AISC Live Webinar Where Did That Force Come From?
October 23, 2014 Rafael Sabelli

Thank you for joining our live webinar today.
We will begin shortly. Please standby.

Thank you.

Need Help? Call ReadyTalk Support: 800.843.9166

Today’s audio will be broadcast

through the internet.
Alternatively, to hear the audio through the phone, dial

800 757 8473.

Today’s meeting will begin shortly.
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Today’s meeting will begin shortly.
Please standby.

As a reminder, all lines have been muted. Please type any questions or comments
through the Chat feature on the left portion of your screen.

800 757 8473

Today’s audio will be broadcast through the internet. Alternatively, dial

AISC is a Registered Provider with The American Institute of Architects
Continuing Education Systems (AIA/CES). Credit(s) earned on

completion of this program will be reported to AIA/CES for AIA members.
Certificates of Completion for both AIA members and non-AIA members
are available upon request.

This program is registered with AIA/CES for continuing professional
education. As such, it does not include content that may be deemed or

construed to be an approval or endorsement by the AIA of any material of
construction or any method or manner of handling, using, distributing, or
dealing in any material or product.
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Questions related to specific materials, methods, and services will be
addressed at the conclusion of this presentation.
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Copyright Materials

This presentation is protected by US and International
Copyright laws. Reproduction, distribution, display and

use of the presentation without written permission of
AISC is prohibited.

© The American Institute of Steel Construction 2014
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Course Description

Where Did That Force Come From?
October 23, 2014

This presentation addresses the derivation of design forces for braced
frame beams and their connections for various loading conditions. In
particular, the live webinar focuses on the combination of frame-
design and diaphragm-design forces. The presentation will give a
methodology for determining consistent sets of design forces based
on increasing levels of complexity. Emphasis will be placed on clear
free body diagrams and consistent sets of forces corresponding to
clear and understandable load conditions for the frame.
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Learning Objectives

Become familiar with the design challenges when combining
frame and diaphragm forces.

Gain an understanding of the anticipated behavior,
particularly for seismic systems.

Learn and understand how to reconcile design forces in
braced-frame connections.

Gain an understanding of a practical methodology for
determining consistent sets of design forces.
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Today’s AISC Live Webinar

Where Did That Force Come From? Combining
Diaphragm and Braced Frame Forces

written and presented by
Rafael Sabelli, S.E.

Director of Seismic Design, Walter P. Moore and
Associates, San Francisco, CA.
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A consistent methodology for
combining diaphragm and
braced-frame forces that even
an engineer can understand.
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Governing forces

Design forces must
be derived for each
joint
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Types of forces

Applied load patterns of the design base shear
Wind
Seismic

= Diaphragm accelerations F,

Seismic
Inconsistent with design base shear

Member yielding capacity & system mechanism
Seismic
Inconsistent with

Design base shear Note ne
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Two definitions
& an important question

Analysis:

Application of physical laws and mathematics to compute
the deformations, internal forces, and stresses of
structures resulting from the application of loads.

Analysis:

Derivation of forces to permit the design of members and

connections resulting in a structure adequate for the
anticipated loads.

What are the forces in the braces when the Fp force
is in the diaphragm?
i, Zero” would seem to be a poor answer.
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Outline

Wind R=3.25

Seismic R>§ZBSF
R=3 )

ez SCBF
SDCC =BF
BRBF
Apply €, at collectors

. Post-buckled SCBF
Numerical example N ical I
T umerical example

SCBF
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Analysis
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Seismic (R=3)

Force
Colors

Analysis

Diaphragm
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Seismic (R=3.25)

Force
Colors
Analysis

Diaphragm
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Seismic (R>3.25)

Force
Colors

Analysis
Diaphragm

Capacity

SRASTE

i

¥
Lo W

S

MLV

*

Seismic (SCBF)

Force
Colors
Analysis
Diaphragm

Capacity

Post-
Buckling
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Wind

Each vertical force distribution is sufficient
Can be considered separately
Member forces statically balanced

Direction of load is reversible
Braces change from tension to compression

Gravity shear
Adds to shear from braces
Counteracts shear from braces

Gusset Analysis
Uniform Force Method

@ Variants
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Wind

Teorivn) colt) + Fom@)

/ Tbrace(|+1)

+Tbrace(i+1) Cos 9(i+1)

col(i+1) T Cor(i) Sin ;)

+Tbrace (i+1) sin 9(i+1)

= Teot) T Vom)

=% beam depth

e, = "2 column depth

a = column flange or web to
centroid of gusset-to-beam
connection
= beam flange or web to
centroid of gusset-to-column
connection
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Gusset Analysis

Vc(i+1
)

Hc(i+1

Hconn(i) = FCO”(i) + Hc(i+1) B Hc(i)
= Hb(i) - Fbm(i) - Hb(i+1)

%

conn.(i)

- —)
V Hconn.(i)

conn. (i)
Hg)
Vi
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Hconn(i) = Fcoll(i) + HC(i+1) - HC(i) Cco/.(i+1)
= Hy = Fom@y = Hb i)

Force
Colors i Vconn.(i

Analysis _>

conn.(i

Vieonn.(i
-«—
()

)
Heonn.

Statics

Hpyi)
Vi)

Veonn(iy = Vom@y T Vbi41y) T Vo

Part II:

Seismic
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Seismic: R=3

Vertical force distribution insufficient

Diaphragm Design

Modal Response

;«— Mode 3
I

| J— Mode 1
I

I

. I

I

Overturning
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ELF vertical distribution

Overturning

Under-
estimated |

ASCE 7
Eq. 12.8-12

Diaphragm force coefficients

Overestimated Overestimated
Shear Overturning

ASCE 7
Eq. 12.10-1

Fui2 0.2Sp5lw,,,
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Diaphragm analysis

33
Just one
example of
a collector 4o,

force
distribution

here's always a solution in steel

Seismic: R=3

Vertical force distribution insufficient

Need not abandon static equilibrium

Create 2 load cases, each satisfying equilibrium
Case 1

Vertical force distribution
Same procedure as wind

Member forces statically balanced
Governs vertical forces at connection

Case 2

Vertical force distribution with £, instead of F;
—3p= Adjustment need for static equilibrium

Apply Q, to collectors for SDC C

May govern horizontal forces at connection
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Analysis

Cbrace(i) COS Qi o (Fcoll(i) + Fbm(i))

Force
Colors

Analysis

| Diaphragm
brace(i+1)
| Statics
b

Tbrace(i+1) =

m I
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Seismic: R=3

Footnote: Modal Response Spectrum Analysis
Member forces lose signs

SRSS or CQC combination
Assume direction

Member forces not statically balanced
Case 1b

Adjust collector forces
Case 2b

Adjust brace forces above
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Feou() = Cbrace(i) cos6; NOEEI-Nle)

—Thrace(i+1) €OS O(i+1)

—Fpm@)

Analysis

MRSA

| Statics

col(®) = Tbrace(i+1) Sin 0(i+1)

col(i+1) T Cor SIN Oy — Vi

Modal response spectrum analysis

Collectors
Model collectors
Modal combination gives forces

Use “Section Cuts” to obtain difference (V;-V,,,) for
each mode
Modal combination gives forces

Do not use the difference between V., and V; after
modal combination
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Force
Colors

Analysis

| Diaphragm
MRSA

Statics

A word about Q)

Omegification

Do your analysis
Combine forces

Diaphragm collector forces
Transfer forces

Braced-frame beam forces
Omegify collector and collector connection forces
0

Q_ is not limited to F, forces

LS

o)

Q. is applied to critical, non-ductile (or not-very-ductile) elements
Braced-frame beam is a collector

\
HOILI

Wait until the end to combine with gravity loads
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Part lll:

Example:

Example

=100 kips
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Analysis

Gusset Analysis

104 kips / 226 kips
56 kips !/

104 kips
56 kips
67 kips

123 kips

67 kips ‘
123 kips\\\ .
;@ 269 kips

» *
Poupen S
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Case 1

Teor(i+1)

56 Kips

104 kips

67 kips

123 kips
123 kips

10 kips
67 kips
PRI 7-COI(I)
&,

g@

¥
Lo W

S

MLV

*

Force
Colors

Analysis

Diaphragm

| Statics
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Gusset Analysis

84 kips / 184 kips
46 kips /

84 Kips
6 Kkips
67 Kips

123 kips

\

e kips\\ 269 kips

&
A
H

Case 2

col.(i+1)
84 kips

46 kips

af —.

&7 o 123 kips

123 kips 67 Kips
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Summary

—»‘I A =V e

Case 1 T

g
339 kips | 339 ki
—

Summary of Seismic Forces
II

T, =226 kips
T, =184 kips
— R
i ‘ [
T, =10 kips
\ T, =60 kips
C, =20 kips
C, =120 kips

C, =269 kips
C, = 269 kips
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Part |V:

Seismic
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Seismic: R=3.25 (OCBF)

Vertical force distribution insufficient
Connections designed for Q E

Case 1

Vertical force distribution

Amplify all seismic forces by Q,
Collectors
Braces

Statically consistent
Case 2

OF ST
é\'\““ i,

Adjust seismic forces in brace above for static equilibrium
Apply to Q, collectors and connections

S

MLV

Vertical force distribution with £, instead of F;

*

¥
Lo W

Force
Colors

Analysis
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Analysis

| Diaphragm

Statics

Q. applied

Part V:

Seismic

2| Copyright © 2014
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Seismic: R>3.25

Vertical force distribution is insufficient
Must anticipate system yielding mechanisms

BRBF

Seismic: R>3.25

Case 1

Vertical force distribution superseded by system
yield mechanism

Substitute forces corresponding to yield capacity
Case 2

System yield mechanism with F,
System-level analysis

Capture a mechanism

Q, superseded by mechanism analysis

2| Copyright © 2014
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SCBF

= Tmax

= Ry FyAg Cbrace(i+1)
AISC 341 F2.3 4

7-brace(i+1 )

Cbrace(i) =Cmax
S cr(expected) Ag
AISC 341 F2.3

OF STE
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EBF

< *
7-brace(i+1) =T nax , Vn(|+1) <1.25*0.6 Ry FyAw
= F(Vag) <1.25"2R/F,Z/e
AISC 341 F3.3

Cbeam(i)

<1.25'0.6 R, F,A,

<1.25*2R,F,Z/e
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BRBF

Toracerry =1,

max

=1.10R F Ay

AISC 341 F4.3

Cbrace(i) = Cmax

=1.1p0R F, Ay
AISC 341 F4.3

SRASTE
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Seismic: R>3.25; Case 1

Force
Colors
Shear entering

Capacity
frame line
F1o =Fier )

Statics
Cmax(i+1 )
+F i)

D Fright(i)
+Fight)
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Seismic: R>3.25; Case 1

\ / =

Colors

i max |+1) max(|+1 )COS(G(|+1 )
Shear entering
frame line

F1

Capacity

Statics
=Fle i)
+F i)
+Fr/ght

Seismic: R>3.25; Case 1

Tco/ i+1)

(/ —

.r Fom)

‘ bml = maX| COS(9(|) Fleft' - T(i+1 Cos(e(i+1)
Beam forces derived from system mechanism

Do not use Q,
“\“MS){Q T

& col(i)
@

Poupen S

\
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ax(i)
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Seismic: R>3.25; Case 2

Force
Colors

Diaphragm
Capacity

Statics

Seismic: R>3.25; Case 2

Force
Colors

Diaphragm

Shear entering

frame line ,

F2(i) = Qon ) . Statics
= Fiert ()

Capacity

+F i)
+F g

V(I max i) +Cmax (i) COS )

/\]
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Seismic: R>3.25; Case 2

Tcol i+1)

(/

P

‘\ Fomiy = Crmaxiy €08(0G)) = Fiertgy = T (i+1) COS(Oi41)

Beam forces derived from system mechanism

CO’ max(l) Do not use Q, on top of Q;

T’ (i+1) 1/2V’(i+1)/cos(6(i+1))

69

V,y <1.25'0.6 R F,A,
<1.25*2R,F,Z/e
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EBF: Coupled link beams

One engineer’s approach:

Case 1:
Use vertical distribution.

Case 2:
Use vertical distribution with Fp.

Use distribution shapes.

Scale link shear capacity.

Part VI.

Post-buckled

2| Copyright © 2014
./ American Institute of Steel Construction
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Post-buckled SCBF

Vertical force distribution is insufficient

Must anticipate system yielding mechanisms
Case 1 for R>3.25 applies
Case 2 for R>3.25 applies

Include post-buckling condition
Case 3 required

SRASTE

@

» *
Lo W

Post-buckled SCBF

7-brace(i+1 )

Cbrace(i)

OF STgg
Sl

®
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Post-buckled SCBF; Case 3

Force
Colors

Capacity

Shear entering

frame line : min(i+1)

F3iy  =Fiem
+F i)

+Fr/ght

Fright(i)

Post-buckled SCBF; Case 3

Force
Colors

Tmax i+1) +Cmin(i+1))cos(e(i+1)) GrgEey
Shear entering
frame line
F3iy  =Fieng)
+F i)
+Fight)

maX| +Cmm (i) COS e(| )

l/ \|
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Post-buckled SCBF; Case 3

Tcol i+1)
Tbrace i+1)

o/

lj— Fomi)

‘\ Fomiy =Fietiy* Tmaxi+1) €08(0(i+1)) ~Cningiy COS(0;5))
max B Ry FyAg Cm/n_ 0.3 F A
col

Beam forces derived from system mechanlsm
mln(l) Do not use Q,

77

7-brace(i+1) =Tmax
=R, FyAg

Toracety = Tmax ) Chracey ~ =Comi
=R, F/A,
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Post-buckled SCBF' Case 3

Post-buckled SCBF; Case 3

Tco/ i+1)
7-brace i+1)

o/

me /Z[Tmam - m/n(|]S|n( |)

Fbm(i)

Fbm(i) =Fleft(| +Tmax(|+1 Cos(e(i+1))

T

max

= Ry F.VAQ
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Post-buckled SCBF; Case 3

Post-buckled SCBF; Case 3
[

) =(Tmax+1) Crmingi+1))C0S(0i41)) Capacity

Shear entering Post-
frame line : | Buckling
F3iy  =Fieng) _

+ Fmid(i) Statlcs

+Fight)
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Post-buckled SCBF; Case 3

AT%
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Part VII:

Example: SCBF

&,

g@

¥
Lo W

SRASTE

S
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Example

8.625 x0.312
HSS 8.625
VBV
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i+1)

Vi
= 562kips

max Force
=F

cr(exp) Ag

Colors

Capacity

Statics

C

max

= FCf(eXP) Ag
V

0)
=651 kips

= 387 kips

Gusset Analysis
212 kips / 462 kips
115 kips ‘/
212 kips
115 kips
96 kips
178 Kkips
96 kips ‘
S OF STy 178 kIpS\\\ 387 klpS
O
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Case 1

Teor(i+1)

PAVANS
. . 212 Kips
211 k 211 k
e
q
82 Kips
)

178 Kkips
96 Kips

Tcol.(i

i

¥
#Dunpen W

S

MLV

*

Force
Colors

Diaphragm

T=C Capacity
= 280 kips

Statics

C

max

=F cr(exp) Ag

iy
=651 kips
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Gusset Analysis

/ 280 kips

129 kips
0 kips

129 kips

70 Kips

96 Kips

178 kips

_

96 Kips

178 ki :
387 kips

Case 2

col.(i+1)
129 kips

70 Kips

(166 Kip 166 ks

|

70 kips

129 Kips

178 kips
96 kips
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V(i+1) .
= 397 kips

Force

Colors

Capacity

Gusset Analysis

212 kips

/ 462 kips
115 kips ‘/

212 kips
115 kips
29 kips

53 kips

116 kips
i
””l'nnm\“\;

<

HOILI
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Case 3

Tcol.(i+1)
PAVANS

] 4> ¥

R —
(107 ips | SR [ 266 kips|

29 Kips
53 kips

T 10 kips in
. - COLL(1) elastic analysis

@

X *
Loywpen B

Summary —>‘I i o A%

PR

®
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T

Summary of Seismic Forces

=462 kips
T, =280 kips
T, =462 kips

C, =82 kips

C, =10 kips
C, =29 kips

C, =85 kips

C3 = 266 kips
C; =21 kips

RO
&
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@
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Conclusion

Conclusion

3 types of forces must be reconciled in the design of
braced-frame connections for lateral load
Base-shear forces Wind, R=3, R>3

Equivalent lateral force
Modal response spectrum analysis

Diaphragm accelerations R=3, R>3
System yield mechanism forces R>3
Understanding the purpose of the design loads is key
to meaningful application

2| Copyright © 2014
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Conclusion

Forces can be reconciled by envisioning two separate
load cases (3 for SCBF)
Case 1

Base-shear forces or mechanism forces
Case 2

Diaphragm accelerations combined with base-shear forces or
mechanism forces
Adjustments made to satisfy statics
Load Cases can be consolidated

OF ST
AL

2,

Case 1 results in maximum vertical forces at connections
Case 2 may result in maximum horizontal forces at
connections

%
* S
MLV

* S &

Conclusion

Omegification

R3BF (SDC C), OCBF
Omegify all of E
R>3

Use mechanism analyses
Supersedes Q,

Q, still applies for collector and diaphragm
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Thank you

CEU/PDH Certificates

Within 2 business days...

* You will receive an email on how to report attendance from:

registration@aisc.org.

» Be on the lookout: Check your spam filter! Check your
junk folder!

» Completely fill out online form. Don’t forget to check the
boxes next to each attendee’s name!
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CEU/PDH Certificates

Within 2 business days...

* New reporting site (URL will be provided in the forthcoming
email).

* Username: Same as AISC website username.

+ Password: Same as AISC website password.

Please give us your feedback!
www.aisc.org/cesurvey

American Institute of Steel Construction
One East Wacker Drive, Suite 700
Chicago, IL 60601
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Thank you
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