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Direct Analysis Method — Application and Examples *  Describe how loads are factored when using the direct analysis method.

December9, 2021
e Explain how to consider geometric imperfections in an analysis model.

The direct analysis method first appeared in the 2005 AISC Specification for Structural Steel Buildings

as an alternate way to design for stability. Transitioning from other stability methods or approaching e Explain how to reduce member stiffness appropriately using the direct analysis procedure.
stability design considerations for the first time can be intimidating. This webinar discusses the
direct analysis method detailed in 2016 AISC Specification, Chapter C, Design for Stability, with a e Describe steps to take to ensure that a second order analysis is performed correctly.

series of design examples. Topics will include a comparison of direct analysis method to the effective
length method, second-order effects, and how to incorporate stability analysis in computer

structural analysis models. Participants will gain the tools necessary to apply direct analysis in
everyday practice.

: Smarter.

Stronger.
: Steel.
Direct Analysis Method
Application and Examples
Direct Analysis Method — « What s it and why use it?
Application and Examples » How does it compare to the effective length method?

* Second-order effects
David Landis, P.E.

Managing Principal
Walter P Moore
{" Kansas City, Missouri

* Applying the Direct Analysis Method

* Examples

: Smarter.
Stronger.
: Steel.
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Direct Analysis Method — Application and Examples

Direct Analysis Method
CHAPTER C
DESIGN FOR STABILITY

of et for sl The dirct

AISC 360-16

Direct Analysis

Direct Analysis Method

Steel Desiin Guide

Stability Design
of Steel Buildings

AISC 360-16
¢ Chapter C Design for Stability
¢ Chapter C commentary

Why use the Direct Analysis Method?

* Primary method

* Versatile

* Applicable to all types of structural systems

* Captures internal structure forces more accurately

* Correct design of beams and connections providing column rotational
restraint and stability

* No need to calculate K-factors and K-factor adjustments
* Applicable for all ranges of second-order effects (4,4 orger / Aist order)
* Effective length method is limited (vertical columns, 4, order/ A1st order < 1.5)

Second-Order Effects — What are they?

* Equilibrium satisfied on deformed geometry

P-A effect (system)

P-6 effect (member)

Copyright © 2021
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Direct Analysis Method — Application and Examples

P-6 effect — What is it?

* Equilibrium satisfied on deformed geometry
* Member-level effect
* Axial load acting on member curvature produces additional moment

P-6 effect — What is it?

Equilibrium satisfied on deformed geometry

Member-level effect

Axial load acting on member curvature produces additional moment

P-A effect — What is it?

A
Equilibrium satisfied on F !
deformed geometry

* System-level effect F

* Gravity load acting on frame h
displacement produces thrust

on system =

lF
P —)
. =
S5
[ L |
M=FL/4+ PS5
14
P-A effect — What is it?
A
* Equilibrium satisfied on
deformed geometry
* System-level effect
* Gravity load acting on frame
displacement produces thrust
on system —
= F+Fp,=
P 4 force]‘p Total force in
lateral system
M, = Fh + PA

16
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Second-Order Effects

— What are they?

P4 be—s!
Maments Fa
Total P-4
Moments Moments
Sacond-Order
Moments.

Primasy of
First-Crder
Maoments

Direct Analysis Method — Application and Examples

Second-Order Effects — What are they?

First Order Deflection
Byg = HLY(3EL)

N

Second Order Deflection
Bong = Byax B,
(Effect of Axial Load P on A)

H=001P ]

st
W10x60 L
Lir=60 | |

‘ 5 s
Lateral Deflection (in}

Lateral Lfad H (k)
e o

05

o 1 2 3

Figure from AISC Design Guide 28

Figure from AISC Design Guide 28 17
Direct Analysis Method versus Effective Length Method
Effective Length Method Direct Analysis Method
(ELM) (DM)
Type of analysis Rigorous Second-Order or Rigorous Second-Order or
Approx. Second-Order (B; & B,) | Approx. Second-Order (B, & B,)
Member stiffness Nominal El & EA Reduced El & EA -
Notional lateral loads 0.002Y; minimum 0.002Y;
Minimumiif A, ; /A, < 1.7
Additive if A, /A4, > 1.7
Column effective length Side-sway buckling analysis — _
) K=1 <+
determine K
Limitations Nominally vertical columns, No limitati
Ayl <15 o limitations
19

Direct Analysis Method vs. Effective Length Method

W W
0.002w, | 0.002w, |
47 47
. 0.002w; | | P, 0.002w; | |
o U ELEAL  la Py \‘\ ereal L
1) nd . [0y ™
3 Reduced_ 2"%-order elastic 1< SO\
S Poxe eapacity o 2" order elastic (DM)
T Pt : < Actual response 8 Pur———=—= Actual response
% < % | Increased
| ~_ | moment
} i demanda.\
| ‘ ’ -
M, M, M, M,
Moment, M Moment, M
Effective Length Method Direct Analysis Method

20

Figures from AISC 360-16 Commentary
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800 - Strength Interaction Curve (DM)
700 A

600
500
P (k) 400
300
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Figure from AISC Design Guide 28

Strength Interaction Curve (ELM)

Force-point trace (DM)

Direct Analysis Method vs. Effective Length Method

0.01P_ | g

W10x60
L/r,=40
F, =50 ksi

0 500 1000 1500 2000 2500 3000 3500

21

Direct Analysis Method — Application and Examples

Direct Analysis Method Application

Accurately model frame behavior

Factor loads (even for ASD)

* Consider initial imperfections (apply notional loads)

* Reduce all stiffness that contributes to stability

* Second-order analysis — include both P-4 and P-6

* K=1 for member design

* Nominal (unreduced) stiffness for building periods and serviceability checks

22

Direct Analysis Method Application

* Accurately model frame behavior

23
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Direct Analysis Method Application

Accurately model frame behavior

24
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Direct Analysis Method Application

Accurately model frame behavior

Direct Analysis Method — Application and Examples

Direct Analysis Method Application

Accurately model frame behavior

WRoof WRoof PLeanRoo!
eV VYV VY VYV VIVVY YV VVVVIIIVIIVY —pV VYV VY VVYVIVVY YV VVVVIIIVIIVY “Leaning” column
gravity loads
Wy Wy PLean4
—V VYV VYV YVVIV YV IVIVIIIVIVVY —V VYV VYV YVVIV YV IVIVIIIVIVVY
W3 W3 PLean3
— Y VYV VYV IVI VY VIV IIIIIIITY — Y VYV VYV VIV I VYV IIVIIIIIIIVY
W, W, Pleanz
—p VYV V VY VYV VVVVV YV VYV VIVIVVIVY —p VYV V VY VYV VVVVV YV VVIVIVIVVIVY
— — — — —— -— A
25 26
Direct Analysis Method Application Direct Analysis Method Application
Factor loads (even for ASD!) (spec C2.1(d))
* Factor loads (even for ASD) 2
First Order Deflection
25 A= HL(3EL)
=
= Second Order Deflection
315 B0 = Arux By
= (Effect of Axial Load P on &) ‘
& H=001P
31 7
WI10x60 1s.=
LJr,=60
05
0Il 1 2 . 5 ] il o
Lateral Deflection (in)
Figure from AISC Design Guide 28
27 28
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Direct Analysis Method Application

Factor loads (even for ASD) (spec C2.1(d))

* LRFD load combinations

1.6*ASD load combinations
(then divide resulting forces by 1.6)  ESESRREH R SR S R
(alternative approach: further reduce stiffness to Figure from AISC Design Guide 28
0.5EA and 0.57,'EI instead of factoring ASD loads — refer to C2.1 commentary)

Include all loads that affect stability
— Include “leaning” columns and all other destabilizing loads

29

Direct Analysis Method — Application and Examples

Direct Analysis Method Application

* Consider initial imperfections (apply notional loads)

30

Buildings are not built perfect!

* Geometric imperfections affect
column behavior

— member out-of-straightness (&) :
— story out-of-plumbness (4,) :

* Only &, is included in column strength
curves

Local story out-of-plumbness

31

Copyright © 2021
American Institute of Steel Construction

What is the Purpose of Notional Loads?

Account for geometric imperfections,
non-ideal conditions: h/500 = 0.002

Lateral loads applied at each framing level

Specified in terms of gravity loads at that
level

* Applied in direction that adds to
destabilizing effects
* Need not be applied if structure is

modeled in an assumed out-of-plumb
state

0.002Y, —

32
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Direct Analysis Method Application Direct Analysis Method Application

Consider initial imperfections (spec C2.2) Consider initial imperfections (apply notional loads)

* Apply “notional loads” or “notional displacements” * Define Notional Loads and “auto” generate notional loads

—
* Notional Loads: (spec C2.2b) 0.002a
£
— N;=0.002¢aY; s —
— a =1.0(LRFD), 1.6 (ASD) 0.002 oY — G || ===
: H : ) ! YT
— Y, = gravity load applied at level i 4 oo Lot s
— N, added to other lateral loads e
If A2nal—z7rder/Alst—z7rder <17 (reduced stiffness), or, 0002 OtY,—> _onea |
If Ajpd-order/ Dist-orger < 1.5 (nominal stiffness), then
it is permissible to omit N; in combinations with (SAP2000 shown)

other lateral loads

33 34

Direct Analysis Method Application Direct Analysis Method Application
Consider initial imperfections (apply notional loads)

* Define Notional Loads and “auto” generate notional loads
=

— e
S s s Lo
o E| [y ]

ooy Lsmons e * Reduce all stiffness that contributes to stability
| s o et

[ E——

% = |
e

5 Auto Hotional Load Pattern Generation

Notnal Losa Pasern Vsl
Base LondPaten  [LnE |
Lood Ralio [ovce.c3
Hotonai Losd Pesem Drection

 cobaix
& gkl

(SAP2000 shown)

== =

35 36
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Direct Analysis Method — Application and Examples

Residual Stresses affect behavior of compression members

Consequence of differential cooling
rates during manufacturing

.
s
F 4
Fy
/

A

)
—%
———

* Results in earlier initiation of
yielding, thus affecting compressive i
strength : Brtr ot (@210

™ / 1 -
2 o, .= 03F,
St A 1
o

Typical residual stress distribution

* Lowers member flexural strength
and buckling resistance

37
Figure from AISC Design Guide 28

Direct Analysis Method Application

Reduce all stiffness that contributes to stability (spec C2.3)
* Axial and flexural stiffness reductions

EA* = 0.8EA

El* = 0.81,El, 7, < 1.0

7 = 1.0 when aP./P,s < 0.5
7, =4 (ﬂ) [1- (“—PT)] when aP./P,; > 0.5

PTI.S Pns
a = 1.0 for LRFD; a = 1.6 for ASD
P = required axial compressive strength using LRFD or ASD combo’s

Pus = E A4 for nonslender sections; P,g = F, A, for slender sections

38

Direct Analysis Method Application

Reduce all stiffness that contributes to stability (spec C2.3)
7, = 1.0 when aP./P,s < 0.5
aPy

T, =4 (P) [1- (Z—P)] when aP,/P,; > 0.5

a = 1.0 for LRFD; @ = 1.6 for ASD
P, = required axial compressive strength using LRFD or ASD combo’s

Bys = E,Ag4 for nonslender sections; P,s = ), 4, for slender sections
* Permissible 7, simplification: (spec C2.3(c))

Tp = 1.0 can be used if add’l notional loads N;;44; = 0.001aY; are
applied to all load combinations, including lateral load combo’s

39

Direct Analysis Method Application

Reduce all stiffness that contributes to stability
* Define property modifiers for analysis — automated option

B Ston Frarme Dusgn Bretmrnncas for ALSC 36016

(SAP2000 shown) 40
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Direct Analysis Method Application Direct Analysis Method Application
Second-order analysis —include both P-4and P-& (spec C2.1)
A
\
e
1
‘," "‘ P-A = Effect of loads acting on the displaced
. . )/ location of joints or nodes in a structure
* Second-order analysis —include both P-4 and P-6 ,r//
/ P-3 = Effect of loads acting on the deflected
/1 shape of a member between joints or
5 _ /! nodes
-~
L
P
41 Figure from AISC 360-16 Commentary 42

Direct Analysis Method Application Direct Analysis Method Application

Second-order analysis —include both P-4and P-& (spec C2.1) Second-order analysis —include both P-4 and P-6

* Know your software second-order analysis method:
— lterative incremental analysis method
— Noniterative geometric stiffness method
— Approximate second-order

HL
Primary or

First-Orciar
Moments

44

43
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Direct Analysis Method Application

Software P-4 and P-J analysis capability notes:
* |terative incremental analysis method

Most general and versatile method

Captures P-Adirectly

Captures P-¢ effects directly by subdividing frame
elements into multiple elements

No applicability limits

Direct Analysis Method Application

Software P-4 and P-J analysis capability notes:
* Noniterative geometric stiffness method
— Captures P-A directly
— Generally, not able to directly capture P-¢ effects through the analysis

— Use B, amplifiers from Appendix 8 to amplify member moments from the P-4
analysis to approximate the P-deffect on member moments

— Analysis method limits (C2.1(b)):
* Nominally vertical columns
* A,/A; < 1.7 (using reduced stiffness)
* P Pstory < 1/3
* Recommended B,<1.2 for members having significant effect on overall
structural response (C2.1 and Appendix 8 commentaries)

46

Direct Analysis Method Application

Software P-4 and P-J analysis capability notes:
* Approximate second-order analysis method (Appendix 8)
— First order analysis only — not able to directly capture P-A or P-6

Use B, and B, amplifiers from Appendix 8 to approximate second-
order effects

B, approximates P-¢ effects

B, approximates P-A effects

Analysis limits (App. 8.1):
* Nominally vertical columns

* Recommended B,<1.2 for members having significant effect on
overall structural response (Appendix 8 commentary)

47

Direct Analysis Method Application

Software P-4 and P-J analysis capability notes:

* Software second-order analysis benchmark tests
— Analysis benchmark problems in C2.1 commentary
— Further discussion in Design Guide 28 Appendix D

o

1.0kp  |p

(4.45kN) 1

0.200 kip/ft (2.92 kN/m)

!——28.0 t (8.53 m)—=|
28,0 ft (8.53 m)

F

Figures from AISC 360-16 Commentary

48
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Direct Analysis Method Application
Second-order analysis —include both P-4and P-& (spec C2.1)

* Internally subdivide compression elements to capture P-J effects

b

.~ mesh column
elements

49

Direct Analysis Method Application

Second-order analysis —include both P-4 and P-&

D Define Load Combinstions 2

- [ Ada New Comeo,
uosT2

B Select Cormbo 16 Convert to Nomlinear Cases (=X
uosTs -

[ ox
uo: R
uosTL :
uosTLT Cancel

[

(SAP2000 shown)

* Generate nonlinear analysis cases for iterative second-order P-Delta analyses

51
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Direct Analysis Method Application

Second-order analysis —include both P-4 and P-6

* Internally mesh (subdivide) compression elements to capture P-o effects

o | o | Aodree Oeiley Cwoan oot

28| =

B

Y G S SSB %

omatic Frarne Mash

Ho duno Mesh:

&1 sy Muth Frame Cieets
futa Meshing Parsm
/] Mesh at I
Mesh at In ner Frames doma Eddges and Sabc Edges

< Wi 4

| Maisimum Segment Length

Reset Fom to Defaut Values

o | | Clowm
oty hasys k -

aagly |
Haterd Tomges stres

s

(SAP2000 shown)

50

Direct Analysis Method Application

Second-order analysis —include both P-4 and P-6

* Automated stiffness reduction factors to EA and E/ are assigned only after
design check is run (SAP2000, ETABS)

Iterate as necessary
* Check Aan arder/Alst order ratio

— W Ay order/A1st order < 1.7 (reduced stiffness) or 1.5 (nominal stiffness),
then N; not required in lateral combinations (N; only required in gravity
combinations)

— I Ay order/A1st order > 1.7 (reduced stiffness) or 1.5 (nominal stiffness),
then include N; in all load combinations

— Simplification: include N; in all load combinations

52
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Direct Analysis Method Application

* K=1 for member design

Direct Analysis Method Application
K=1 for member design (spec C3)
e K=1->L.=L

* Effective length = actual unbraced length

* No more K-factors or K-factor adjustments!

Direct Analysis Method Application

Member design
* For ASD, divide resulting analysis forces by 1.6 (spec C2.1(d))
— P, M, V = Analysis{1.6*ASD}/1.6

* Caution: Rerun analysis and recheck designs if member sizes or loads change

a

First Order Deflection
B, = HL3EL)

D/C can be misleading

&

~

_ Second Order Deflection
Bie =1 B;

(Effect of Axial Load P on &)

H=001p 7

Lateral Load H (K)
o

WHOXB0 L
Lr=60

&

Lateral Deflection (in)

Figure from AISC Design Guide 28

o
a

Direct Analysis Method Application

* Nominal (unreduced) stiffness for building periods and serviceability checks

Copyright © 2021
American Institute of Steel Construction
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Direct Analysis Method Application

Use nominal (unreduced) stiffness for building periods and serviceability checks

* Reduced stiffness is ONLY used in the strength analyses

* Determine building periods using nominal (unreduced) stiffness

 All serviceability checks use the unreduced stiffness
— Check drifts for wind and seismic using nominal (unreduced) stiffness
— Check vibration using nominal (unreduced) stiffness

Direct Analysis Method Application Summary

* Accurately model frame behavior

* Factor loads (even for ASD)

* Consider initial imperfections (apply notional loads)

* Reduce all stiffness that contributes to stability

* Second-order analyses — include both P-4 and P-6

* K=1 for member design

* Nominal (unreduced) stiffness for building periods and serviceability checks

Direct Analysis Method Application

Examples

Example 1: Grain Storage Bin
Representative of an elevated structure where stability effects are accentuated
by the position of most weight at top

Using LFRD, check

WI12X26

+ np =il af:lequacyofthe
. s \\_"/ |2 - given steel frame
- — . la. T H

5 ? 45— (fasionony  TOr the given loads
3 vl
[ VA W
[] W8X18 []
14 E c1 c3 Zj
E g
TRy &
o

60
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Example 1: Grain Storage Bin Example 1: Grain Storage Bin
Loads, material properties, definitions, and design requirements Connection types
* Bin sits on top of frame shown producing the following nominal loads: * Al columns are oriented for strong axis bendir\gl in the plane shown.
' ) ) | The columns are braced out-of-plane at each joint. na W12X26
= Grain load: Vertical load, P = 60 kips at top of each column | wizxos Al lateral load resistance in the upper tier is provided by the tension | DB Bﬁzf./-" »
—  Dead load: Vertical load, P, = 5 kips at top of each column 20 only rod bracing. I 5
—  Wind load: Total Horizontal Force = 11.2 kips with centroid 9 ft above top of § S « All lateral load resistance in the lower tier is provided by the flexural B A Z
frame 'é g resistance of the columns. n fE—
W8X18
Horizontal load, W, = 5.6 kips at top of each column (EW,,= 11.2 kips) " + Tension rods are assumed as pinned connections using a standard [] []
Vertical load, W, = 11.2 x 9/12 = +/-8.4 kips at top of each column [ ] clevis and pin 5 o 5
. * Horizontal beams within the braced frame portion have bolted Bl =
* A992 steel for wide flange shapes, A36 steel rods ® 3 R z =
#| c1 3| % double angle shear connections.
* Use 4,/H=1/500 = 0.002 initial out-of-plumbness ; g
* No interstory drift requirement under nominal wind and gravity loads Q . A
R S
& &
61 62
Example 1: Grain Storage Bin Example 1: Grain Storage Bin
Notional Loads and Load combinations FEM Model
NDead, NGrain: Notional lateral loads = 0.002D and 0.002Grain [ R ‘
(the grain load is handled as a dead load by engineering judgment) Analysis model:
e W12X26 ’l R l . * Add notional loads to gravity cases
) o - Brl Br2 - . * Mesh frame members
. " o { } 8
Assume the following LRFD‘Ioad combinations: ' . . g ¢ + Reduce member stiffness
Comb1 = 1.4(D + Grain) + 1.4(NDead + NGrain) Notional lateral loads combined = = 1 P — 0.8EA
Comb2 = 1.4(D + Grain) — 1.4(NDead + NGrain) only with gravity loads B t w — 0.87,El
Comb3 = 1.2(D + Grain) + 1.0W n p— B e - _
Comb4 =1 ZtD + Grain; -1.0W ] WSX18 ] * First assume 7, = 1.0, then check
Comb5 = 0.9D + 1.OW [[ ﬂj 1 } ‘Iater dgrmg design chegks .
= 3 %2 * Run linear (first-order) analysis first
Combé = 0.9D — 1.OW 1. g !
1 = * Generate nonlinear P-Delta LRFD factored
Because of symmetry Comb1 and Comb2, and Comb3 and Comb4 will produce the E = | | analysis cases
same results. By inspection, Comb5 and Comb6 are not critical. ¢ Run iterative second-order analyses
Z\x 12° Q
63 64

Copyright © 2021
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Example 1: Grain Storage Bin Example 1: Grain Storage Bin
Second-order effects check Property modifiers for strength analysis only (spec C2.3)
Verify if the ratio of second-order to first-order story drift < 1.7 (w/ reduced properties) at
each level of the frame for all load combinations Axial stiffness = 0.8EA
[Pl = e Story Drift . _ oxn
I < | Story | Combination | 15t 200 | Ayl Flexural stiffness = 0.87,E/ Rt ;:-X;/ )
order | order For Columns C3 and C4 in Comb3: | g <
12-11 Comb1 0.052 | 0.056 | 1.08 e ;
. J2-11 Comb3 0.294 [ 0332 1.3 " AT
iy 11 Comb1 0.187 [ 0.236 | 1.26 {@= ak = 1R = Lz =02<05 (C2-2a) ”[] Wex1s []
i1 Comb3 [ 2.169 [ 2.636]| 122 Pis  FBAg  50ksix11.2in s
14 2l 69
. . ~ 1y =10 E
Since Ay,q/A4 < 1.7 (W/ reduced properties), b -
Notional loads can be applied in gravity-load By inspection, for columns C1 and C2, 7, = 1.0 also A . A
combinations only; not required in combination Our earlier assumption that 7, = 1 is now confirmed

with lateral loads.

65 66
Example 1: Grain Storage Bin Member Strength Check — Column C3 (Comb3)
Second-order analysis results and strength checks Calculations for Column C3:
Load Combination a @ a ca | e1 | e K =1 for all members in e K=1; KLX = LX =14 ft’ KLy = Ly =14 ft
P o18 | o158 | o038 | 08 [ o0 [ 16 strength calculations
W[ asa | aso | wme | aas | 20 | 20 - -
Comb1 oP, 2134 | 3241 | 2134 | 3241 | 795 | 795 (spec C3) ° L}/ry - 14X12/155 =108
T ow [ow | o Tow [wwooow]  *Chapter H interaction « F,=244ksi (EqnE3-4,K=1)
P, -93.8 -92.8 918 918 16 0.0 H
W[ ans [ ass | asz [ w52 [ 24 | 2s Equations (H1-1a), (H1-1b) * ¢F,=19.1ksi (EqnE3-2)
Comb2 oP, 2134 | 3241 213.4 324.1 79.5 79.5 @ Wh ﬂ>02 . X .
e i B e oy o e = e ¢P,=19.1ksix 11.2in?2 =213 kips (Eqn E3-1)
mempam 74 7 - 5 1127 B 8 My M, . . .
S TN YR BT T T E*E[E*m]il'o * C,=1.67 (linear moment diagram with zero moment at one end)
Comb3 oP, 2134 | 3241 213.4 324.1 79.5 79.5
o, | 25| o] avers| s o0 | o () When P <02 * L,=14ft, M, = C,x moment from Table 3-10 < oM,
Interaction* | 058 | 059 | 089 | 071 | 000 | o062 P.
A EECT T I TP T ) %[g +%]sm * OM, = 1.67 x 162 kip-ft = 271 k-ft > oM, =231 k-ft
B o 3 T N T A o « oM, =231 k-ft
interaction* | 089 | 071 | 058 | 059 | 062 | 000 Demand/Capacity < 1, OK
67 68

Copyright © 2021
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Member Strength Check — Column C3 (Comb3)

Calculations for Column C3, continued:

* P,=112.9 kips and M, = 1136.6 kip-in = 94.7 kip-ft

P./oP,=112.9/213 = 0.53 > 0.2; use interaction eqn H1-1a:

5+§[ﬂ+ﬂ)51.0
Pc' 9 Mc'\' Mu'

112.9/213 +8/9 (94.7/231) =0.89 < 1 - OK

69

Example 2: Unsymmetrical Moment Frame Building

Check each column for conformance to 2016 AISC Specification using LRFD
and the Direct Analysis Method.
275k 25k 125k 1875k
W21x50 | W21x50 | l

LEANER 9
COLUNNS in

150k 50k

W21x50 j,% W21x50
=

I, 20'-0" I, 25'=0"

This problem was originally worked by Baker (1997) and later by Geschwindner (2002)
to demonstrate the challenges in determining the effective length factor accurately for

=~ an ELM solution by the 1999 LRFD Specification.

Example 2: Unsymmetrical Moment Frame Building

Material properties, definitions, and design requirements

* All columns are subjected to strong axis bending in the plane shown

* Assume all column bases have a rotational spring stiffness B = 6E//10L
(derived for “pin base” at foundation using G=10)

Drift (A/H) limit under 10-yr wind load = 1/400

* A992 steel

P 1]

PR
w L e T ow | m
—
=
25 fi

lm
>4
158 c1 <2
RI R2
L 208
k

1
T

A
—

c3 ) cs Leaner

R3 R4 RS
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70
Example 2: Unsymmetrical Moment Frame Building
Loads " - - - »s -

B1 ¢ B2 l B3 i B4 l l
W=19.2k W—gp¢ =
(ASCE 7-16)
el | e o e o T—
g
& r ®3 R Rs
| 2080 | s | 15§t ! 208 1l
} } } } |
Factored Gravity Load | Unfactored | Unfactored Rotational Spring Stiffnes.s
Load (kips) Dead Load D | Live Load L (B = 6E1/10L) at Foundation
(1.2D +1.6L) (kips) (kips s © Stiffness
PL 150 75 375 Tl (kvin/rad)
P2 50 25 12,5 R1 41,083
P3 275 1375 68.75 R2 33,640
P4 25 125 6.25 R3 45,917
PS5 125 62.5 31.25 R4 33,640
P6 1,875 937.5 468.75 RS 33,640
Notional loads = N; = 0.002Y;
72
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Direct Analysis Method — Application and Examples

Example 2: Unsymmetrical Moment Frame Building
Analysis

* Notional Lateral Loads N, = 0.002Y;
* Property modifiers for the analysis only
— Axial stiffness = 0.8EA
— Flexural stiffness = 0.8 7,E/
— Assume 7, = 1.0 (check assumption later)

* Perform a second-order elastic analysis including P-4 and P-6 effects, using
reduced member stiffness and subdivided columns

73

Example 2: Unsymmetrical Moment Frame Building
Load combinations and second order effect

¢ ASCE 7 load combinations:

Comb2a=1.2D +1.6L + 1.2NDead + 1.6NLive
Comb2b =1.2D + 1.6L — 1.2NDead — 1.6NLive
Comb4a=1.2D +1.0L + 1.2NDead + 1.0NLive + 1.0W
Comb4b =1.2D + 1.0L — 1.2NDead — 1.0NLive — 1.0W

NDead = 0.002D notional lateral load,
NLive = 0.002L notional lateral load
* The check A,,4 /A vs. 1.7 is determined using the reduced stiffness
* From the second-order analysis results, A, 4 /A = 1.89 > 1.7 (Comb2a & 2b)

Notional lateral loads
combined with all loads

* Therefore, the notional lateral loads are applied additively to all load combinations.

(spec C2.2b(a), C2.2b(d))

N
%
5

74

Example 2: Unsymmetrical Moment Frame Building
Second-order analysis results

Load Combination c1 2 c3 ca C5

P_ (kips) -153 -53 -275 -30 -126

COMB2a M,y (k-in) 82 68 98 74 62
M, (k-in) -255 -219 -338 -284 -152

P_ (kips) -121 -50 -228 -27 -115

COMB4a M, (k-in) 361 317 425 323 296
M, (k-in) -1044 -1074 -1358 -1151 -845

P_ (kips) -136 -42 -237 -25 -103

COMB4b M, (k-in) -365 -328 -428 -325 -310
M, (k-in) 1017 1140 1302 1117 937

Check original assumption of 7, =1.0: (7, = 1.0 when aP, /B, < 0.5) (C2-2a)
* Check column with the highest compressive stress: Column C3

— P,=275kipsand A =17.0 in?

— P, =FA,=50ksix17.0 in? = 850 kips

— aP,/P,, = 1x275 kips/850 kips = 0.33 < 0.5; Therefore, confirmed that 7, = 1.0

Example 2: Unsymmetrical Moment Frame Building
Strength checks

* K =1 for all members in strength calculations

* Representative calculations for Column C3 (W12x58):

* Governing combination is Comb4a where P, = 228 kips (compression) and
M,=-1,358 k-in (M, = -1,358k-in, and M,,, = 425 k-in)

* K=1;KL=1L=15ftx12=180in

* KL/r,=180/2.51=71.71< 4.71V(E/F) = 113.4

* F,=m2E/(KL/r,)? = 55.65 ksi (Eqn E3-4, kK=1)
* F,=[0.658 (/fellF =34.33ksi  (Eqn E3-2)
@#P,=0.9 x34.33 ksi x 17.0 in? = 525 kips

76
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Direct Analysis Method — Application and Examples

Example 2: Unsymmetrical Moment Frame Building
Strength checks

W12x58 column, L, =15 ft
M, at top = -1,358 k-in
M, at bottom = 425 k-in

— 12.5Mmax _ B
Cp = 25 Moag t3Ma+4MpT3ME 211 (EgnF1-1)
@M, = 3,888 k-in using C,= 2.11 (Egn F2-2)

Interaction Equation (H1-1a):
228/525 +(8/9)(1,358/3,888) =0.75 <1 OK

77

Example 3: Market Shed Building — Simple Moment Frame

Using ASD, check existing frame for dead, live and wind load combinations

Wy=2.8 KIPS/FT
W=7k L .
W30:99

This problem is taken from LeMessurier (1977)
78

Example 3: Market Shed Building — Simple Moment Frame
Loads, material properties, definitions, and design requirements

Frames @ 35 ft on center

Columns braced out of plane at the roof level
A992 steel

A,/H =1/500 = 0.002 out-of-plumbness

Limit lateral deflection A= 1" under a 50-yr wind load and total gravity
loads (D+L) using second-order analysis

79

Example 3: Market Shed Building — Simple Moment Frame
Connection types

* All lateral load resistance is provided by the moment connection between the left-
hand column and the roof beam

¢ Assume that this moment connection is a field welded complete penetration beam
flange to column flange welded connection with a shear tab bolted splice.

Wo =28 KIPS/FT

e e . 1
\J W0

Y
* The right-hand column to beam connection is a bolted simple shear connection,
assumed to be pinned

80
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Example 3: Market Shed Building — Simple Moment Frame
Loads
* Dead load = 0.7 k/ft uniform line load
* Live load = 2.1 k/ft uniform line load
* Wind load = 7.0 kips (ASCE 7-16)
* Self-weight = 4.71 kips
* Notional lateral loads N;= 0.002a.Y; 0=1.6 for ASD:
— NDead =0.002 x o x (0.7 k/ft x 40 ft + 4.71 kips) = 0.0654 a. kips
— NLive =0.002 x o x 2.1 k/ft x 40 ft = 0.168 o kips

81

Example 3: Market Shed Building — Simple Moment Frame

ASD load combinations (spec C2.1(d)):

Member design forces are obtained by analyzing the structure for 1.6 times ASD load
combinations and then dividing the analysis results by 1.6.

Combla = 1.6(D + SelfWt + NDead)

Comb1b = 1.6(D + SelfWt — NDead)

Comb3a = 1.6(D + SelfWt + NDead + L, + NLive)
Comb3b = 1.6(D + SelfWt - NDead + L, — NLive)
Comb5a = 1.6(D + SelfWt + 0.6 W)

Comb5b = 1.6(D + SelfWt - 0.6W)

Combéa = 1.6(D + SelfWt + 0.75L, + 0.75*0.6W)
Comb6b = 1.6(D + SelfWt + 0.75L, - 0.75*0.6 W)
Comb7a = 1.6(0.6D + 0.6SelfWt + 0.6 W)
Comb7b = 1.6(0.6D + 0.6SelfWt — 0.6W)

Notional lateral loads combined
only with gravity loads

NDead and NLive are minimum lateral loads assumed to apply to the
!i gravity-only load combinations only. This assumption will be checked later.
H

82

Example 3: Market Shed Building — Simple Moment Frame
Property modifiers for factored analysis

* Section properties are reduced for strength analysis:
— Axial stiffness = 0.8EA

— Flexural stiffness = 0.8 7,E/

— Assume 7,=1.0 (check assumption later)

83

Example 3: Market Shed Building — Simple Moment Frame
Analysis
* Column elements are meshed to capture the P-Seffects

* Direct Analysis is performed using the reduced stiffness at 1.6 times the
ASD load combination level using second-order analyses

* Check lateral drift ratio for application of notional lateral loads
(using reduced stiffness)

— ondorder! Aistorger < 1.7 (using reduced stiffness)

— Therefore, permissible to apply notional lateral loads only in the gravity-only
load combinations

84
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- . Example 3: Market Shed Building — Simple Moment Frame
Example 3: Market Shed Building — Simple Moment Frame S P ) . ng pr .
econd-order analysis results (with revised member sizes and reduced stiffness)
Serviceability drift limits ASD Load Combination Level (after dividing results by 1.6)
* Serviceability check done using nominal (unreduced) stiffness and lerd @l Ea — Direct Analysis MethOdBEAM
unfactored service loads combl P_(Kips) 7.0 01
. ” ” . . . om M, (k-in) -23.3 2052.6
* Second-order drift = 2.83” > 1” (using nominal stiffness) comba P_ (kips) -58.6 0.7
. om M._ (k-in) "194.2 7177.2
No Good — Frame must be stiffened combs P_ (kips) 157 22
. . omo-a M._ (k-in) 628.1 2365.1
* W36x150 beam and W18X97 column required for drift control Combeb P_ (kips) 183 21
. . . om M._ (k-in) 602.0 1740.7
(determined from trial-and-error analysis) combe P, (kips) 473 2.0
ombba M_ (k-in) 581.5 6109.4
Rerun factored strength analysis with updated member sizes and with Combsb ;"(':f’i;)) 3 s
reduced stiffness properties P, (kips) -89 21
prop Comb7a M, (k-in) 6156 1550.3
P_(Kips) 115 2.1
Comb7b M, (k-in) 606.3 921.8
aP, /P,s= 1.6(58.6)/(A,F,) = 0.07 < 0.5, thus confirmed 7, = 1.0
85 86
Example 3: Market Shed Building — Simple Moment Frame Example 4: 10-story office building
Strength checks (with revised member sizes) COMPOSITE FLOOR BEAVS ’
YHMENT FRAME /_0 10°-0° C.C. (TYP.) 10
* K=1for all members in the capacity calculations N 7 . ,
A-A
* Capacity calculations are performed using nominal section properties 4 1 : ot
* Capacity calculations are not presented here but use the same process of ; L o
applying the capacity calculations and interaction equations " [ )
ka d I
* The new sizes easily work because drift controlled the design of the frame E VA ®
° BRACE| FRAME {ﬂ; '
ot | .
H
L‘l“m e - L 'A A A4 A 4 4
; 50 3'-0" = 150'-0 ; 1! 5@ W-0' - 1%0'-0" * 2200
Ak |}
PLAN MOMENT FRAME BRACED FRAME
87 88
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Example 4: 10-story office building Example 4: 10-story office building

3-D Model Gravity Loads

Floor

 Structure weight = 65 psf (plus the vertical framing)
* Superimposed dead loads = 25 psf

* Live Load = 100 psf (reducible)

Roof
* Same dead loads as Floor
* Live Load = 30 psf (unreduced)

89 90
Example 4: 10-story office building Example 4: 10-story office building
Live Load Reduction Live Load Reduction — Interior Columns ‘
. i i i . .
Applied according to IBC 2018 Section 1607.11 intorior Gotamni | [ With 100 psf design L With 75 psfLL Corrf:::n in
15
L=L,|025+——— LEVEL Ku=4 3P PUp
0[ Tributary area P Live L!_}P Live [ PLive L!_}P 2’5 D per Level
T of ibleload | Kkips | LV | xLLR | kips | L& | L€ | (kips)for
. SF »SF | LLR P kips P P Column LLR
* K, = Live load element factor ROOF 0 0 T 0 0 0 0 0 0 0
= 4 for columns — interior, exterior w/o cantilever slabs LEVEL10| 900 | 900 | 050 [ 90 90 45 | 675 | 675 | 225 225
= 2 for beams — interior, edge w/o cantilever slabs LEVEL9 | 900 | 1800 | 043 | 90 180 | 76.8 | 675 | 135 | 582 357
LEVEL8 | 900 | 2700 | 040 | 90 270 | 108 | 675 | 203 | 945 36.3
LEVEL7 | 900 | 3600 | 040 | 90 360 | 144 | 675 | 270 | 126 315
* For beams of moment frames, LEVEL6 | 900 | 4500 | 040 | 90 450 | 180 | 675 | 338 | 158 315
_ 051 _ LEVEL5 | 900 | 5400 | 040 | 90 540 | 216 | 67.5 | 405 | 189 315
L =100 psfx [0.25 + 15 / (2 x 15 x 30)%°] = 75 psf LEVEL4 | 900 | 6300 | 040 | 90 630 | 252 | 675 | 473 | 221 315
LEVEL3 | 900 | 7200 | 040 | 90 720 | 288 | 675 | 540 | 252 315
LEVEL2 | 900 | 8100 | 0.40 | 90 810 | 324 | 675 | 608 | 284 315
91 92
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Example 4: 10-story office building
Column Gravity Design — Interior Columns

Column Label: B-2 Area Service Loads Cumulative Factored Loads Column
b 5 Load | Trib. | Load | Trib. | Dead | S-Dead | Reducible 3:::;: Total [ oo C:L::l” Pu/éPn
No. | Fl. Label " C’DI KLL | Type | Area | Type | Area | Load Load Live Load Live Load Size
- No. |(ft*2) | Mo. |(ft~2) | (kips) | (kips) (Kips) Long | ips) Col. Designer
10 Root s0 810 1 0o 1404 9.8 o7
E] 10 50 163, 720 3107 77 0.8
& ] 0 245, X 122 4507 24 | 07
7 8 50 327 172, 607 8 5.8 0.
7 s0 409. 1 230. 7638 i26.5 0.
50 491 7. 288. 9200 057. 0.
i 574, EX] X TrE3 1620 | 0.2
50 BS6. 296 403. 2328 W 41 2 & 08T
s0 739 458 450. 389.7 W 43 E: 0.89:
1 50 823, 520 518, 5467 W 4X14: E 0.89:
um_|_15468

Column Load Take Down Spreadsheet

93

Example 4: 10-story office building
Wind Loads

¢ ASCE 7-16 wind loads
— Basic wind speed, V =114 mph
— Exposure Type B
— Occupancy Category =l
— Importance Factor, / = 1.0
— Wind directionality factor, K, = 0.85
— Topographic factor, K,, = 1.0
— Gust effect factor, G =0.85
* Note: 0.85 used for example simplicity, but G > 0.85 for this height building
(Use nominal stiffness properties to determine building frequency)

* Auto generation option utilized in SAP
* Limit wind story drifts to h/400 using 10-year MRI wind speed

94

Example 4: 10-story office building

Seismic Loads

* ASCE 7-16 seismic loads

* Occupancy Category Il

* Importance Factor, / = 1.0

* Sps=0.327g; Sy, =0.168g

* SDC=C

* Steel Systems Not Specifically Detailed for Seismic Resistance: R =3; C;=3
* Equivalent Lateral Force Procedure

Example 4: 10-story office building

Seismic Loads

* Approximate fundamental period: T, =C/h’ with A, =125 ft
* For moment frame direction, C, = 0.028, x = 0.8

* For braced frame direction, C,=0.02, x = 0.75

* For Sp,=0.168 g, C, = 1.564

* Upper limit on period T< C,T,
— T=2.08 sec for moment frame

— T=1.17 sec for braced frame

* Use auto generation option in SAP
(calculate period using nominal properties, not reduced properties)

96
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Example 4: 10-story office building

Notional Loads
* Y;(Dead) = 110 psf total structure weight & superimposed dead loads

* Y;(Floor Live) = 100 psf
* Y; (Roof Live) = 30 psf

* NDead =0.002 x 110 psf x 150 ft x 150 ft = 5 kips at each level
* NLive =0.002 x 100 psf x 150 x 150 = 4.5 kips at each floor

* NLiveR = 0.002 x 30 psf x 150 x 150 = 1.4 kips at roof

Direct Analysis Method — Application and Examples

Example 4: 10-story office building
Member meshing and stiffness adjustments

S Stee Frame D Prfevences fon A5C 16016 %

Exlanaten of Coer Cagng for Vet
Buec  Dataut Vst

Column Meshing Stiffness Reduction & T,

98

97
Example 4: 10-story office building
Nonlinear Analysis Cases
Combo1 4D + 1.4NDeady
Combo2 2D+ 1.6L + 0.5L, + 1.2NDeady + 1.6NLive, + 0.5NLiveRx
Combo3 | 1.4D + 1.4NDead, ) .
Combo4 | 1.2D + 1.6L + 0.5L, + 1.2NDead, + 1.6NLive, + 0.5NLiveR, Notional lateral loads combined
Combob | 1.4D — 1.4NDeady ; ;
Combo6 | 1.2D +1.6L + 0.5L,— 1.2NDeady — 1.6NLivex— 0.5NLiveRy Only with grawty loads
Combo7 | 1.4D — 1.4NDead,
Combo8 | 1.2D + 1.6L + 0.5L,— 1.2NDead, — 1.6NLive, — 0.5NLiveR,
Combo9 | 1.2D + 1.0W, + 0.5L + 0.5L,
Combo10 [ 1.2D = 1.0W + 0.5L + 0.5L,
Combo11 [ 1.2D + 1.0W, + 0.5L + 0.5L,
Combo12 [ 1.2D — 1.0W, + 0.5L + 0.5L, .
Combo13 [ 1.066D + 1.0E,+ 0.5L Note:
Combo14 | 1.266D — 1.0E, + 0.5L Torsional cases should also be
Combo15 | 1.266D + 1.0, +0.5L considered.
Combo16 | 1.266D — 1.0E, + 0.5L
Combo17 | 0.9D + 1.0W, For coupled or correlated systems,
Combo18 | 0.9D — 1.0W, Nx & Ny should be applied
Combo19]0.9D0 + 1.0 f : :
Comba20 T09D =10 sn_mult'aneously wnth appropriate
Combo21 [ 0.834D + 1.0E, directional correlation.
Combo 0.834D — 1.0Ex
Combo: 0.834D + 1.0E,
Combo24 | 0.834D — 1.0E, %

Copyright © 2021
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Example 4: 10-story office building
Strength Analysis

* Perform an iterative second-order elastic analysis including P-4 and P-&
effects using reduced member properties

* Property modifiers for the analysis
— Axial stiffness = 0.8EA

— Flexural stiffness = 0.8 7,E/

100
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Serviceability Analysis

Example 4: 10-story office building

* For serviceability checks, perform a second-order elastic analysis including
P-Aand P-¢ effects using the nominal (unreduced) stiffness

Example 4: 10-story office building

Drift Check — Braced Frame

101
Example 4: 10-story office building
Drift Check — Moment Frame
Drift for Serviceability Limit State
Strength Controlled Moment Frame Design
Deflection Story Drift
Level 10-yr wind, 10-yr wind, Drift Index
3 (in.) A (in.)
ROOF 3.43 0.13 h/1174
10 3.31 0.21 h/709
9 3.09 0.27 h/551
8 2.82 0.31 h/483
7 2.51 0.35 h/435
6 217 0.37 h/403
5 1.79 0.38 h/390
4 1.41 0.40 h/377 > h/400 > Stiffen
3 1.01 0.41 h/366
2 0.60 0.60 h/249
1 103

Drift for Serviceability Limit State
Strength Controlled Braced Frame Design
Deflection Story Drift
Level 10-yr wind, 10-yr wind, Drift Index
5 (in.) A (in.)
ROOF 0.825 0.079 h/1901
10 0.746 0.088 h/1709
9 0.658 0.089 h/1685
8 0.569 0.091 h/1650
7 0.478 0.091 h/1656
6 0.388 0.089 h/1690
5 0.299 0.085 h/1764
4 0.214 0.080 h/1877
3 0.134 0.073 h/2058
2 0.061 0.061 h/2451 all <h/400 > OK
1 102
Example 4: 10-story office building
Drift Check — Moment Frame Optimized for Wind Drift
Drift for Serviceability Limit State
Drift Controlled Moment Frame Design
Deflection | Story Drift
Level 10-yr wind, | 10-yr wind, | Drift Index
8 (in.) A (in.)
ROOF 3.12 0.127 h/1178
10 2.99 0.211 h/710
9 2.78 0.272 h/552
8 2.51 0.310 h/484
7 2.20 0.344 h/436
6 1.86 0.371 h/404
5 1.49 0.375 h/400
4 1.1 0.385 h/400
3 0.737 0.362 h/414
2 0.374 0.374 h/401 all < h/400 > OK
104
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Example 4: 10-story office building

Seismic Drift Check

* From ASCE 7-16 Table 12.12-1, allowable story drift =
0.020h,, =0.020 x 150” = 3”

* Max. story drift = 0.79” (level 9)

« Inelastic drift § = % = @ =237"<3" > OK

Example 4: 10-story office building
Seismic Stability Check (ASCE 7-16, 12.8.7)

P.Al,
0= —"-"¢ (ASCE 7-16 Eqn 12.8-16)
Vihe Cy
0.5
Opx = —— < 0.25 (ASCE 7-16 Eqn 12.8-17)
PCa

* 0O checked at each level, worst case 6 = 0.22 < 0.25 at first level 2 OK

Example 4: 10-story office building
Strength Design Analysis — Final Check

* Perform a second-order elastic analysis including P-4 and P-¢ effects using
reduced member properties

* Property modifiers for the analysis
— Axial stiffness = 0.8EA

— Flexural stiffness = 0.8 7,E/

107
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Example 4: 10-story office building
Moment Frame Design — Final Check
8 8 8 8| 8 8|
E E E 3 E 2
=| W21X44. =| W21X44. =| W21X44 = W21X44 =| W21X44 =
E W2IXS5 5 W2IXS5 5 W21XSS = W2IXSS 5 W2IXSS =
E W24X62 5 W24X62 5 W24X62 = W24X62. 5 W24X62. =
E W24X62 5 W24X62 = W24X62 = W24X62. 5 W24X62. =
g & gl g & §|
= W24X76 = W24X76 = W24X76 =| W24X76 = W24X76 =
E g g g H g
§ v f e Y wwn | wers 5w G
= wexse | weaxze | weaxre = weaxzs 3| waxe =
H H g § H H
g vam 5 e J wwn Z e 5 e E
b £ 8 8 2 bl
d o 5 e d wen Z owen 5 uew E
K &l & g 8l H
108
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Example 4: 10-story office building
Second-Order to First-Order Drift Ratio

AgnglA
HavEk (reduczentglsti:"fs:less)
ROOF 1.30
10 1.38
9 1.45
8 1.51
7 1.57
6 1.61
5 1.63
4 1.64
3 1.64
2 1.67

Aond order Mst order < 1.7 (using reduced stiffness) = Analysis OK
(notional lateral loads only required with gravity loads)

Direct Analysis Method — Application and Examples

Example 4: 10-story office building
Second-Order to First-Order Drift Ratio

AgnalBist
(nominal stiffness)
ROOF 1.23

10 1.29

9 1.34
1.38
1.42
1.45
1.47
1.47
1.47
1.49

LEVEL

N jw|[s|o|o|~]|o

Aond order! Mst order < 1.5 (using nominal stiffness) - Analysis OK
(notional lateral loads only required with gravity loads; ELM can be used)

110

Example 4: 10-story office building
Compare Direct Analysis Design with Effective Length Method Design

* Using DA, the drift-controlled moment frame had A, ,rge/A

. . . . 1st order
with nominal stiffness properties = ELM can be used

nominal (unreduced) stiffness

* Notional loads are already applied to all gravity-only combinations
(same notional loads required for ELM in gravity cases)

* Calculate ELM K-factors for moment frame

* For ELM, perform second-order analysis using final member sizes and

opyright © 2021
merican Institute of Steel Construction

Example 4: 10-story office building
Effective Length Method vs. Direct Analysis Method
w, w,
0.002w, | 0.002w, |
W W
0.002w, | | P 0.002W,
P Y
o g \\\ El, EA<« S D: PnL_ \ EI*’EAtw N
g Reduced. 2".order elastic 8 NS
8 P §°m‘§?y?5m“ B 2"%order elastic (DM)
= TN 5 P )_ Actual response
z Py—----= 8 -—— ¢ Actual response g u Nnoreased p
< i ~ N\ < ! mom
! ~_ I deman
I ]
‘ .
M, M, M, M,
Moment, M Moment, M
Effective Length Method Direct Analysis Method
Figures from AISC 360-16 Commentary 112
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Example 4: 10-story office building Example 4: 10-story office building
Members for Design Check — Braced Frame Braced Frame — DA vs. ELM
o ~ Load Combination Bml Bm2 Coll Col2 Brl | Br2
; - s P, (kips) | -276 | -258 | -62 | -1347 | 314 | 362
% s M, (kip-in) 556 554 1 1 31 39
; led 3 16 P, (kips) -276 -258 -1347 -62 -362 | 314
w M, (kip-in) 556 554 1 1 39 31
- Level 6 Sl .
g evee T Design Forces - DA
; Level 5 — Load Combination Bml Bm2 Col1 Col2 Brl Br2
; e s P, (kips) 271 | -253 | 73 [ -1336 | 308 | -355
= Lo 3 M, (kip-in) 548 547 0 0 32 37
I " 1% P, (kips) 271 | -253 | -1336 | -73 | -355 | 308
r M, (kip-in) 548 547 0 0 37 32
S & £ A - & Design Forces - ELM
113 114
Example 4: 10-story office building Example 4: 10-story office building
Members for Design Check — Moment Frame Moment Frame — DA vs. ELM
s e s o me o
5 Combination Bm3 Bm4 Col3 Cola
T ol I P, (kips) 0 0 -359 -300
i e 9 M, (kip-in) 7337 7263 5744 5243
4 - 1 P, (kips) [) 0 1355 ‘208
¥ Mr (kip-in) 7662 7263 5831 5323
1 - © ot Design Forces - DA
i Level 6
| g fisw 2 Load
3 Combination Bm3 Bm4 Col3 Cola
B N P, (kips) 0 0 -359 -300
T i M, (kip-in) 6397 6873 5312 4884
R e iy P, (kips) [) 0 1355 208
3 ﬁ‘ \ Mr (kip-in) 7251 6873 5397 4964
R s - EY rS B
Design Forces - ELM
115 116
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Example 4: 10-story office building
ELM K-factor Computation — Sidesway Uninhibited Alignment Chart

G, K_, 65
1000 %88 Fioo
50.0— i il =50.0
o 5 =
" T - |  S(Euotleot | Leat) _ E(EIIL),,
10.0— —1-a. —10.0 -
e e 2 E(Egly /L) Z(EI/L),
60— 1 &0 (Egn C-A-7-3)
50— <+ =50
a0 10 Fao
3.0+ —3.0
2ol [ GaGy(n/K) =36 (n/K) _
] T L 6(Ga +Gg) lun(‘rth)_
10 T 1o (Egn C-A-7-2)
00— ——10 =00 (AISC 360-16 commentary Fig. C-A-7.2)

17

Example 4: 10-story office building
ELM K-factor Computation — Sidesway Uninhibited Alignment Chart

Example 4: 10-story office building
ELM K-Factor Adjustment

.

P * Only 2 moment frames

ruouzur FRAME. / ;.mr_ic:fcofma’ims
I
* “Leaning” gravity columns

| [ =1 stabilized by the moment

)t i) frames
anuce]| g — “‘F

0"

150
.

50 00" =

* Adjust K-factor for the effect of
leaning columns

119

2 _ X(EI/L), Eon AT
= = A-7-
% S(EI/L) (Ban )
w24x76 W24x76 ,
GaGp(n/K) =36 (n/K)
= coLs - =0 Eqn C-A-7-2
:H/_ 6(Ga+Gg)  tan(n/K) (Ean )
x
[{e]
©
W24x76 W24x76 Gp=1.21
=
2 Gy =1.42
S K=1.41
118
Example 4: 10-story office building
ELM K-factor Adjustment — Story Buckling Method
P
K. = 7Z'ZE1/LZ a//za:olr S EK Eqn C-A-7-8
2= P 2E |T\g (Ean C-A-7-8)

»

(T 1V
non—leaning cols (KnZL)

« P, =355 kips; 5P, = 17,916 kips; / = 1,110 in% K, = 1.41
* For columns supporting level 6, 2(//K,,) = 8782.2 in*
* K,=2.52

120
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Example 4: 10-story office building
Interaction Equation Comparison

COL 3 (ELM)
M, = 5,397 kip-in; P, = 355 kips
Try W14x99
@M, = 7,752 kip-in (Table 3-2)
(KL/r),=2.52x150/6.17 =61.26
(KL/r)y =1x150/3.71=40.43
@P,=995 kips (Eqns E3-1, E3-2)
Interaction equation H1-1a:
355/995 + (8/9)(5397/7752) = 0.98

»

121

Direct Analysis Method — Application and Examples

Example 4: 10-story office building

Interaction Equation Comparison

@M, = 7,752 kip-in (Table 3-2)
(KL/r),=2.52x150/6.17 =61.26
(KL/r)y =1x150/3.71=40.43
@P,=995 kips (Eqns E3-1, E3-2)
Interaction equation H1-1a:
355/995 + (8/9)(5397/7752) = 0.98

COL 3 (ELM) COL 3 (DA)
M, = 5,397 kip-in; P, = 355 kips M, = 5,831 kip-in; P, = 355 kips
Try W14x99 Try W14x99

@M, = 7,752 kip-in (Table 3-2)
(KL/r), = (L/r),=150/6.17 =24.31
(KL/r), = (L/r),=150/3.71=40.43
@P,=1162 kips (Eqns E3-1, E3-2)
Interaction equation H1-1a:
355/1162 +(8/9)(5831/7752) = 0.97

»

122

Example 5: Long-Span Roof Truss Bracing System
KFC Yum! Center

Rendering courtesy of Populous

123
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Example 5: Long-Span Roof Truss Bracing System

KFC Yum! Center

124
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Example 5: Long-Span Roof Truss Bracing System
KFC Yum! Center

7 car g AP

Notional Loads added
3 [ to all load cases

Example 6: Retractable Roof Panel Stability — Marlins Park

<

126

125
Example 6: Retractable Roof Panel Stability — Marlins Park
9 b 7T ooo
Rt
== it N—
L A
LRI A
) XV v
EI | _
| | _
—f
Truss Profiles \ i -
i wan
3 T 7
—— WL
N AT

Roof Panel Top Framing
127

Example 6: Retractable Roof Panel Stability — Marlins Park

L T /0 [}

SOFT MOMENT FRAMES
Il i1

mm mm

K ICURVED BRACING TRUSSES

W P = Y 128
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Example 6: Retractable Roof Panel Stability — Marlins Park Example 6: Retractable Roof Panel Stability — Marlins Park
* Generate potential * Generate potential : ‘_krf!\mﬁ
buckling shapes buckling shapes G TR

.'ib FseS
B b

* Mimic effects with
notional loads

Mimic effects with
notional loads

Notional loads added to
all load combinations

* Notional loads added to
all load combinations

* Reduce system stiffness

‘.s N
\‘ WA“\ML

vx \\\\\

* Perform second-order
analyses

129

Example 6: Retractable Roof Panel Stability — Marlins Park Direct Analysis Method Application Summary

* Accurately model frame behavior

* Factor loads (even for ASD)

* Consider initial imperfections (apply notional loads)

* Reduce all stiffness that contributes to stability

* Second-order analysis —include both P-4 and P-6

K=1 for member design

Nominal (unreduced) stiffness for building periods and serviceability checks

131 132
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