of length, so only one value is given for
\Zac shape. Although not used for beam-columns, when tension is combined with bending, the

ble also provides tension yield and rupture strength.
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Table 6-1 (continued)
Combined Flexure

X

. F, = 50 ksi
and Axial Force y
w14
W-Shapes
Sha W14
= 109 99! %'
px10° b,x10° px10° b,x 10° px10° b,x10°
Design (kips)! (kip-ft)-! (kips)~* (kip-ft)~! (kips)“"' (kip-ft)-!
ASD | LRFD | ASD | LRFD | ASD | LRFD | ASD | LRFD | ASD | LRFD | ASD | LRFD
0 | 104 |0694] 186 | 1.23 | 115 |0.764 | 207 | 1.38 | 1.26 | 0.839| 233 | 1.55
i 11 [ 1.4 [o761| 1.86 | 1.23 | 126 |0.838 | 207 | 1.38 | 1.38 | 0.920 | 233 | 1.55
= 12 1.6 |0.774| 1.86 | 1.23 | 1.28 | 0.853| 207 | 1.38 | 1.41 | 0937 | 233 | 1.55
5 13 | 1.19 |0789| 1.86 | 1.23 | 1.31 | 0.869 | 207 | 1.38 | 1.44 | 0.955| 233 | 1.55
E‘" 14 | 1.21 |0805| 1.87 | 1.25 | 1.33 | 0.887 | 2.08 | 1.38 | 1.47 |0.975| 2.33 | 1.55
=5 15 | 1.24 082 1.50 | 0.997 | 233 | 1.55
gg 16 | 1.27 |0.84 1.53 |1.02 | 235 | 1.57
1.30 | 0.86 157 |1.05 | 2. 1.59
§ 17 | 1.30 57 2.38
g,‘ 18 | 1.33 | 088 162 | 1.08 | 242 | 1.61
2 x 19 | 1.37 [ 0.9 166 | 1.11 | 245 | 163
28| 2 | 141004 R 1 d 171 [ 1.14 | 248 | 165
g% 22 | 151 |1.00 ep ace 183 [1.22 | 255 | 1.70
[ ] 24 | 161 |1.07 1.96 |1.31 | 262 | 1.74
gg 2 | 174 [1.16 | 214 | 143 | 192|128 | 241 | 160 | 212 | 1.41 | 270 | 1.80
=98 28 1.89 | 1.26 220 | 1.46 | 209 | 1.39 248 | 1.65 | 230 | 1.53 2.78 | 1.85
S-E 30 | 206|137 | 225|150 | 228 [1.52 | 255 | 1.69 | 252 | 1.68 | 2.87 | 1.91
g5 | 32 [227 (151 | 231 | 154 [ 251 167 | 262 | 1.74 (277 [1.84 | 296 | 1.97
25 34 | 250 |1.67 | 237 | 1.58 | 278 [1.85 | 270 | 1.80 | 3.07 |2.04 | 3.06 | 2.03
25 36 | 279|186 | 244 | 162 | 310 |206 | 278 | 1.85 | 342 | 228 | 3.16 | 2.10
% 38 | 311|207 [ 251 | 167 | 345 [230 | 287 | 1.91 | 381 254 | 327 | 218
2 40 | 344 |229 | 258 | 1.72 | 383 [255 | 296 | 1.97 | 423 | 281 | 3.39 | 2.26
w
42 | 380|253 [ 266 | 1.77 | 422 | 281 | 306 | 2.04 | 466 |310 | 352 | 2.34
a4 | 417|277 | 274 | 182 | 463 | 308 | 317 | 211 | 541 | 340 | 372 | 2.48
46 | 455|303 [ 282 | 1.88 | 506 [337 | 331 | 220 | 559 |3.72 | 3.94 | 262
48 | 496 330 | 292 | 194 | 551 |367 | 348 | 2.32 | 6.08 |4.05 | 415 | 2.76
50 |5.38 [358 305 203|598 398 [366| 243660439 | 436 290
Other Constants and Properties
b, x 10, (kip-ft)-" 3.84 2.56 429 2.85 4.90 3.26
t, % 103, (Kips)~! 1.04 0.694 1.15 0.764 1.26 0.839
£, 109, (Kips)™! 1.28 0.855 141 0.940 1.55 1.03
nlr, 1.67 1.66 1.66
rin. 373 3N 3.70

&‘b'

fShape does not meet compact limit for flexure with F, = 50 ksi.

Figure 8.15 Combined Axial and Bending Strength for W-Shapes.
Copyright © American Institute of Steel Construction, Inc. Reprinted with Permission. All rights
reserved.
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4%

EXAMPLE 8.5a Goal: Check the strength of a beam-column using Manual Part 6 and compare to
Combined Strength the results of Example 8.2a.
Check Using ) .
Manual Part 6 and ©iven: It has already been shown that the W14x90 column of Example 8.2a is
LRED 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 Man
Table 6-2. Q
SOLUTION Step 1l:  Determine the values needed from Manual Table 6-2 (Figure e
column is required to carry a compressive force with an cffeg ength
about the y-axis of 12.5 ft and an x-axis moment with an length of
12.5 ft. Thus, from Figure 8.15,
oP, =1060 kips
M, =574 fikips @
Step2:  Determine which interaction equation to K&
Lii :ﬂ 0.2
oP, 106
Therefore, use Equation H1-1a.
200 26
0.433+0.403=0.836<1.0
106 W-QE
Therefore, as previouslypdetermined in Example 8.2a, the shape is adequate
for this columd and this load combination. The results from Manual Tables
6-2 are tffe same as those determined from Table 4-1 for
compre, able 3-2 for bending.
°
AN
EXAMPLE 8.5b Goal: Check the strength of a beam-column using Manual Part 6 and compare to
Combined the results of Example 8.2b.
Strength Check ) '
Given: It has already been shown that the W14x90 column of Example 8.2b is

Using Part 6 and
ASD

SOLU

N

C

Step 1:

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.

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,

P,/ =703 kips

M, [Q =382 ft-kips
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Step 2:  Determine which interaction equation to use.
£ _ 347 =0.494>0.2
B/Q 703

Thus, use Equation H1-1a.
347 347 8 8 ( 182

703 91382
Thus, as previously determined in Example 8.2b, 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.

2

] 0.494+0.424=0.918<1.0

8.10 COMB

>

INED SIMPLE AND MOMENT FRAMES

connected elements with segments that are pin connecte the case in the example frame
used in Section 8.7.5. If these structures rely on the fJframe to resist lateral load and to
provide the overall stability of the structure, the ri%annected columns are called upon to
carry more load than appears to be directly applied $o them. In these combined simple and
moment frames in order to maintain their
hey are also called gravity columns which is
pnly in carrying gravity loads. These columns can
= 1.0, regardless of the approach to analysis that
has been taken. Because these gravity only columns have no lateral stability of their own, the
moment frame columns must esi®ned to provide the lateral stability for the full frame.
Although this combination o types makes design of a structure more complicated, it can
also be economicallygadv , because the combination can reduce the number of moment
connections for the full and thereby reduce overall cost.

Numerous de proaches have been proposed for consideration of the gravity only
column and assoggal oment frame design.** Yura proposes to design columns that provide

100% 600K 100% 600K

E I ! 1

The practical design of steel structures often results in franh; t&mbme segments of rigidly

I 6/

!
:/,é/ﬁ
|

100k

6/

600K

(a) (b)

*Yura, J. A., “The Effective Length of Columns in Unbraced Frames,” Engineering Journal, AISC, Vol. 8, No. 2, 1971, pp.

37-42.
*LeMessurier, W.
49-67.

J., “A Practical Method of Second Order Analysis,” Engineering Journal, AISC, Vol. 14, No. 2, 1977, pp.



44  Chapter 8 Beam-Columns and Frame Behavior

Figure 8.16 Pinned Base Unbraced Frame.

lateral stability for the total load on the frame at the story in question, whereas LeMessurier
presents a modified effective length factor that accounts for the full frame stability. Perhaps the
most straightforward approach is that presented by Yura, as follows.

The two-column frame shown in Figure 8.16a is a moment frame with pinned bas%
columns and a rigidly connected beam. The column sizes are selected so that, under the Joad
shown, they buckle simultaneously in a sidesway mode, because their load is 4
proportional to the stiffness of the members. Equilibrium in the displaced positionW
Figure 8.16b. The lateral displacement of the frame, A, results in a moment at thg
column equal to the load applied on the column times the displacement, as shoy
second-order effects discussed in Section 8.6. The total load on the frame i® %00 Bips, and the

If the load on the right-hand column is reduced to 500 kips, thg W does not buckle
sideways, because the moment at the top is now less than 600A. To lige/buckling condition,
a horizontal force must be applied at the top of the column, as sho Fipur®8.17b. This force

é
100% + 100% 600k — 100 \

l 100 A 100 A l Q>
100 A T T
- . m 600 A
1

/ /
/ /
/ /
/ /
/ /
f /
200 S00 Figure 8.17 Columns from Unbraced Frame
(a) (b) with Revised Loading.
-

can reslt only #from action on the left column that is transmitted through the beam. Equilibrium
thealg®olumn, shown in Figure 8.17a, requires that an additional column load of 100 kips be
p hat column in order for the load on the frame to be in equilibrium in this displaced
itiOff. The total frame capacity is still 700 kips and the total second-order moment is still

The maximum load that an individual column can resist is limited to that permitted for
the column in a braced frame for which K = 1.0. In this example case, the left column could resist
‘b 400 kips and the right column 2400 kips. This is an increase of four times the load originally on
& the column, because the effective length factor for each column would be reduced from 2.0 to 1.0.
The additional capacity of the left column is only with respect to the bending axis. The column
would have the same capacity about the other axis as it did prior to reducing the load on the right
column.

The ability of one column to carry increased load when another column in the frame is
called upon to carry less than its critical load for lateral buckling is an important characteristic.
This allows a pin-ended column to lean on a moment frame column, provided that the total

gravity load on the frame can be carried by the rigid frame.
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Figure 8.18 Frame Used in Example 8.6, %Q

\ .

15.8 6.33% 0.710%
4 20.5%" 8.20%" 32.0%0

4K 6k
i ) ——
;/%/: 7o VS :

(5]

Q‘&

0 )
| A T
15.8% 6.33% 0.710%
Yo.71%
(a) Nominal wind load Nominal dead load Nominal (c) Nominal
snow load wind left
(b) Gravity loads
Figure 8.1 inal Wind Load, Snow Load, and Dead Load (Example 8.6).

EXAMPLE 8.6a oeﬁ' Determine whether the structure shown in Figure 8.18 has sufficient

Moment Fral strength and stability to carry the imposed loads.

Strength and Q o o ]

Stability by L iven:  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 moment frame action at the four corners. The exterior columns are
W8x40, 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
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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.

Step2:  Determine the first-order forces and moments for the column on lines A-1. @

For ASCE 7 load combination 3:
P,=12(158)+1.6(6.33) + 0.5(0.710) = 29.1 + 0.355 =29,5 ki b
M,=1.2(20.5) + 1.6(8.20) + 0.5(32.0) =37.7 + 16.0 = 53.7 1

For ASCE 7 load combination 4:
P,=1.2(15.8) + 0.5(6.33) + 1.0(0.710) =22.1 + 0.71
M,=1.2(20.5) + 0.5(8.20) + 1.0(32.0) = 28.7 + 32

Step 3:  Determine the total story gravity load acting on o al
Dead = 0.05 ksf (90 ft)(50 ft)/2 frame&
45.0 ki

1ps

Snow = 0.02 ksf (90 ft)(50 ft)/2 :Erames
Step 4. Determine the second-order forces a d nts for load combination 3.

Gravity loads will be assumed to 1 no-translation effects, and wind
{E;Sts

load to yield the lateral translatio,

From Step 2,
P,,=29.1 kips, s M,,= 37.7 fi-kips, M;,= 16.0 ft-kips

For the W8x40,
A=11.71in7,I.= 146 in.*, .= 3.53 in. , 1/r,=1.73

In the pla& frame,

Cm—06 04 MI/MZ) O.6—0.4(L]=0.6
37.7

2
Q p, _TEL _T(29.00)(146) | 0 ips

L (16.0(12))°

&& and with P, = P, + P, =29.1 + 0.355 =29.5
G, 06
Q B = T o5 = 0616<10

1—
P, 1130

Therefore, use B; = 1.0.

To determine the sway amplification, the total gravity load on the frame for
this load combination from Step 3 is
Pgon=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 A/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

1
B=———_>10 (AISC A-8-6)

1_ (X‘Pstory
Pe story %
and < l
HL Q
I)e story — RM A_ (A@

H

Equation A-8-8 gives &
RM=1—0.15(§]=0.95 Q)Q

Thus, with o = 1.0 for LRFD, Equation Me mes

L

RyH

95(4.0)

B, = 1 - %2087 =120
- (%[A]b) (0.003)

moment are
0(16.0) = 56.9 ft-kips
355) = 29.5 kips

Determin$eer #he column satisfies the interaction equation.

Bgcau ¢ reof beam is assumed to be rigid in this example, use the
rec nded design value of K = 2.0 from Figure 5.17 case fin the plane
0

ame, L., = 2.0(16.0) = 32.0 ft. Out of the plane of the frame, this is
ced frame where K = 1.0; thus, L., = 16.0 ft.

@etermine the critical buckling axis.

S

(L), =L =320 _ig5h>1, =160 1
e r./r, 1.73

Thus, from Manual Table 6-2, using L. =(L.,) .= 18.5 ft,
OP, =222 kips

and from Manual Table 6-2 with an unbraced length of L, = 16 ft
oM, = 128 ft-kips

Determine the appropriate interaction equation to use.
i =£=0.133 <0.2
0P, 222

Therefore, use Equation H1-1b.
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k. M,
20P, oM,
29.5 56.9

=0.511<10

_l’_
2(222) 128
Thus, the column is adequate for this load combination. ‘ : Qi

Step 6:  Determine the first-order forces and moments for load combin U
the same assumption as to translation and no-translation effects.

2.
=22.1 kips, P, = 0.710 kips, M,,, = 28.7 ft-kips, l\/@‘t kips
Step 7:  Determine the second-order forces and moments. Q

In the plane of the frame, as in Step 4,

0
C,=06-04(M,/M,)= 4 ——1=0.6
(Mi/M:) 28.7)
2 2
pel:ni:]":n > 46)=113Okips
Lcl ))
and
0.6
1130

Therefore, use4B,; =.1.0.
To dete e sway amplification, the total gravity load on the frame is

Q) P, =1.2(113) + 0.5(45.0) = 158 kips

% serviceability drift index of 0.003 is maintained under the actual
loads. Therefore, H = 4.0 kips, and A/L = 0.003 is used to determine

@e sway amplification factor. As before, Ry, = 0.95 so

1 1

Q& e - [O;Z;Z(Ljrl—&gs(gi))(o.oos)

=114

P,=22.1+1.14(0.710) = 22.9 kips
Determine whether the column satisfies the interaction equation.

Thus, the second-order force and moment are
M,=1.0(28.7) + 1.14(32.0) = 65.2 ft-kips
Cb Step 8:

Using the same strength values found in Step 5, determine the appropriate
interaction equation.

b _229 103<02
oP, 222

Therefore, use Equation H1-1b.
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kM,

+ <1.0
205, oM,
22.9 +@ =0.561<1.0
2(222) 128
Thus, the column is adequate for this load combination also. @
Step9:  The W8x40 is shown to be adequate for gravity and wind lo Q
combination. Now, check to see that these columns have suffici
to brace the interior pinned columns for load combination 3, whi
the greatest load on the gravity only columns. 9
Step 10:  For stability in the plane of the frame, using the Yura a 1scussed in
Section 8.10, the total load on the structure is to 1 by the four
corner columns; thus
Dead Load = 0.05 ksf (50 ft)(90 ft)/4 col = 56.3Neips/column
Snow Load = 0.02 ksf (50 ft)(90 ft)/4 coluthgs = 22.5 kips/column
Thus, for load combination 3
P,=1.2(56.3)+ 1.6(22.5) £0. 0) = 104 kips
M,=1.2(20.5) + 1.6(8.20+8 .0) =53.7 ft-kips
Step 11:  Determine the second-orde liﬁcation.
As before, for th = 16.0 ft, P,; = 1130 kips, and C,, = 0.6, the
second-order amplific for member effect is
C, 06
.BI_I_OCPr = 104 =0.66<1.0
P, 1130
Tneref@se \=1.0and P, = P, = 104 kips.
%y\npliﬁcation will be the same as determined in step 4, since the
gravaty load is the same; thus B, = 1.20. Therefore
@ M,=M,=1.0(37.7) + 1.20(16.0) = 56.9 ft-kips.

>

Check the corner columns for interaction under these forces and moments.

As determined in Step 5 for in-plane buckling,
OP,, =222 kips
oM, = 128 ft-kips
Checking for the appropriate interaction equation,
P, 104

=— =0.468>0.2
oP, 222

Thus, use Equation H1-1a.
L T P
OF, 9\ OM,,

ﬁ+§ 569 =0.864 < 1.0
222 9\ 128
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Thus, the W8x40 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

SOLUTION

>

Goal:

Given:

Step 1:

Step 2:

Step 3:

C Step 4:

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

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 W8x40,
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.

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.

Determine the first-order forces and moments for the column on lines A-1.

For ASCE 7 load combination 3:
P,=(15.8) +(6.33) = 22.1 kips
M, =(20.5) + (8.20) = 28.7 ft-kips

For ASCE 7 load combination 6:
P,=(15.8) +0.75(6.33) + 0.75(0.6(0.710)) = 20.9 kips
M, =(20.5) +0.75(8.20) + 0.75(0.6(32.0)) = 41.1 ft-kips

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 kst (90 ft)(50 ft)/2 frames = 45.0 kips

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:
P,..=22.1 kips, P, = 0 kips, M,,, = 28.7 ft-kips, M, = 0 ft-kips

For the W8x40:
A=117in?% I,=146 in.*, r,=3.53 in., n/r,= 1.73

In the plane of the frame:



>

C

Beam-Columns and Frame Behavior Chapter 8 51

0
C, =0.6—0.4(M,/M,)=0.6—0.4] — |=0.6
(M/M:) (28.7]

_mEI, _m(29,000)(146)

P, = =1130 kips
B (16.0(12))? 5
and
c, 06
BI—I_LB—I_m(zz‘D_0.619<1.o
P, 1130

Therefore, use B; = 1.0.

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

Psior, = (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 A/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

1
B=———>10 (AISC A-8-6)
. ( 0P j
Bstory
and
Pestor'y = RM ﬂ (AISC A-8-7)
Ay

Since one third of the load is on the moment frame corner columns,
Equation A-8-8 gives

Ry =1—0.15[%)=0.95

Thus, with o = 1.6 for ASD, Equation A-8-6 becomes

B, = ! = 1 =125

1_(01;;;2 (i)) L6(158) ) 003)

©0.95(4.0)
Thus, the second-order force and moment are
M,=1.0(28.7) + 1.25(0) = 28.7 ft-kips
P,=22.1+1.25(0)=22.1 kips

<
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C

Step 5:

Step 6:

Step 7:

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, L., = 2(16.0) = 32.0 ft. Out of the plane of the frame, this is a
braced frame where K = 1.0; thus, L., = 16.0 ft. %

Determining the critical buckling axis. )
L., 32
( L. )Eﬁ = =

—=185ft>L, =160 1t
r./r, 173

Thus, from Manual Table 6-2, using L. = (L. ).s= 18.5 ft,
P./Q = 148 kips

and from Manual Table 6-2, with an unbraced length of L, = 16 ft,
M,./Q = 84.9 ft-kips

Determine the appropriate interaction equation to use.
£ _221_ 0.149<0.2
P/Q 148
Therefore, use Equation H1-1b.
LM,
2(R/Q) (M,/Q)

22.1 +£=0.413 <10

2(148) 84.9
Thus, the column is adequate for this load combination.

<1.0

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.

P,,=20.5 kips, P, = 0.320 kips, M,, = 26.7 ft-kips, M, = 14.4 ft-kips

Determine the second-order forces and moments.

In the plane of the frame, as in Step 4,
0
C,=06-04(M/M,)0.6-0.4 — |=0.6
(M:/M:) (26.7]

m°El,  7*(29,000)(146)

T (16(12))° P
and
C, 0.6
= = = <
B, o~ 16009 0.618 < 1.0
P, 1130

Therefore, use B; = 1.0.

To determine the sway amplification, the total gravity load on the frame is
Pgory = (113) + 0.75(45.0) = 147 kips
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Step 9:

c Step 10:
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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 A/L = 0.003 is used to determine
the sway amplification factor. As before, Ry, = 0.95 so

1 1
B2 = = =1.23
1_[aRtory (AD 1 M(O.OOS’) @

RyH\L)) — 095(40) )

Thus, the second-order force and moment are
M,=1.0(26.7) + 1.23(14.4) = 44.4 ft-kips

and, adding in the lateral load effect amplified by B,
P.=20.5+1.23(0.320) = 20.9 kips

Determine whether the column satisfies the interaction equation.
Using the same values found in Step 5, determine the appropriate

interaction equation.
P 209

=——=0.141<0.2
P/Q 148
Therefore, use Equation H1-1b.
fo + M. <1.0
22/Q) " (M,/0)
20.9 +ﬂ =0.594<1.0
2(148) 84.9

Thus, the column is adequate for this load combination also.

The W8x40 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.

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,
P,=(56.3) + (22.5) = 78.8 kips
M, = (20.5) + (8.20) = 28.7 ft-kips



54  Chapter 8 Beam-Columns and Frame Behavior
Step 11:  Determine the second-order amplification

As before, for the length L, = 16.0 ft, P,; = 1130 kips and C,, = 0.6, the
second-order amplification for member effect is

C 0.6
B = m = = V. < 1.
© 0B | 16(78.8) 0675 =10 %
R 1130 )

Therefore, use B; = 1.0 and P, = P, = 78.8 kips

Sway amplification will be the same as determined in step 4, since the
gravity load is the same; thus, B, =1.25. Therefore

M, =1.0(28.7)+1.25(0) = 28.7 f-kips

Step 12:  Check the corner columns for interaction under this force and moment.

As determined in Step 5 for in-plane buckling,
P,/Q =148 kips
M,,/Q = 84.9 ft-kips

Checking for the appropriate interaction equation,

£ =E=0.532>O.2
P/Q 148

Thus, use Equation H1-1a.
k8 M,
+ = <.0
B/ 9\ M, /Q

E+§ 287 =0.833 <10
148  9184.9

Thus, the W8x40 is adequate for both strength under combined load and
stability for supporting the gravity only columns.

8.11 PARTIALLY§ST;I NED FRAMES

and columns in the frames considered up to this point have all been connected with
Chtresisting fully restrained (FR) connections or simple pinned connections. These latter
Virn € connections are defined in Specification Section B3.4a. Partially restrained connections,

N
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Rigid

. e

M . M
Beam line J

Simple

B 0
(a) Beam line (b) Connections
Figure 8.20 Moment Rotation Curves for Uniformly Load3{ Beam¥%nd Typical Connections.

defined in Specification Section B3.4b along with FR ct>>ns, have historically been referred
to as semirigid connections. When these PR connecti included as the connecting elements
in a structural frame, they influence both the strength a: ability of the structure.

Before considering the partially restraificdframe, it will be helpful to look at the partially
restrained beam. The relationship bety€ChdNgnd moment and end rotation for a symmetric,
uniformly loaded prismatic beam car’t ed from the well-known slope deflection equation
as

M= EO WL (8.12)
° L 12

This equation is plotted in%e .20a and labeled as the beam line.

AN

Rigid

1.0
0.9‘

f

X
& L

Simple

Figure 8.21 Beam Line and Connection
Curves.

Rotation, 0
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S Fixed end moment = M, = WL Q
M
ur ZQﬂince of the PR
anecti

12

1 | | 1 Fig , .
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Stiffness ratio. i = LV QWative Moments of a Beam.
) T MA >

All PR connections exhibit some rotation as@ﬂ of an applied moment. The moment-
rotation characteristics of these connections are the key 16 determining the type of connection and
thus the behavior of the structure. Mopagut-fotatfpn curves for three generic connections are
ple, and PR. Numerous research studies have
been conducted in an effort to identi oment-rotation curves for real connections. Two
compilations of these curves have been puDlshed.>

The relationship between ghe moment-rotation characteristics of a connection and a beam
can be seen by plotting the b ine®nd connection curve together, as shown in Figure 8.21.
Equilibrium is obtained beam line and the connection curve intersect. Normal
engineering practice ®reat ections capable of resisting at least 90 percent of the fixed-end
moment as rigid and %h le of resisting no more than 20 percent of the fixed-end moment
as simple. All con&l at exhibit an ability to resist moment between these limits must be
treated as pargglly Westrained connections, accounting for their true moment-rotation
characteristic

The/MmfluctiCe of the PR connection on the maximum positive and negative moments on
the bea%see in Figure 8.22. Here, the ratio of positive or negative moment to the fixed-end

oment lotted against the ratio of beam stiffness, EI/L, to a linear connection stiffness, M/6.

e t for which the beam must be designed ranges from 0.75 times the fixed-end moment
SWrfies the fixed-end moment, depending on the stiffness of the connection.

When PR connections are used to connect beams and columns to form PR frames, the

Nnalysis becomes much more complex. The results of numerous studies dealing with this issue

¥

ave been reported. Although some practical designs have been carried out, widespread practical
design of PR frames is not common. In addition to the problems associated with modeling a
particular connection, the question of loading sequence arises. Because real, partially restrained
connections behave nonlinearly, the sequence of applied loads influences the structural response.
The approach to load application may have more significance than the accuracy of the connection
model used in the analysis.

*Goverdhan, A. V., 4 Collection of Experimental Moment Rotation Curves and Evaluation of Prediction Equations for Semi-
Rigid Connections, Master of Science Thesis, Vanderbilt University, Nashville, TN, 1983.

®Kishi, N., and Chen, W. F,. Data Base of Steel Beam-to-Column Connections, CE-STR-86-26, West Lafayette, IN: Purdue
University, School of Engineering, 1986.
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Although a complete, theoretical analysis of a partially restrained frame may currently be
beyond the scope of normal engineering practice, a simplified approach exists that is not only
well within the scope of practice, but also commonly carried out in everyday design and has been
for over half a century. This approach can be referred to as Flexible Moment Connections. It has
historically been called Type 2 with Wind. The Flexible Moment Connection approach relie
heavily on the nonlinear moment-rotation behavior of the PR connection although the actu%
curve is not used. In addition, it relies on a phenomenon called shake-down, which shows thdt
connection, although exhibiting nonlinear behavior initially, behaves linearly after a
number of applications of lateral load.’

The moment-rotation curve for a typical PR connection is shown in Figur
with the beam line for a uniformly loaded beam. The point labeled 0 represents b
the applied gravity loads. The application of wind load produces moments am ends that

e

add to the gravity moment at the leeward end of the beam and subtract fiQ windward end.
Because moment at the windward end is being removed, the connection % lastically with a
stiffness close to the original connection stiffness, whereas at the lcnd, the connection

continues to move along the nonlinear connection curve. Points a 1" in Figure 8.23b
a
fr

represent equilibrium under the first application of wind to t e fr
When the wind load is removed, the connection m om points 1 and 1’ to points 2
and 2, as shown in Figure 8.23c. The next application of QS ad that is larger than the first

Mypgm
T ING Lction 0
(r,:?)} CO“\\LL 0, 1
£ 5 |
0 U
g Ml-’. B E .'; 0 B
= =/ Total wind
/ moment
!
i
5 0
o L s ati
Rotation Rotation
(a) (b)
Bl/
ot 1 L 3!
= i =
2|/ 01. AWind moment 2| / OI
s| / AL | / /2" ,2 Wind
= ) & ,l,Wind moment = 7 L L
- = 3
! ra
‘ ‘ Rotation Rotation
(c) (d)
ol /9 AWind moment 2| / )/ _
=l 442 gl /g [4Total wind
=1 I 41 N = moment
y % Wind moment ; l
3 3 : :
Figure 8.23 Moment-Rotation
Rotation Rot;;_lion Curves Showing Shake-Down
(e) (1)

’Geschwindner, L. F., and Disque, R. O., “Flexible Moment Connections for Unbraced Frames Subject to Lateral Forces—A
Return to Simplicity.” Engineering 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 maximu
already applied, will see the connection behave linearly. In addition, the maximum moment (%
the connection is still close to that applied originally from the gravity load. Thus, the conditio
described in Figure 8.23f shows that shake-down has taken place and the connectio no%

| Btams

linearly for both loading and unloading.
The design procedure used to account for this shake-down is straight forwa

are designed as simple beams using the appropriate load combinations. Thi at the
beams are adequate, regardless of the actual connection stiffness, as was igure 8.22
Wind load moments are determined through a modified portal analysis whert ceward column
is assumed not to participate in the lateral load resistance. Connectioa$ szed to resist the

resulting moments, again for the appropriate load combinations. I , it is particularly
important to provide connections that have sufficient ductility to da®rthe large rotations
that will occur, without overloading the bolts or welds under, com% gravity and wind.

Columns must be designed to provide frame Stabml;l r gravity loads as well as
gravity plus wind. The columns may be designed usi roach that was presented for
columns in moment frames, but with two essential di ‘;‘from the conventional rigid frame

design:
1. Because the gravity load is likely to the connection to its plastic moment
i gined only by a girder on one side and this
s far end. Therefore, in computing the girder
or use in the effective length alignment chart, the
2 One of the exterpal columns, the leeward column for the wind loading case

fagme stability, because it will be attached to a connection
that is at its oment capacity. The stability of the frame may be assured,
howgyer, ing the remaining columns to support the total frame load.

For the exterio , the moment in the beam to column joint is equal to the capacity
of the connection. It { %@wnﬂy accurate to assume that this moment is distributed one-half to
the upper column e-half to the lower column. For interior columns, the greatest realistically
possible differ in moments resulting from the girders framing into the column should be
distributed egua the columns above and below the joint.

EXAMPLE 8.7a &al: Select girders and columns for a building with flexible wind connections.
Column Desi

with Flexible iven:  An intermediate story of a three-story building is given in Figure 8.24.
Connec by Story height is 12 ft. The frame is braced in the direction normal to that
LRFED shown. Use the LRFD provisions and A992 steel.

N
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Figure 8.24 Intermediate Story of a

Step1:  Determine @
@&

avity loads on exterior columns.

1.2D = 1.2(25 kips + 0.75 kips/ft (15 ft)) = 43.5 kips
54.4 kips

0.5L = 0.5 (75 kips + 2.25 kips/ft (15 ft)) =
Total =97.9 kips

Gravity loads on interior columns

1.2D = 1.2 (50 kips + 0.75 kips/ft (30 ft)) = 87.0 kips

0.5L = 0.5 (150 kips + 2.25 kips/ft (30 ft)) = 109 kips
Total= 196 kips

1.2D = 1.2 (0.75 kips/ft (30 ft)) = 27.0 kips

1.6L = 1.6 (2.25 kips/ft (30 ft)) = 108 kips
Total = 135 kips
Design the girder for the simple beam moment assuming full lateral support
using Manual Table 3-2 or 6-2.

Gravity load on girders for the worst case 1.2D + 1.6L:

M, =WL/8=135(30.0)/8 =506 ft-kips

Chapter 8 59

e Story Building (Example 8.7).

<
Q’Q

ul?ed forces and moments for the load combination
12.D +0.5L + 1.0W.

own in Figure 8.24 are the code-specified nominal loads. The
orces are calculated using tributary areas as follows.
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Therefore use
W21x62 (0M, = 540 ft-kips, I, = 1330 in.")

Step 3:  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 L., = 12.0

Thus, with P, = 196 kips ,try
W14x43, (¢P, = 371 kips, I, = 428 in.*, r/r, = 3.08)

Step 4.  To check the column for stability in the plane, dete effective
length factor from the alignment chart with

2(428

. _z(/L), _ g )

top bottom 5 ( 7 / L)g 0 .
2(30.

beam is pinned at its far end; effective beam length is taken as
twice its actual length.

Note that only one beam is capm@o@raining the column and that the

Considering the s
factor can be deter

Qﬁlumn under load, the stiffness reduction

P/ A=196/12.6 =15.6 ksi

Thus, sinc =95.6<05F ), the stiffness reduction factor from Manual
Table 4. =1.00. The stiffness ratio then remains
* Gtop = Gbottom =321
@élds, from the alignment chart, Figure 5.20
K=1.87

Ste 'Qetermine the effective length in the plane of bending.
L. 1.87(12.0) _799 f

L — —
Q& (Lec)y rlr, 3.08

Step 6 Determine the column compressive strength from Manual Table 4-1 or 6-2
with L. =7.29 ft.

P, = 484 kips
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Step 7:  Determine the second-order moment.

The applied wind moment is M, = 1.0(6.0)(12.0) = 72.0 ft-kips and the
applied force is P, = 196 kips.

Considering all the moment as a translation moment and usmi @
=1

Commentary equation C-A-8-1
m’El  7*(29,000)(428)

e story —

(KzL)2 (1.87(12.0)(12))’
Therefore, for all three columns,

Bem ey Q
’ 1_[aaw,y] | L0(3(196)) &

E. story 3(1690)
and @
M,=1.13(72.0)= 81.4%)
Step 8:  Determine whether the column satlsﬁ raction equation
_1 > 0.2
Therefore, use Equation H1 222, from Manual Table 3-10 or 6-

2, which results in

: +§(M j<10
P, oM,

0405+ 814 =0.731<1.0
222

Bls i a s that the W14x43 is adequate for stability. The members can

th, f as a starting point in a more rigorous analysis.
>

EXAMPLE 8.7b
Column Design

Connections

ASD

¥

with Flexible Wind

C

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 =25k + 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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C

Step 2:

Step 3:

Step 4:

Step 5:

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 )

Design the girder for the simple beam moment assuming full lateral support
using Manual Table 3-2 or 6-2.

M, =WL/8=90.0(30.0)/8 =338 fi-kips

Therefore use
W21x62 (M,/Q = 359 ft-kips, I, = 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 L, = 12.0

Thus, with P, = 236 kips
try W14x43 (P,/Q = 247 kips, I, = 428 in.*, ,/r, = 3.08)

To check the column for stability in the plane, determine the effective
length factor from the alignment chart with
2(428)
Gtop = Gbottom = Z(I/L)C = 120 = 321
Z(I/L), [ 1330 j
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.

fi_ 236 =18.7 ksi

A 126
Thus, from the Manual Table 4-13, the stiffness reduction factor t, = 0.960.
The inelastic stiffness ratio then becomes

Grop = Gponom = 0.960(3.21) = 3.08

which yields, from the alignment chart, Figure 5.20
K=1.84

Determine the effective length in the plane of bending.
L 1.84(12.

(L), =2o 13M20 ;54

T, 3.08
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Step 6:  Determine the column compressive strength from Manual Table 4-1 or 6-2
with L, =7.17 ft.
P,/ =324 kips

Step 7:  Determine the second-order moment. @

The applied wind moment is M, = 0.75(0.6)(6.0(12.0)) = 32.4 ft-kips and
the applied force is P, = 236 kips. )

Considering all the moment as a translation moment and using
Commentary equation C-A-8-1
m’El  7°(29,000)(428)

1)6 story = 2 7 = 1740 klpS
(KzL) (1.84(12)(12))
aP,=1.6(236) = 378 kips
Therefore, for all three columns,
Bz - 1 l 1.28

|_Puy | 3G7®

story

F story 3(1740)

and
M, =1.28(32.4) = 41.5 ft-kips

Step 8:  Determine whether the column satisfies the interaction equation
i =@=0.728 <0.2
P/Q 324

Therefore, use Equation H1-1a, M,/Q = 148, from Manual Table 3-10 or 6-
2, which results in

r +§( M, ]qo
(2/2) "o (/) )=

O.728+§ 415 =0.98<10
9\ 148

c This indicates that the W14x43 is adequate for stability. These members
can then be used as a starting point in a more rigorous analysis.

c‘)\)
\ After an acceptable column is selected, the lateral displacement of the structure must be
(b 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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8.12 STABILITY BRACING DESIGN
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Braces in steel structures are used to red¥ effective length of columns, reduce the unbraced
length of beams, and provide overall struct$fal stability. The discussion of columns in Chapter 5
showed how braces could be effeefive in reducing effective length and thereby increasing column
strength. Chapter 6 demonstr: w the unbraced length of a beam influenced its strength, and
earlier in this chapter the i e 0f sway on the stability of a structure was discussed. Every
case assumed that th® giv cing requirements were satisfied, but nothing was said about the
strength or stiffness g N red braces. For cases when braces are not specifically included in
the second-order a%is, esign of braces will follow the provisions of Appendix 6 of the
Specification. ndiR6 treats bracing for columns and beams similarly, although the specific
requiremen& ifferent. Two types of braces are defined: point bracing and panel bracing.

Figure 8.25 Definitions of Bracing Types. Copyriwgrican Institute of Steel
r

Poi acing controls the movement of a point on the member without interaction with
any adjgfent braced points. These braces would be attached to the member and then to a fixed
p as the abutment shown in Figure 8.25b.
Qa el bracing relies on other braced points of the structure to provide support. A diagonal
e within a frame would be a panel brace, as shown in Figure 8.25a. In this case, the axial
defoPmation of the diagonal brace is a function of the displacement at each end of the brace.
ecause the horizontal strut is usually a part of a very stiff floor system that has significant
strength in its plane, the strength and stiffness of the diagonal element usually controls the overall
behavior of this braced system.

The brace requirements of the Specification are intended to enable the members’ being
designed to reach their maximum strength based on the length between bracing points and an
effective length factor, K = 1.0. A brace has two requirements: strength and stiffness. A brace that
is inadequate in either of these respects is not sufficient to enable the member it is bracing to
perform as it was designed.
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8.12.1 Column Bracing

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

Vi =0.005P, (AISC A-§- Q)
and the required shear stiffness is
1 [2P 2P, j ﬁié

=3l j(LRFD) B, 9[ L |asD)
¢ =0.75 (LRFD) Q=2.00 (ASD)
where
Ly, =unbraced length of the panel under consideration &
P, =required strength of the column within the panel under consider®jo# for ASD or

LRFD as appropriate for the design method being used

For a column point brace, the required brace strength is

.= 0.01 P, )\:& (AISC A-6-3)
and the required brace stiffness is
8P,
b =3 32| &:
¢ Lbr

¢=0.75 (L Q= 200(ASD)

(AISC A-6-4)

where

Ly, = laterally unbraced length adjag€nt to the point brace

P, = required strength for’ASD gr LRFD as appropriate for the design method being used.
It should be noted that th ents for point braces are significantly greater than those for
panel braces. Thus, if%a a@acing system can be developed, it has the potential to be the more
economical approach: x
8.12.2 Beam Bracing

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

v, = 0.01(M};Cd ] (AISC A-6-5)
& e requlred panel brace stiffness is
1(4M,C, 4M,C,
By =—| ——< |(LRFD) B, = Q| ——= |(ASD) (AISC A-6-6)
(I) Lbrho Lbr (4
¢ =0.75 (LRFD) Q=2.00 (ASD)

where
h, = distance between flange centroids
C, = 1.0 for single curvature bending and 2.0 for the brace closest to the inflection point
for double curvature bending
Ly, = laterally unbraced length within the panel under consideration
M, = 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
Py, =0.02M,C,/h, (AISC A-6-7)
and the required brace stiffness is

1{10M.C, 10M.C,

B, = 5(WJ(LRFD) By = Q( h j(ASD) (AISC A—6—%
¢ =0.75 (LRFD) Q=12.00 (ASD) QS)

h, = distance between flange centroids

C,= 1.0 for single curvature and 2.0 for double curvature as above

Ly, = laterally unbraced length adjacent to the point brace Q‘

M, = the largest required flexural strength of the beam within the unbtgce gths
adjacent to the point being braced

where

As with column bracing, the requirements for point braces are grea 1%%@ for panel braces.
8.12.3 Frame Bracing N&

Frame bracing and column bracing are accomplished b e panel and point braces and may
be designed using the same stiffness and strength egliatignS™However, the most direct approach
to bracing design for frames is to include the braces 1 % odel when a second-order analysis is
carried out. When that is the case, the provisio ppendix 6 do not need to be checked.

EXAMPLE 8.8a Goal: Determine the re
Bracing Design by the gravity load.

ing for a braced frame to provide stability for

LRFD
Given:  Using the L rgguirements, select a rod to provide the point bracing
shown in gheBeiiter panel of the three-bay frame of Figure 8.9a to provide
st%bilit r avgtal gravity dead load of 113 kips and live load of 45 kips.
SOLUTION Step 1: N e required brace stiffness for gravity load.

@or e gravity load, the required brace stiffness is based on 1.2D + 1.6L.
P, =12(113)+1.6(45.0) = 208 kips

& and from Equation A-6-4
Q 1(81’,)_ 1 (8(208)

Por =3 I, ) 075\ 160

=139 kips/ft
; )

accounting for the angle of the brace.

&\ Step 2:  Determine the required brace area based on required stiffness and

& Based on the geometry of the brace from Figure 8.9, where 0 is the angle of
the brace with the horizontal and L, = 34.0 ft is the length of the brace,
By = Mcos2 0 =139 kips/ft

”

This results in a required brace area



Step 3:

Step 4:

Step 5:
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_ BuL,  139(34.0)

br — 2 -
Fcos’0
oS Y0g, 000(30]
34

~=0.209 in.”

<
Q,Q)

Determine the required brace force for gravity load. The requ# ontal
brace force for a point brace given by Equation A-6-3 is &

B, =0.01P, =0.01(208) =2.08 ki
which gives a force in the member of @Q
By angiey = 2.08(34/30) = &
Nrod, of
OF,

For the dead plus liv,
Toin =0.209 in.?

Select a rod to meet the”required area for the controlling case of stiffness
for the dead plus live load case where A,;, =0.209 in.>

° @ use a 5/8-in. rod with A = 0.307 in.?
AN

and a required area, assuming F, = 36

1 br
(angle)
4 .=

EXAMPLE 8.8b

Bracing Design by

ASD

SOLUT,

QO

C

Goal:

Given:

Step 1:

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

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.

Determine the required brace stiffness for gravity load.

For the gravity load, the required brace stiffness is based on D + L.
P, =113+45.0 =158 kips

and from Equation A-6-4

Bo = Q(Sﬁj = 2.00(%) =158 kips/ft

‘br
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Step2:  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 0 is the angle of
the brace with the horizontal and L, =34.0 ft is the length of the brace. @

Bor = Mcos2 0 =158 kips/ft

L, )

This results in a required brace area
_ BuLl,  158(34.0)

 Ecos’
29, OOO(BOJ
34

~=0.238in’

br

Step 3:  Determine the required brace force for gravity load.

The required horizontal brace force for a point brace given by Equation A-
6-3 is
B, =0.01F, =0.01(158) =1.58 kips

which gives a force in the member of
By (angiey =1.58(34/30) =1.79 kips
and a required area, assuming F, = 36 ksi for a rod, of
e, L2
CF/Q  (36/1.67)

=0.0830 in.?

br

Step 4:  For the dead plus live load case,
Apin =0.238 in.”

Step 5:  Select a rod to meet the required area for the controlling case of stiffness
for the dead plus live load case, Ay, = 0.238 in.%.

use a 5/8-in. rod with A = 0.307 in.’

14
.16%!10N PLUS BENDING

Th hout 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-la 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 C,. Thus, for doubly symmetric members, C, in Chapter F

can be multiplied by /l+aP, /P, for axial tension that acts concurrently with flexure, where

P, = wEl v / L; and a = 1.0 for LRFD and 1.6 for ASD, as before. The limit that M, cannot
exceed M, 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

SOLUTION

Q‘&

Goal:

Given:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

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

A W16x77 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-torsion
buckling. Use A992 steel. Q

Determine the required moment strength
w, =1.2(0.92)+1.6(2.79) = 5.57 kips/ft

5. 57(25)
M, = < =435 ft-kips

Determine the required tension strength

T, =1.6(62.5)=100 klpq)

Determine the available moment streng =25 ftand C, = 1.14,
from Manual Table 6-2

OM, =1.14(382) = 435 ft<

Determine the available tension%th for the limit state of yielding.
Connections at the end of 'ilm er are at a location of zero moment so

M, =563 ft-kips

tension rupture wil actor for interaction with bending. From
Table 6-2

o7, =1020 kips

Determine the \increase to be applied to C, when tension is applied in
conjuncti moment strength determined for the lateral-torsional

b@kli@m tate.
CwEL m*(29,000)(138)

P, = =439 kips
4 L (25(12))

p@) 1+ 1+L1§O)=1.11

&
%& :

Step 8:

Moment strength when considered in combination with tension
OM, =1.11(435) =483 ft-kips < oM, =563 ft-kips

Determine the interaction equation to use
£ _100 =0.098<0.2
P. 1020

Use Equation H1-1b

£ M, 0098, 122_004%0901 0.95<1.0

2. M. 2

So the beam is adequate to carry the bending moment and tension force.
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>

Step 6:

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, =£=1.031.0
M. 435
So the beam would just be adequate. In cases where the application of t @
tension force increases interaction strength and that force may not actga
occur, it 1s important to check the member for flexure alone. 6
The W16x77 is adequate to carry the applied loads.
EXAMPLE 8.9b Goal: Check the given W-shape beam for combined tension and bending
Combined Tension
and Bending by Given: A W16x77 beam spans 25 ft and carries a uniform dead load of 0.92 kips/ft
ASD 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
w, =0.92+2.79=3.71 kips/ft
3.71(25)’ ,
« =———— =290 ft-kips
Step 2:  Determine the required tension strength
1, =62.5 kips
Step 3: Determine the available moment strength. With L, = 25 ft and C, = 1.14,
from Manual Table 6-2
M
M, _ 1.14(254) =290 ft-kips < Q” =374 ft-kips
Step4:  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
T,
— =677 kips
C oo
Step 5:  Determine the increase to be applied to C, when tension is applied in

conjunction with moment strength determined for the lateral-torsional
buckling limit state.

_wEl 7*(29,000)(138)

> = = =439 kips
L (25(12))°
1 8B _ f 16(025) g
439

ey
Moment strength when considered in combination with tension



Step 7:

Step 8:

Step 9:

Beam-Columns and Frame Behavior

M
Aé” =1.1 1(290) =322 ft-kips < Hp =374 ft-kips

Determine the interaction equation to use
P 625

2070 _0,092<02
B 677
Use Equation H1-1b
b M, 0092 290 04640.901=0.95<1.0
2P M, 2 322

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

Check the beam for bending alone, in case the tension force were not there.
Use the available moment strength from Step 3.

M, 290 _ —10<1.0

M. "~ 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 W16x77 is adequate to carry the applied loads.
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<

%ending the column in single curvature about the

8.14 PROBLEMS

Unless noted otherwise, all columns shog
considered pinned in a braced frame out 0
being considered in the problem with'b

the strong axis.

1. Determine whether a W1 %92 column
with a length of 12.5 ft is ad i) a braced frame
to carry the following lo&from a first-order
analysis: a compressivi@ijdead 10ad of 100 kips and
live load of 300«ki load moment of 30 ft-

kips and live 1 t of 70 ft-kips at one end,
and a dead load m8@gent of 15 ft-kips and a live load

bout

moment{ 0 ft-kips at the other. The member is
bending My reWeise curvature about the strong axis.
Deter; ) LRFD and (b) ASD.

\S

A W12x58, 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,

strong axis? The analysis results are from a first-
order analysis. Determine by (a) LRFD and (b)
ASD.

3. Determine whether a W12x190, 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 ft-
kips 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 W10x60, 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 first-
order analysis. Determine by (a) LRFD and (b)
ASD.
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5. Given a W14x500, 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 W14x132, 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
Problem 4 if that column were bent
curvature by (a) LRFD and (b) ASD. ® m‘
11. A 14 ft pin-ended column in

ame
must carry a compressive dead 10 85”kips and

live load of 280 kips, alon uniformly
distributed transverse dead 4 kips/ft and
live load of 1.3 Kkips/ft. @a W14x68, A992
member be adequate if ghe transverse load is applied

to put bending abo ng axis? Determine by
(a) LRFD and (

12. A ded chord of a truss is treated as a
member ed frame. Its length is 12 ft. It must

carry ssive dead load of 90 kips and live
lo % ips, along with a uniformly distributed
% dead load of 1.1 kips/ft and live load of
Kips/ft. Will a W8x58, A992 member be
quate if the transverse load is applied to put

ending about the strong axis? Determine by (a)
LRFD and (b) ASD.

13. A moment frame is designed so that under a
service lateral load A= 150 kips, the frame drifts no

more than £/400. There are a total of 15 columns in
this frame, so Pg,, is 15 times the load on this
column. A 13 ft, W14x120, 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 (%
300 kips. This load will be taken as coming frgf® a
no-translation analysis. The top of the colay
loaded with no-translation dead load *
ft-kips and a no-translation live load entegf 80
ft-kips. The translation moments -o% o that
column end are a dead load mgq f 5 ft-kips
and a live load moment of 1084ft-KpS. The lower
end of the column feels ha = moments. The
column is bending in rvature about the
992 member be

strong axis. Will the
g? Analysis shows that

adequate to carry th
the effective lefigth fact®r in the plane of bending is

use as a ft column in an moment frame. The
fr is deSigned so that under a service lateral load

kips, the frame drifts no more than L/500.
e total story load, Py, is 20 times the individual
umn 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.

1.66. Determg ) LRFD and (b) ASD
14. A% , A992 member is proposed for

15. Will a W14x48 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 no-
translation dead load moment of 20 ft-kips and a no-
translation 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 A= 50 kips, the frame



drifts no more than £/300. The total story load, Py,
is eight times the individual column load. The
column is bent in reverse curvature about the strong
axis, and K, = 1.3. Determine by (a) LRFD and (b)
ASD.

16. Determine whether a 10 ft braced frame
W14x43, A992 column can carry a compressive
dead load of 35 kips and live load of 80 kips along
with a dead load moment of 20 ft-kips and live load
moment of 40 ft-kips. One half of these moments are
applied at the other end, bending it in single
curvature.

WL = 2.0kM
wpr, = | ghm
5 ok g JLLLLTITITTTATTITLTHITIT
wpp, =200 2 fi
\ wpr = 1.8¥/M / 12 ft
5.k g (LN TTTTTTHTTITETTRATIT
W14x53
12 fi
777, 77,
P
Beams W 18x65
21.6¥ 24k 0.9k

# | |
F) st FN pan

S 6.0"k
f t ?

21.6% 24k 0.9%

43.2K 48k 3.24K

f &
P 215tk

! 138 | 4 307K
f Dead 1 Live f Wind

432k 48k 3.24%

Leeward columns
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17. A two-story single bay frame is shown in
Figure P8.17. The uniform live and dead loads are
indicated along with the wind load. A first-order
elastic analysis has yielded the results shown in the
figure for the given loads and the appropriate
notional loads. Assuming that the story drift f
limited to height/300 under the given wind l¢g@8s
determine whether the first- and secomg-

columns are adequate. The gravit @11
produce the no-translation results and imi¥load

will produce the translation results. Jdae ers are
shown and are all A992 steel. l%

Mnine by (a)
LRFD and (b) ASD. &

18. Determine whet %0 s of the two-bay
unbraced frame s:ho& ure P8.18 are adequate
to support the ‘ en logding. Results for the first-
order analysi &ovided. The gravity loads will
produce the Q nslation results and the wind load
will pr ti€"translation results. Assume that the
lateral dr er the given wind load will be limited
to ximtm of 0.5 in. All members are A992 steel
: @ sizes are as shown. Determine by (a) LRFD
d (b) ASD.

P8.17

19. A nonsymmetric two-bay unbraced frame is
required to support the live and dead loads given in
Figure P8.19. Using the results from the first-order
elastic analysis provided, assuming the axial forces
provided are from the no-translation analysis and the
lateral drift due to a 5 kip force is limited to 0.4 in.,
determine whether each column will be adequate.
All members are A992 steel and the sizes are as
shown. Determine by (a) LRFD and (b) ASD.

P8.18

20. A 14 ft column in a moment frame must carry
a compressive load of 540 kips and a moment about
the strong axis of 135 ft-kips from an LRFD second-
order direct analysis. Will a W14x74, A992 member
be adequate if the moment is applied to put bending
about the strong axis?

21. A 14 ft column in a moment frame must carry
a compressive load of 360 kips and a moment about
the strong axis of 90 ft-kips from an ASD second-
order direct analysis. Will a W14x74, A992 member
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be adequate if the moment is applied to put bending
about the strong axis?

22. A 28 ft column in a moment frame must carry
a compressive load of 110 kips and moment about
the strong axis of 100 ft-kips from an LRFD second-
order direct analysis. Will a W10x60, A992 member

P L= l:”l‘

Pp= 68k )
WL = 3.()k'lﬂ

K L

3.2 [T
WpL = Sl F

W14x109 WI14x90 WIi4x109 16 fi

A C E |

| 21t ! 321t |

Beams W24x84

Py, =200%

P, =120%
Pp=113k

P|; =68k

0.35% 0 0.35k

F

=~
o

Wind load

]

A

LPL)_ [ ft-k 10.77t-k LPL)‘ | ft-k
0.35k 0.35k

162k 308k l 162k
128.0ft-k 0 128.0ft-k

=

B D
Live load
| [y )
“ 64.0M 0 64,0k
162k 308k | 162k
92k 174k 92k
A)T’_.S""‘ (}2 0 (h 72.5Mt-k
B F
| Dead load
A C E
(l l3(3,2“"‘ 0 ( | ,36.2""‘
92k I 174k 92k
Column AB Column CD Column EF

be adequatnf e moment is applied to put bending

ab& ng axis?

(]
F \

23. A 28 ft column in a moment frame must carry
a compressive load of 73 kips and moment about the
strong axis of 67 ft-kips from an LRFD second-order
direct analysis. Will a W10x60, A992 member be

adequate if the moment is applied to put bendin
about the strong axis? %

24a. Select a W-shape for a column with

of 15 ft. The results of a second-order i G%SIS
indicate that the member must carry a cof 700
kips and a moment of 350 ft-kips. Desi RFD.

24b. Select a W-shape for a &lu
of 15 ft. The results of a se

indicate that the memb
kips and a moment of %i

ith a length

direct analysis

rry a force of 467
esign by ASD.

25a. Select a }¥-shapPfor a column with a length
of 28 ft. The 8y,0f a second-order direct analysis
indicate thatg

kips an

hember must carry a force of 1100
t of 170 ft-kips. Design by LRFD.

Select a W-shape for a column with a length
The results of a second-order direct analysis
Jicate that the member must carry a force of 730
ps and a moment of 110 ft-kips. Design by ASD.

26a. Select a W-shape for a column with a length
of 14 ft. The results of a second-order direct
analysis indicate that the member must carry a force
of 350 kips and a moment of 470 ft-kips. Design by
LRFD.

26b. Select a W-shape for a column with a length
of 14 ft. The results of a second-order direct
analysis indicate that the member must carry a force
of 230 kips and a moment of 320 ft-kips. Design by
ASD.

27a. Select a W-shape for a column with a length
of 16 ft. The results of a second-order direct
analysis indicate that the member must carry a force
of 1250 kips and a moment of 450 ft-kips. Design
by LRFD.
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wi, = 3.2KMN
WwpL = 1 .9”"
lhPHHHHHHHHHHHHHTHPHHHHHHNH
16 fi
et T b

125.4"‘ ‘554"

77.2-11.3=65.7"k

N
O

38.6 — 16.6 = 22.0"k 0
125,4'* tSS. 1k
Dead load M, + M,
‘43" ‘92.7"

O 130.0 — 19.0 = 1111k

( )65.(] —-28.0=37.0"k 0

'92,?*
Live load M, + M,

'43k

P8.19
27b. Select a W-shape for a columlg with=g [cTgth
of 16 ft. The results of a second r direct

I
% force
ipg. Design by

analysis indicate that the member m
of 830 kips and a moment of 300
ASD.

28. The two-bay mo@

shown in Figure
P8.28 contains a singleAleaning ‘column. The results
of a first-ordep=el sis for each load are
given. Determi r the exterior columns are
adequate_to prov ability for the frame under

dead angd liwg load. All W-shapes are given and the

steel is . Bgtermine by (a) LRFD and (b) ASD.
ps ‘on the left-hand columns to provide stability.
sing the first-order analysis results shown,

determine whether the given structure is adequate if
the steel is A992.

he two-story frame shown in Figure P8.29

023.% 11.3 =352k

0 42,0+ 19 = 59,21tk

All columns W12x96
All beams W21x73

2
&
TSI

»

U'u +17.8=25.11% y

'144!&

'24.3'*

024.4 +23.0 = 4740k

U 12.2 +30.0 = 42,21k

'24.3"

30. The two-bay, two-story frame shown in Figure
P8.30 is to be designed. Using the Live, Dead,
Snow, and Wind Loads given in the figure, design
the columns and beams to provide the required
strength and stability by (a) LRFD and (b) ASD.

31. Select an A36 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 150 kips and live load of 60 kips.
Design by (a) LRFD and (b) ASD.

32. Select an A36 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 180 kips and live load of 95 kips.
Design by (a) LRFD and (b) ASD.
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iy, = 2.84M
; WpL = 1.7k
Ei... [II;I[]I[IIIIHI]IIII[HIII[]II]H]III]H]II]I[]I[H[]IIIII] f
F
W 14x99 Wax35 W14x99| 14 fi
y E
I 6h I 36 M I
Beams W24x84
0.5k ln 0.5%
(h 18.11k (l) 1810k
Wind
‘ load

L) 33,70k

q) 33,7k
0.5k T{: 0.5%

27.3k 67.8% 27.3%
() 103.5™k ! 103.5Mk

52,11k \ 52,1k
LBIJ" 67.8% q)“m"

q) 85,81k i QP 5.8k
44.9% 111.8k 44,9k

Column AB Column ¢D Column EF

P8.28 -/

33. A &nply supported W24x68 beam has
point EEC at third points. The beam supports a

istributed dead load of 1.2 kips/ft and a
distributed live load of 2.0 kips/ft.

ine the required point brace strength and the

)
% hired point brace stiffness by (a) LRFD and (b)

34. A 30 ft simply supported W24x68 beam has
panel bracing in three equal panels over its length.
The beam supports a uniformly distributed dead load
of 1.2 kips/ft and a uniformly distributed live load of

44 9% 111.8% (Hm“ \
( ) 170.41-K \ 170.4Mk

2.0 kips/ft. Determine the required shear strength of
the bracing system and the required panel brace
stiffness by (a) LRFD and (b) ASD.

35. A simply supported W18x86 beam spans 30 ft

and carries a uniformly distributed dead load of 0.
kips/ft and a uniformly distributed live load 0@

kips/ft. It also carries a tension live load of i
The member is fully braced for 1 rsignal
buckling. Use A992 steel. Determine i %86

is adequate for the combined tensio ing by
(a) LRFD and (b) ASD. ‘6

Py, = 100X P, =85
Py =80% Pp = 70K
w=12% ¥ Y
W12x79 WI2x45| 12 ft
W= gk
- O
W12x79 WI2x45| 16 ft
7/ E E d -
7,;4
28 fi !

Beams W24x55

3.45% :
(h 96.8Mk
96.81Mk 12K -

k

—_—
3.45K 13.45“

1ok 160.4™K
-
4720k
3.45K .

5.73% 15.73“
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14 fi
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14 fi
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! 24 fi ! 24 fi !
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wpy, = 1.80¥M
Level BEH
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36. A simply supported W27x84 beam spans 30 ft
and carries a uniformly distributed dead load of 1.2
kips/ft and a uniformly distributed live load of 2.5
kips/ft. It also carries a tension live load of 30 kips.
The member is braced at third points for lateral-
torsional buckling. Use A992 steel. Determine if the
W27%84 is adequate for the combined tensi
bending by (a) LRFD and (b) ASD.

°

37. Integrated Design Project — Effe t@qth
Method 4
Lateral load resistance in the ea st®irection is
provided by two perimeter m S%ames as seen in
Figure 1.24. Before the forc% e members can
be determined, the specififtd wind load must be

%‘[rhe design, a simplified

ation similar to that

determined. At this s
approach to wi
used in Chapter i ield the following loads at

R 32.0 kips
% loor 59.0 kips
& d Floor 54.0 kips
2nd Floor 50.0 kips

Total Wind Load 195.0 kips

The moment frames will share equally in carrying
these loads. They will be designed using the
effective length method of Appendix 7.2, and
second-order effects will be incorporated using the

3
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amplified first-order analysis method of Appendix 8;
thus, superposition may be used.

Before an analysis may be carried out, preliminary
member sizes must be obtained. Using the gravity

loads calculated in Chapter 2, select preliminary @
column and beam sizes without concern for the

frame behavior of the structure. 0

With these member sizes, the analysis i§TONge

carried out for dead load, live load, pag

wind load. Members are to be se o%
gravity plus wind load combin. , Sesthere should

be no need to include notio

Design the columns a @s the resulting load
effects and redo the ysis to check the strength of
these new mem"rs and e drift of the structure.

Confirm that %tive length method may be
used. >

38. Integ%Design Project — Direct Analysis
d

%} load resistance in the east-west direction is
pvided by two perimeter moment frames as seen in
cure 1.24. Before the forces in these members can
be determined, the specified wind load must be
determined. At this stage in the design, a simplified
approach to wind load calculation similar to that
used in Chapter 4 might yield the following loads at
each level:

Roof 32.0 kips
4th Floor 59.0 kips
3rd Floor 54.0 kips
2nd Floor 50.0 kips
Total Wind Load 195.0 kips

The moment frames will share equally in carrying
these loads. They will be designed using the Direct
Analysis Method from Chapter C.

Before an analysis may be carried out, preliminary
member sizes must be obtained. Using the gravity
loads calculated in Chapter 2, select preliminary
column and beam sizes without concern for the
frame behavior of the structure.

With these member sizes, the analysis is to be
carried out for dead load, live load, roof load, and
wind load, following the general analysis
requirements of Section C2. Members are to 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.



