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Basic Safey Objective (BSO)

Target Building Performance Levels*

Operational Perfor-  Immediate Occu- Life Safety Perfor- Collapse Prevention
mance Level (1-A) pancy Performonce mance Level (3-C) Performance Level

Level (1-B) (3-E)
Enﬂl:zun ke | 50%/50 year i b ( d
Hazard Leve
(ground motions 20%/50 yeor ¢ i g h
having a BSE.]
specified [ [
probability of (10%/50 year)
being exceeded
BSE-2
in a 50-year m n
period) (2%/50 year)
*Alpha-numeric idenfifiers in parentheses defined in Tuble 4-2

Motes:
1. Each cell in the above matrix represents o discrete Rehabilitation Objective
2. Three specific Rehabilitafion Objeciives ore dafined in FEMA 356:

Busic Sufety Objective = cellsk +p

Enhonced Objectives = cellsk + p+ ony of o, i, b, f j, orn

Limited Objectives = cell k alone, or cell p alone
Limited Objectives  =callsc g, d b, |
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Enhanced Objectives

Target Building Performance Levels*

Operational Perfor-  Immediate Oceu- Life Safety Perfor- Collapse Prevention
mance Level (1-A) pancy Performonce mance Level (3-C) Performance Level

Level (1-B) (3-E)
ke S0 ‘ :
Hazard Leve
(ground motions 20%/50 year ¢ f g h
having o BSE.]
specified [ [
probability of AEEh T
being exceeded
BSE-2
in a 50-year m n
period) (2%/50 year)
*Alpha-numeric identifiers in parentheses defined in Tuble 4-2

Motes:
1. Each cell in the above matrix represents o discrete Rehabilitation Objective
2. Three specific Rehabilitafion Objeciives are dafined in FEMA 356:

Busic Sufety Objective =cellsk +p

Enhonced Objectives = cellsk + p+ ony of o, i, b, f j, orn

Limited Objectives = cell k alone, or cell p alone

Limited Objectives  =callsc g, d b, |

)ip
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Limited Objectives

Operational Perfor-  Immediate Ocou- Life Safety Perfor- Collapsa Pravention
mance Level (1-A) pancy Performance ~ mance Level (3-C) Performance Level
Level (1-B) (5-E)
50%/'50 year 0 b ( d
20%/50 year 8 f g h
BSE-1 i . K |
(10%/50 year) !

*Alpha-numeric identifiers in parentheses defined in Tuble 4-2

Notes:

1. Each cell in the above mairix represents o discrete Rehabilitation Objective
2. Three specific Rehabilitafion Objectives are dafined in FEMA 356:

Busic Safaty Objective =cellsk +p
Enhonced Objectives =cellsk+p+ onyofa, e, i b f j orn
Limited Objecfives = cell k alone, or cell p alone

Limited Objecives = cells g, d. b, |
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Il. Analysis Procedures
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* MNon-linear Dynamic Procedure

4 Linear Static Procedure

.{ Linear Dynamic Procedure

*{ Displacement Coefficient MEthOdk‘

‘{ Non-linear Static Procedure

_|'- Capacity Spectrum Method
(ATC40)
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Tall,

irregular : . .
L Modelin Seismic input Advantage Disadvantage
building g P g g
S
Linear Static . . .
. Equivalent SDOF . Conservative/ Limitation
Analysis No Response spectra Very simple to analyze
(LSP) structural models

of applicablity

=

/Linear\
Dynamic \|
Analysis

’ (LDP)

-

yes

\ Nonlinear
Static
Analysis

\(NSP) /

[

Not very
accurate

MDOF model

Equivalent SDOF
structural model

Ground-motion
record

Response spectra /

Compared to linear static
procedures, higher modes
can be considered

Applicability decreases
with increasing nonlinear
behaviour

Response spectra

Accounts for the non-linear
behavior/
The ductility of the structure
can be evaluated

Never be as accurate as
Nonlinear Dynamic
Analysis

Very complicated and
Nonlinear time consuming /

Dynamic Yes Detailed structural Ground-motion The most accurate method | Calculated response can

Analysis model record (0124 be very sensitive to the
(NDP) characteristics of specific
ground motiQuéan®
?ﬁﬁ‘?\
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 Mathematical Structural Modeling
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e Seismic Input

1. Response Spectrum Input Required: LS/LDP_mode
superpositon/NSP

2. Acceleration Time Histories Required
. LDP/NDP_Time History Analysis




Selection Acceleration Time Histories (1.6.6.2)

1. Time history analysis shall be performed with no fewer than three data
sets (each containing two horizontal components) of ground motion time
histories that shall be selected and scaled from no fewer than “three
recorded events”.

2. Time histories shall have magnitude, fault distances, and source
mechanisms that are equivalent to those that control the design
earthquake ground motion. Where three recorded ground-motion time
history data sets having these characteristics are not available, simulated
time history data sets having equivalent duration and spectral content
shall be used to make up the total number required.

3. For each data set, the square root of the sum of the squares (SRSS) of
the 5%-damped spectrum of the scaled horizontal components shall be
constructed. The data sets shall be scaled such that the average value of
the SRSS spectra does not fall below 1.4 times the 5%- damped spectrum
for the design earthquake for periods between 0.2T seconds and 1.5T
seconds (where T is the fundamental period of the building).

[\IS T ‘ “SRSS= MEAN EXTREME (random vibration theory)” t@gﬁ;{%
h Ve ¥
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4. Where three time history data sets are used in the analysis of a
structure, the maximum value of each response parameter (e.g., force in
a member, displacement at a specific level) shall be used to determine
design acceptability. Where seven or more time history data sets are
employed, the average value of each response parameter shall be
permitted to determine design acceptability.

Y aeie Y
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2.7 Multidirectional Seismic Effects

Buildings shall be designed for seismic motion in any horizontal direction.
Multidirectional seismic effects shall be considered to act concurrently as
specified in Section 3.2.7.1 for buildings meeting the following criteria:

1. The building has plan irregularities as defined in Section 2.4.1.1; or

2. The building has one or more primary columns which form a part of two or
more intersecting frame or braced frame elements: === corner column

3. All other buildings shall be permitted to be designed for seismic motions
acting nonconcurrently in the direction of each principal axis of the
building.

3.2.7.1 Concurrent Seismic Effects

When concurrent multidirectional seismic effects must be considered,
horizontally oriented orthogonal X and Y axes shall be established.
Elements and components of the building shall be designed for
combinations of forces and deformations from separate analyses
performed for ground motions in X and Y directions as follows: “u.,s:‘@;‘o‘
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1. Where the LSP or LDP are used as the basis for design, elements
and components shall be designed for:
(a) forces and deformations associated with 100% of the design
forces in the X direction plus the forces and deformations
associated with 30% of the design forces in the perpendicular
horizontal Y direction, and for (b) forces and deformations
associated with 100% of the design forces in the Y direction plus
the forces and deformations associated with 30% of the design
forces in the X direction.

2. Where the NSP or NDP are used as the basis for design, elements
and components of the building shall be designed for (a) forces and
deformations associated with 100% of the design displacement in
the X direction plus the forces (not deformations) associated with
30% of the design displacements in the perpendicular horizontal Y
direction, and for (b) forces and deformations associated with 100%
of the design displacements in the Y direction plus the forces (not
deformations) associated with 30% of the design displacements in
the X direction. N TR
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3.2.7.2 Vertical Seismic Effects

For components in which Section 2.6.11 requires consideration of
vertical seismic effects (cantilever, pre-stressed elements), the vertical
response of a structure to earthquake ground motion need not be
combined with the effects of the horizontal response.
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3.2.8 Component Gravity Loads for Load Combinations

The following component gravity forces shall be considered for combination
with seismic loads.

When the effects of gravity and seismic loads are additive, the gravity loads
shall be obtained in accordance with Equation (3-3).

Qs=1.1(Qp + Q_ + Qg) (3-3)

When the effects of gravity and seismic loads are counteracting, the gravity
loads shall be obtained in accordance with Equation (3-4).

Qs=0.9Qp (3-4)

where:

Qp = Dead-load (action).

Q, = Effective live load (action), equal to 25% of the unreduced design live
load, but not less than the actual live load.

Qg = Effective snow load (action) contribution to W, specified in Section

3.3.1.3.1.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU




“FEMA 3562 1 & 0| CtA EBtAH S

The analysis procedure shall comply with one of the following:

1) Linear analysis subject to limitations specified in Section 2.4.1, and
complying with the Linear Static Procedure (LSP) in accordance with
Section 3.3.1, or the Linear Dynamic Procedure (LDP) in accordance with
Section 3.3.2. N EE

2) Nonlinear analysis subjecyt()'limitations specified in Section 2.4.2, and
complying with the Nonlinear Static Procedure (NSP) in accordance with
Section 3.3.3, or the Nonlinear Dynamic Procedure (NDP) in accordance
with Section 3.3.4.

3) The analysis results shall comply with the applicable acceptance
criteria selected in accordance with Section 2.4.4.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU ¥



* The linear procedures maintain the traditional use of a linear stress-
strain relationship, but incorporate adjustments to overall building
deformations and material acceptance criteria to permit better
consideration of the probable nonlinear characteristics of seismic
response.

 The Nonlinear Static Procedure, often called “pushover analysis,” uses
simplified nonlinear techniques to estimate seismic structural
deformations.

* The Nonlinear Dynamic Procedure, commonly known as nonlinear time
history analysis, requires considerable judgment and experience to
perform, and may be used only within the limitations described in
Section 2.4.2.2 of this standard.

L : ) v N
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Note: “Pushover” (or nonlinear static lateral load) analysis-based method, all.
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Y o] e Ao WaE ogrtA ooz i 58 FA+E AQlsE Ao 44 \
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2.1 Conceptual Basis

(1) Modal expansion of excitation vector P(t)= S xp(t)

mi+ cl + ku = Sp(t) P®=SX p(t)
2 CE

ex) P(t) = -m{L}ii, () « EQ loading
S = -mi{L}, p(t) = tiy (1)

N N - o
2" ; g :;({:r)x@?rx'l
.

?

1o
I
N
A

N 2L E +38 (constant vector)

SHLIHE 0 &
?nqn(t))

Tl
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oM
=
rt
0x
J
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0K
N

=R

”nzf d, (0. £, =-

N orthogonalit
418 =41 Y Iemg, o s 4's
=T —=———and S =I,xmg¢_
M

r=1
T
:Fn(QTm¢ ):Fn n Mn ?nm?n
n—2=Ln N“E ‘-‘.‘
ey

Y
Ve ¥
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU %il Ei\?



i
40
i
(o
"

“s 2 BXln Xt IS 2¢

mi+ c? + ku = Sp(t) =[S, + S, +...+ Sy |xp(®)
= [Fl me¢ +...+1Iy m?dxp(t)

g [mi+ c2 + ku] = g7 [T,mg +..+Tymg, |xpt
= ¢'T,mg xp(t)

— e e e e o o
— - -

n Xt2E° SHSYH S partial force vector Sn0f|2t AZ2EE & &= AUS

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU



(2) The most appropriate of EQ loading (for static procedure, given a response spectrum)

-y

f F‘F m¢ ) Sa(&n T) e (*)

\_/
~

/\/ \/\ the most general form of the lateral force vector

Equivalent static to be used in a pushover analysis.
force distribution

If n=1, only the first mode contributions are considered.

' Vi |
> . o0 |
Aroof
. o o e Mechanism
(_f —_n” (usually, several
if n= g 1 e story mechanism)
_ S - o
Approximately
triangular ye e - -
attern
P - Vb Aroof

%5

4
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2.2 Summary of Disp. Coef. Method (FEMA 356)

qn + 2gnmnqn +(Dﬁ = _Fnﬁg (t)

/V
“‘Decoupled modal -¢ 7
eq. using normal In
coordinate” ¢
Unmax = ?n X0nmax = ?n X FnSd (fn’wn ): ?n X FnSd (fn’wn )
_¢Nn_
1XFZ2 EJF X8 & 0l 2 (n= 1) N= Roof level 2 112{0lH,

|
| U; RooFmax = ¢N1 X Flsd (519 a)l) :¢N1 X r1Sa (51 = 5%, a)l)/wlz

: :F\/¢/N1 Xf,lsa (51 = 5%, a)l)/(Zﬂ-/Tl)z

e

“Basic” roof(£0l| control level) target disp. for pushover
analysis

Co

S
i

WS
xil—fé
(N £5

S
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Roof Target Displacement for DCM

“FINE-TUNING FACTORS”

_ Appromimataly balencs
areas abive

il bearhera

T

_— l - T2
O _C IC C, CaiS
t=-0,1 -2 ~3!9a 8 t

______ 41-[ 2 — .ﬁ.r.p'm:ﬂalﬂyrr:‘anr‘\?
T, =Effective fundamental period of the building m‘;:_ """" el
S, = Response spectrum acceleration e K, m.

: : e i F

g = acceleration of gravity ) Nooat poct ot oo 3
Co = Modification factor to relate spectral displacement Flgure 31 ldeslized Foree Displacement Curves
C; = Modification factor to relate expected maximum inelastic displacements to
displacements calculated for linear elastic response
C, = Modification factor to represent the effect of pinched hysteretic shape, stiffness
degradation and strength deterioration on maximum displacement response
C3z = Modification factor to represent increased displacements due to dynamic P-A effects

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU




zi(wz'q)i,l)/g
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l_‘l:}{ip.:‘:a:*:rzl-z,l

Kq}mﬂ,l

['1 = modal participation factor




1.0 for r,2Tg PGV
[1.0+ (R—1)Tg/T,1/R for T,< Ty
- ’ I ool ™
| 2y 7
V I |
, V
I |
L D :
D
Table 3-3 Values for Modification Facto
=01 second?® Tz T second®
Framing Framing Framing Framing
Structural Performance Level Type 11 Type 22 Type 1 Type 22
Immediate Occupancy 1.0 1.0 1.0 1.0
Life Safety 1.3 1.0 1.1 1.0
Collapse Pravention 1.5 1.0 1.2 1.0

Stochwes mowloch more than 20% of the story shear at auy level 15 resisted by auy combination of the following components, elemants, or Sames:
crdinary moment-resizing frames, concentrically-braced frames, fiames with partially-restamed comnections, tension-only braces, vmreinforced masonmy
walls, shear-criteal, piers, amd spandrels of remforced concrete or masoury.

2. All frames not aszizned to Framing Type 1.

3. Linear interpolation shall be used for mimmoediate values of T,

2y
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU ¥ ¥



R=—=-C
v/ W

v a = Ratio of post-yield stiffness to
effective elastic stiffness.

“Jealt =01 C1, C2, C3
S Al=+Jt1.022 HIHE

4 01”
AL O

= seismic force
reduction factor
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Lateral Load Pattern for Pushover

Lateral loads shall be apphed to the mathematical
model m proportion to the dismbunon of mmerta forces
m the plane of each floor diaphragm. For all analyses. at
least two verfical dismbutions of lateral load shall be
apphed. One pattern shall be selected Tom each of the

following two groups:

1. A modal pattern selected from one of the following:

Ol

1.1

A wertical distribution proporfional to the
values of O, given m Eguation (3-12). Use of
this dismbution shall be permutted only when
more than 75% of the total mass participates in
the fundamental mode n the direction under
consideration, and the wniform dismbunion 12
also used.

shape of the fimdamental mode 1n the dirsction

1 consideration. Use of this distribution
shall be permited only when more than 75% I
of the total mass participates m thismode. | _,

. A wertical distribution propertional to the I

 shear distribution caleulated by combinmg I

modal responses flom a response specum
analysis of the building, including sufficient
modes to capiure at least 90% of the total I
building mass, and using the approprate

ground motion spectrum. This distribution shall I

Ie used when the penod of the fimdamental

mode exceeds [0 seca I
—_—— o —— e — e ]

[ )

=

2. A second pattemn selected from one of the following:

I 2.1, Auufone dismbution consisting of lateral

ToTCes at each tevel proporional to the total

mas3 at each level.

22 Ap adaptive load distribution that changes as
the structurs 15 displaced. The adaptive load
dismbution shall be modified from the criginal
load dismibution using a procedure that
considers the properties of the yieldad
smuchure.

The distnbuotion of lateral inertial forces determmnes
relative magmtudes of shears, moments, and
deformations within the strocture. The distnbution of

these forces will vary contimiously dur e
response as porions of the structure yi aﬁ%s
charactenstics change. The extremes of this
distribution will depend on the seventy of the

earthquake shaking and the degree of nonlmear
response of the structure. Use of more than one lateral
load pattern 15 intended to bound the range of design
actions that may occcur dunng actual dynanuc
TESPOTISE.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU




2.3 Capacity Spectrum Method (ATC 40)

* The concept of capacity spectrum and ADRS conversion

\ Acceleration

Displacement
Response Spectrum

A Sa A
Pushover = ADRS
curve curve
(or Capacity curve) |
Aroof Sd

. . 2 .

Un +26h0n0n + o = _Fnug(t)
¢1n
¢2n

Un max = ?n X Onmax = Zjn X FnSd (’:en’a’n ) = . X Fnsd (fn’a’n )
_¢Nn_

If DOF N represents the roof level, and only the first-mode contribution is considered,

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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Un,max(=Uroof, max) = ;E'?MFISQ’@' 1, G:}l) ------ (%)

Eq.(%) is used to convert the roof displacement from a pushover analysis to the First-modal
spectral displacement in the capacity spectrum procedure.

Sd _ UN,max :
g Tiga

To establish the equivalent first-mode spectral acceleration from the base shear.

From pushover
analysis

Or

f 1= F1m¢1>< Sa(gl,Tl) e Fol A(*) #X (&9 equivalent static force)
nx1 nXnnX1
Vb

Vb1 = {1}T£= T} mgrxSa(1T1) or Sa({1.T1) = - {l}T g

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU ‘éi,l Eg\?
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ATC 40 advocates the use of the CSM to evaluate the overall adequacy of

design of a structure system. The term “capacity spectrum” refers to an
altered form of the pushover curve for the building.

k Provides a representation of both displacement and the force
capacity of a building in terms of roof drift and base shear, respectively.

The CSM involves a simple graphical procedure wherein the reformatted
capacity curve is compared to the seismic demand curve, which is also
expressed in a similar format. The objective is to determine the “performance
point” of the structure that identifies the demand corresponding to the hazard
at the site specified in terms of a response spectrum.

» Determining Capacity
The preferred method of choice = nonlinear static or pushover analysis

gy ° ) Fl{l}mél

Y
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \\’Zu@ Y
W

- Conversion to ADRS Format Sy = Aroot Vi




L. e T ~ «—— — Performance point
Determinindg. demand

J
-

N~ _———_——-

Given : Design spectrum (or demand spectrum)

Sa A
Elastic design spectrum (5% damping, usually)
Reduced spectrum (or inelastic spectrum)
| : corresponding to ¢,
Ty T, T3 T
S T 2 Sa 272'
Sd = a2 :( ) )(Sa ’ _:(_)2 :Z ...... (*)
Wn 27 Sq T

g

S
=9 4

e
S
2
B
55
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Elastic spectrum —| Capacity curve

Reduced spectrum

: overlaying demand and capacity spectrum

If the elastic design spectrum is used to create the demand spectrum, the
overlaying is valid only if the structural response is also elastic

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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The concept of equivalent viscous damping is used to reduce the elastic
spectrum to an inelastic spectrum in the CSM.

1 1B /1 EEf\l
(Q/a)) A7 Es \‘ 7w Es /

\

— e = /

Cd=

Frequency ratio

F.
Ep ,>/ Forcing to natural
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* New mark —Hall spectrum for general damping
values (including high damping): EPP

3.21-0.68 In(lOOQ’eq)

SRa = 512
* % % |
( ) [ 2.31—-0.41In(100 eq)
SRy =
1.65
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Performance point

(Iteration procedure, graphical method)

(1) Trial displacement (8,) : Sy,,= 9;

(2) S, on capacity curve

Bilinear approx.( energy equivalence reasonable)
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(3) Use (%) and (% %) to get {,
(4) Reduce elastic spectrum using (% % %)

|
{ elastic

SRV((eq )

Reduced spectrum({,, )

SRA ((eq) -]

(5) Superpose reduced spectrum and ADRS-formatted capacity spectrum

Sa A ; )\1 )\2
/ / Capacity curve
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3. Linear Procedure
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* Method to Determine Limitations on Use of Linear Procedures
(2.4.1.1)

The results of the DCR (Demand to Capacity Ratio) analysis shall be used to identify the
magnitude and uniformity of distribution of inelastic demands on the primary elements and
components of the lateral-force resisting system:

QUD
DCR = 2-1
Q (&0

CE

| Qup = Force demand due to the gravity and earthquake loads calculated in accordance |
| with Section 3.4.2. |
| Qce = Expected strength capacity of the component or element, calculated as specified in |
| Chapters 5 through 8. |
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* DCRs shall be calculated for each action (such as axial force, moment, shear) of each primary
component: Ct2 heuristic!

* The critical action for the component shall be the one with the largest DCR. The DCR for this action
shall be termed the critical component DCR.

*The largest DCR for any element at a particular story is termed the critical element DCR at that story.

The applicability of linear procedures shall be determined as follows:
1) If all component DCRs < 2.0, then linear procedures are applicable (Jt2 =& =1

Ol

).

2) If one or more component DCRs exceed 2.0, and no irregularities described in Sections 2.4.1.1.1
through 2.4.1.1.4 are present, then linear procedures are applicable (Ot& S48 =0 F).

3) If one or more component DCRs exceed 2.0 and any irregularity described in Section 2.4.1.1.1
through Section 2.4.1.1.4 is present, then linear procedures are not applicable, and shall not be used.

Nonlateral force.

lllll ting bay
Sections 2.4.1.1.1 through -, ~
24.1.1.4: YHSHSZ/F AW T

= Sethack shear wail
Isevere weak story/H| S HIE S N\ Lowrsitorce-msinsrg ot Bt sory
ot 2tCtSF TFCE 2 Figure 2-2 Typical Building with Out-of-Plane Offset

0“ [:H Ol_l- I_I- I_I- Ol_l- J J — j-l = X‘” Al Figure 2-1 In-Plane Discontinuity in Lateral System Irregularity
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* NSP Supplemented by LDP

» Nonlinear procedures shall be used for analysis of buildings when linear procedures are
not permitted.

» The NSP shall be permitted for structures in which higher mode effects are not significant:
Higher mode effects shall be considered significant if the shear in any story resulting from
the modal analysis considering modes required to obtain 90% mass participation exceeds
130% of the corresponding story shear considering only the first mode response: = 11X} 2
C SJ30% Ol &0|H NSP =},

* If higher mode effects are significant, the NSP shall be permitted if an LDP analysis
is also performed to supplement the NSP. Buildings with significant higher mode effects
must meet the acceptance criteria of this standard for both analysis procedures, except that
an increase by a factor of 1.33 shall be permitted in the LDP acceptance criteria for
deformation-controlled actions (m-factors) provided in Chapters 5 through 9.

Y
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*When the NSP is utilized on a structure that has significant
higher mode response, the LDP is also employed to verify the
adequacy of the design. When this approach is taken, less
restrictive criteria are permitted for the LDP, recognizing the
significantly improved knowledge that is obtained by performing
both analysis procedures.

Nonlinear Dynamic Procedure

* The NDP shall be permitted for all structures. An analysis performed using the NDP shall
be reviewed and approved by an independent third-party engineer with experience in
seismic design and nonlinear procedures.
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Ill. Acceptance Criteria

The current thinking in FEMA 356 is that the performance of a
component in the system is critical to the overall seismic

performance of the building. Consequently, acceptance criteria are
specified at the element level.
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* Relation of

Structural (global)

performance levels to
the limiting damaging
states as reportyed in

FEMA 356:

Secondary

Drift

Steel Moment Frames  Primary

Secondary

Drift

Braced Steel Frames Primary

Secondary
Drift

hinge formation in ductile
elements. Limited cracking
and/or splice failure in
some nonductile columns.
Severe damage in short
columns.

Extensive spalling in
columns (limited
shortening) and beams.
Severe joint damage. Some
reinforcing buckled.

4% transient
or permanent

Extensive distortion of
beams and column panels.
Many fractures at moment
connections, but shear
connections remain intact.

Same as primary.

5% transient
or permanent

Extensive yielding and
buckling of braces. Many
braces and their
connections may fail.

Same as primary.

2% transient
or permanent

beams. Spalling of cover
and shear cracking (<1/8"
width) for ductile columns.
Minor spalling in nonductile
columns. Joint cracks
<1/8" wide.

Extensive cracking and
hinge formation in ductile
elements. Limited cracking
and/or splice failure in
some nonductile columns.
Severe damage in short
columns.

2% transient;
1% permanent

Hinges form. Local buckling
of some beam elements.
Severe joint distortion;
isolated moment
connection fractures, but
shear connections remain
intact. A few elements may
experience partial fracture.

Extensive distortion of
beams and column panels.
Many fractures at moment
connections, but shear
connections remain intact.

2 5% transient;
1% permanent

Many braces yield or buckle
but do not totally fail. Many
connections may fail.

Same as primary.

1.5% transient;
0.5% permanent

Table C1-3  Structural Performance Levels and Damage’ 2 3—Vertical Elements
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Concrete Frames Primary Extensive cracking and Extensive damage to Minor hairline cracking.

Limited yielding possible at
a few locations. No
crushing (strains below
0.003).

Minor spalling in a few
places in ductile columns
and beams. Flexural
cracking in beams and
columns. Shear cracking in
joints <1/16" width.

1% transient;
negligible permanent

Minor local yielding at a few
places. No fractures. Minor
buckling or observable
permanent distortion of
members.

Same as primary.

0.7% transient;
negligible permanent

Minor yielding or buckling of
braces.

Same as primary.

0.5% transient;
negligible permanent

S
"
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Table C1-3 Structural Performance Levels and Damage’f 2 3__Vertical Elements (continued)
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Concrete Walls Primary Major flexural and shear Some boundary element Minor hairline cracking of
cracks and voids. Sliding at  stress, including limited walls, <1/16" wide.
joints. Extensive crushing  buckling of reinforcement.  Coupling beams
and buckling of Some sliding at joints. experience cracking
reinforcement. Failure Damage around openings. <1/8" width.
around openings. Severe  Some crushing and flexural
boundary element damage. cracking. Coupling beams:
Coupling beams shattered  extensive shear and
and virtually disintegrated.  flexural cracks; some
crushing, but concrete
generally remains in place.
Secondary Panels shattered and Major flexural and shear Minor hairline cracking of
virtually disintegrated. cracks. Sliding at joints. walls. Some evidence of
Extensive crushing. Failure sliding at construction
around openings. Severe  joints. Coupling beams
boundary element damage. experience cracks <1/8"
Coupling beams shattered  width. Minor spalling.
and virtually disintegrated.
Dirift 2% transient 1% transient; 0.5% transient;
or permanent 0.5% permanent negligible permanent
Unreinforced Masonry  Primary Extensive cracking and Extensive cracking and Minor (<1/8" width)
Infill Walls crushing; portions of face some crushing but wall cracking of masonry infills
course shed. remains in place. No falling and veneers. Minor spalling
units. Extensive crushing in veneers at a few corner
and spalling of veneers at  openings.
cormers of openings.
Secondary Extensive crushing and Same as primary. Same as primary.
shattering; some walls
dislodge.
Drift 0.6% transient 0.5% transient; 0.1% transient;
or permanent 0.3% permanent negligible permanent
Unreinforced Primary Extensive cracking; face Extensive cracking. Minor (<1/8" width)
IMasonry (Noninfill) course and veneer may Moticeable in-plane offsets  cracking of veneers. Minor
Walls peel off. Noticeable in- of masonry and minor out-  spalling in veneers at a few
plane and out-of-plane of-plane offsets. comer openings. No
offsets. observable out-of-plane
offsets.
Secondary Nonbearing panels Same as primary. Same as primary.
dislodge.
Drift 1% transient 0.6% transient; 0.3% transient; _\§
or permanent 0.6% permanent 0.3% permanent ,\’,@,
m——
. . . . Y N/
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Table C1-3 Structural Performance Levels and Damage’s % 3__Vertical Elements (continued)
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 $-3 S-1
Reinforced Masonry Primary Crushing; extensive Extensive cracking Minor (<1/8" width)
Walls cracking. Damage around  (<1/4") distributed cracking. No out-of-plane
openings and at corners. throughout wall. Some offsets.
Some fallen units. isolated crushing.
Secondary Panels shattered and Crushing; extensive Same as primary.
virtually disintegrated. cracking; damage around
openings and at corners;
some fallen units.
Drift 1.5% transient 0.6% transient; 0.2% transient;
or permanent 0.6% permanent 0.2% permanent
Wiood Stud Walls Primary Connections loose. Nails Moderate loosening of Distributed miner hairline
partially withdrawn. Some  connections and minor cracking of gypsum and
splitting of members and splitting of members. plaster veneers.
panels. Veneers dislodged.
Secondary Sheathing sheared off. Connections loose. Nails Same as primary.
Let-in braces fractured and  partially withdrawn. Some
buckled. Framing splitand  splitting of members and
fractured. panels.
Dirift 3% transient 2% transient; 1% transient;
or permanent 1% permanent 0.25% permanent
Precast Concrete Primary Some connection failures  Local crushing and spalling  Minor working at
Connections but no elements dislodged. at connections, but no connections; cracks
gross failure of <1/16" width at
connections. connections.
Secondary Same as primary. Some connection failures  Minor crushing and spalling
but no elements dislodged. at connections.
Foundations General Major settlement and filting. Total settlements <6" and  Minor setflement and

differential settlements
<1/2" in 30 ft.

negligible tilting.

1. Damage states indicated in this table are provided to allew an understanding of the seventy of damage that may be sustained by various structural elements
when present in structures meeting the definitions of the Structural Performance Levels. These damage states are not intended for use in post-sarthquake
evaluation of damage or for judging the safety of, or required level of repair to, a structure following an earthquake.

ta

Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are not intended to be used as acceptance criteria for

evaluating the acceptability of a rehabilitation design in accordance with the analysis procedures provided in this standard: rather, they are mdicative of the
range of drift that typical structures containing the indicated structural elements may undergo when responding within the various Struetural Performance
Levels. Dnft control of a rehabilitated structure may often be governed by the requirements to protect nonstructural components. Acceptable levels of
foundation settlement or movement are highly dependent on the construction of the superstructure. The values indicated are intended to be qualitative
deseriptions of the approximate behavior of structures meeting the indicated levels.

e

For limiting damage to frame elements of infilled frames, refer to the rows for concrete or steel frames.

4
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- and Force-Controlled Actions

All actions shall be classified as either deformation controlled or force-controlled using
the component force versus deformation curves shown in Figure 2-3.

“Deformation-controlled if e > 2g” “Eorce-controlled”

___________ 1 1,2,3
_a
g e A0 g A
Type 1 curve Type 2 curve Type 3 curve

: Figure 2-3 Component Force Versus Deformation Curves

“E5| pushoverdi &0l M Ol 37Xl JH20| StLIHE & &

%
Y mele Y
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* The Type 1 curve depicted in Figure 2-3 is
representative of ductile behavior where there is an
elastic range (point O to point 1 on the curve) followed
by a plastic range (points 1 to 3) with non-negligible
residual strength and ability to support gravity loads at
point 3.

The plastic range includes a strain hardening or
softening range (points 1 to 2) and a strength-
degraded range (points 2 to 3).

Type 1 curve

Primary component actions exhibiting this behavior
shall be classified as deformation-controlled if the
strain-hardening or strain softening range is such that
e > 2g; otherwise, they shall be classified as force-
controlled.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \Ji‘| Es‘z"i
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Type 3 curve

The Type 2 curve depicted in Figure 2-3 is
representative of ductile behavior where there is
an elastic range (point 0 to point 1 on the curve)
and a plastic range (points 1 to 2) followed by loss
of strength and loss of ability to support gravity
loads beyond point 2. Primary component actions
exhibiting this type of behavior shall be classified
as deformation-controlled if the plastic range is
such that e> 2g; otherwise, they shall be classified
as force controlled.

The Type 3 curve depicted in Figure 2-3 is
representative of a brittle or nonductile behavior
where there is an elastic range (point O to point 1
on the curve) followed by loss of strength and loss
of ability to support gravity loads beyond point 1.
Primary component actions displaying Type 3 they
shall be classified as force-controlled.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \,’4‘,,| Ei\?
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1) Acceptance criteria for primary components that exhibit Type 1 and 2
behavior are typically within the elastic or plastic ranges between points 0
and 2, depending on the performance level.

2) Acceptance criteria for primary components exhibiting Type 3 behavior will
always be within the elastic range.

2
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* Classification of force- or deformation-
controlled actions are specified for framing
components in Chapters 5 through 8:
Classification as a deformation-controlled

action is not up to the discretion of the user:
AMNEXC LEUA NOIS TR SAS

* A given component may have a
combination of both force- and deformation-
controlled actions.

*Deformation-controlled actions have been
defined in this standard by the designation
of m-factors or nonlinear deformation
capacities in Chapters 5 through 8.

* In the absence of component testing
justifying Type 1 or Type 2 behavior, all other
actions are to be taken as force controlled.

Table C2-1 Examples of Possible
Deformation-Controlled and
Force-Controlled Actions

Deformation- Force-
Controlled Controlled

Component Action Action

Moment Frames

* Beams Moment (M) Shear (V)

* Columns M Axial load (P), V

* Joints = VA

Shear Walls M, P

Braced Frames

* Braces P -

* Beams - P

» Columns - P

» Shear Link vV P.M

Connections P. V. M° P, V.M

Diaphragms M. /2 P.V,M

1. Shear may be a deformation-controlled action in steel moment frame

construetion.

2. Ifthe diaphragm carries lateral loads from vertical seismic resisting
elements above the diaphragm level, then M and V shall be
considered force-controlled actions.

3. Axial, shear, and moment may be deformation-controlled actions for
certain steel and wood connections.

Y
& ¥
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Figure C2-1 shows the generalized force versus deformation curves used throughout this
standard to specify component modeling and acceptance criteria for deformation-controlled
actions in any of the four basic material types.

Q Q
— A — A A
Q, Q, 10
b e 3 les LS
S P s CP
a =]] d | 8 P s
N
1.0 B C B ¢ = B ¢
£
i o
D =513 D El¢ = b E
A ¢ A ¢ A .
OorA B 1.0 i , A ,or A - Deformation or deformation ratio -
(a) Deformation 6 4, h
(b) Deformation ratio (c) Component or element deformation

acceptance criteria

. Figure C2-1 Generalized Deformation-Controlled Component Force-Deformation
Relations for Depicting Modeling and Acceptance Criteria
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) e e e - .
Plastic Rotation Residual Plastic Rotation Angle, Radians
Angle, Strength
Radians Ratio Primary Secondary
Component/Action a b c 10 LS CP LS CP
IBeams—erxure
| ]
I a 22{ < 52
I3
7 NFye
/I/' an c’; 96, 116, 06 18y 66, 86y 98, 116,
“LHEIl 2™HE ho_ Al8
zAgeEst | W .
= Z2MEY Z
o b 25 > 63
S (Deform. 7
A" yve
CO ntro | | ed or 49\1{ 69\; 0.2 0 259\1{ 29-}. 39\1{ 39\1{ 49\;
memberz & h . 640
?r%l ” r11-' ,\,FJ-G
Linear interpolation between the values on lines a and b for both flange slenderness (first term) and
c. Other web slenderness (second term) shall be performed, and the lowest resulting value shall be used

|

- * Elastic stiffnesses and values for the parameters a, b, ¢, d, and e that can be used
I for modeling components are given in Chapters 5 through 8.

» Acceptance criteria for deformation or deformation ratios corresponding to the
target Building Performance Levels of Collapse Prevention (CP), Life Safety (LS),
and Immediate Occupancy (I0) as shown in Figure 2-1(c) are given in Chapters 5

through 8.

Table 5-6

— —

Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel
Components

( Modeling Parameters )

( Acceptance Criteria \
— —
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V. Performance Evaluation of LDP
(Linear Dynamic Procedure)
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1. Basis of Analysis Procedure

Modal spectral analysis is carried out using linearly- EI?; jlf ’O? ;0“ RS &=
elasfic response specfra that are not modified to — 77

account for anticipated nonlinear response. As with the eI

LSP, it 1s expected that the LDP will produce g
displacements that approximate maximum i l AT BT
displacements expected during the design earthquake, \% I

but will produce internal forces that exceed those that ———
would be obtained in a vielding building.

Calculated internal forces typically will exceed those
that the building can sustain because of anficipated
melastic response of components and elements. These
design forces are evaluated through the acceptance
criteria of Section 3.4.2, which mnclude modification
factors and alternative analysis procedures to account
for anticipated inelastic response demands and
capacities.

V.
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Response Spectrum vs. Time History Method

3.3.2.2.3 Response Spectrum Method

Dynamic analysis using the response spectrum method
shall calculate peak modal responses for sufficient
modes to capture at least 90% of the participating mass

of the building 1n each of two orthogonal principal
“horizontal directions of the building. Modal damping
ratios shall reflect the damping in the building at
deformation levels less than the yield deformation.

Peak member forces, displacements, story forces, story
shears, and base reactions for each mode of response
shall be combined by either the SRSS (square root sum
of squares) rule or the CQC (complete quadratic
combination) rule.

Multidirectional seismic effects shall be considered in
accordance with the requirements of Section 3.2.7.

3.3.224 Time History Method

Dynamic analysis using the tune history method shall
calculate building response at discrete tume steps using
discretized recorded or synthetic time histories as base
motion. The damping matrix associated with the
mathematical model shall reflect the damping in the
building at deformation levels near the yield
deformation.

Response parameters shall be calculated for each time
history analysis. If three or more time history analyses
are performed, the maximum response of the parameter
of interest shall be used for design. If seven or more
consistent pairs of horizontal ground motion records are
used for time history analysis, use of the average of all
responses of the parameter of mterest shall be permitted
for design.

Multidirectional seismic effects shall be considered in
accmdance W 1‘[11 the 1eq1111e111en‘rs of Secnon 3.2.7.
/ 1
111'1’[11&11:1'1‘[1{:'11 model using simultaneously imposed
consistent pairs of earthquake ground motion records

along each of the horizontal axes of the building shall
be permitted.
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Determination of Forces and Doformations

3.3.2.3.1 Modification of Demands

All forces and deformations calculated using either the
Response Spectrum or Time History Analysis Methods
shall be multiplied by the product of the modification
factors C;, C,, and C; defined in Section 3.3.1.3, and
further modified to consider the effects of torsion in
accordance with Section 3.2.2.2.

“UEE 1.0 24"




2. Acceptance Criteria for LDP

Prior to selecting component acceptance criteria,
actions shall be classified as deformation-controlled
or force-controlled.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU



Computation of Action Demands

3.4.211 Deformation-Controlled Actions

Deformation-controlled design actions O, shall be

calculated in accordance with Equation (3-18):

OQup = Q6+ Ok (3-18)
where:
O = Action due to design earthquake loads
calculated using forces and analysis models
described 1n either Section 3.3.1 or
Section 3.3.2 1
Os = Action due to design gravity loads as V |
defined in Section 3.2.8
Oup = Deformation-controlled design action due to
gravity loads and earthquake loads |
Because of possible anticipated nonlinear response of D

the structure, the design actions as represented by
Equation (3-18) may exceed the actual strength of the

component or element to resist these actions. The “The concept of
acceptance criteria of Section 3.4.2.2.1 take this equivalent linear
overload 1nto account through use of a factor, m, which / strength”

1s an indirect measure of the nonlinear deformation
capacity of the component or element.

&

o5
E
==
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3.4.21.2 Force-Controlled Actions

Force-controlled design actions, Oz shall be
calculated using one of the following methods:

1. Qg shall be taken as the maximum action that can

be developed in a component based on a limit-state
analysis considering the expected strength of the
components delivering load to the component under
consideration, or the maximum action developed in
the component as limited by the nonlinear response
of the building.

2. Alternatively, O shall be calculated in accordance
with Equation (3-19).

Og
- = + —
Q[;F QG - Cj (_‘_f} C3 J

3-19)

The basic approach for calculating force-controlled
actions for design differs from that used for
deformation-controlled actions because nonlinear
deformations associated with forced-controlled actions
are not permitted. Therefore, force demands for force-
controlled actions should not exceed the force capacity

(strength).

Ideally, an inelastic mechanism for the structure will be
identified, and the force-controlled actions, Qur for
design will be determined by limit analysis using that
mechanism. This approach will always produce a
conservative estimate of the design actions, even if an
incorrect mechanism is selected. Where it is not
possible to use limit (or plastic) analysis, or in cases
where design forces do not produce significant
nonlinear response in the building, it is acceptable to
determine the force-controlled actions for design using
Equation (3-19).

v
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O ICoefﬁcients C;, C,, and C; were introduced 1n

Ourp = Us * IZ«'T‘FT]/' Equation (3-10) to amplify the design base shear to
{7273 (3-19) lachieve a better estimate of the maximum I
|displacements expected for buildings responding in the]

where: |1'1_1elastic range. Displacement amplifiers. C;, C5, and |

QUF

J

C; are divided out of Equation (3-19) when seeking an

= Force-controlled design action due to gravity estimate of the force level present in a component

loads 1n combination with earthquake loads e S :
e — — = WED the building is responding inelastically.
Force-delivery reduction factor, greater than
or equal to 1.0. taken as the smallest DCR of I J is included for force-controlled actions-
the components in the load path delivering appear more advantageous to tre action as
force to the component in question, calculated | foree-controlle ess than J.

I in accordance with Equation (2-1). I However, proper applitatierrof force-controlled
Alternatively, values of J equal to 2.0 in criteria requires a Linai is of demand and

Zones of High Seismicity, 1.5 in Zones of I lower boun
Moderate Seismicity, and 1.0 in Zones of Low
Seismicity shall be permitted when not based I

on calculated DCRs. J shall be taken as 1.0 for

the Immediate Occupancy Structural

Performance Level. In any case where the I\
I forces contributing to O are delivered by

components of the lateral force resistin I " -
I systfm that remain elastic, J shall be taien as Take J= 1_§ =otd E

Lo | s=mons=2zs

ormation-controlled.

NP HATO H 2

| —

v
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \Vé,ul Eﬁi
W



Acceptance Criteria for “Deformation-Controlled” Actions

“Equivalent linear strength”

W

mxQcr 2 Oup (3-20)

where:
m = Component or element demand modifier
(factor) to account for expected ductility
associated with this action at the selected
Structural Performance Level. m-factors are
specified in Chapters 4 through 8

Ocp™ Expected strength of the_ component or
' element at the deformation level under
consideration for deformation-controlled
actions

K = Kappa= 1.0 for new construction

I
10k, the expected strength. shall be determined |

Iconsidering all coexisting actions on the componen't
lunder the design loading couditim;iy procedures :
1

“Jt™ P-M interaction0| D& HOtst= &R

e 5-5

Acceptan/e Criteria for Linear Procedures—Structural Steel Components

e B
< m-factors for Linear Procedures! ,
e I ———————

Primary Secondary
nponent/Action 10 LS ‘ CP LS ‘ CP
ims — flexure /
a He v r r‘ r
=ty JF.
v 2) 6 ) 8 ) 10 12
and
h < 418 \ \. \‘
o b &
'ff »V’F_\‘e
1.25 2 3 3 4
or
Lysh
fu mt'lFJ‘e
Linear interpolation between the values on lines a and b for both flange slenderness
c. Other (first term) and web slenderness (second term) shall be performed, and the lowest

resulting value shall be used

AERIUE D

A 6li OF;

2t PASYE MFHYOI MAIZO AS (SAXZ It ALY expected

yield strength, &2 X2 & BIAIIS)
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Acceptance Criteria for “Force-Controlled” Actions: J|2& 22 “BtH &
s A7

3.4.2.2.2 Force-Controlled Actions

Force-controlled actions in primary and secondary
components and elements shall satisfy Equation (3-21):

P — —

| KO Our (321)

e e —

where: Kappa= 1.0 for new construction

Ocr = Lower-bound strength of a component or
' element at the deformation level under
consideration for force-controlled actions

Q( ;. the lower-bound strength. shall be determined |
considering all coexisting actions on the component

| ™

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU

: : i «jpe i i T
under the design loading condition by procedures | oj ; RZI\EA 'S thrchgl:o(rg;I Ilaj }EIOEH Ogo} =
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Note: Acceptance Criteria for “Nonlinear” Procedure:
more straightforward!, m factor not needed.

3.4.3.2.1 Deformation-Controlled Actions
Primary components shall have expected
deformation capacities not less than maximum
deformation demands calculated at the target
displacement.

3.4.3.2.3 Force-Controlled Actions (a) Cantilever example
Primary components shall have lower-bound
strengths not less than the maximum design .

Chord rotation:
forces. Lower-bound strengths shall be 4
determined considering all coexisting forces and O=T
deformations by procedures specified in
Chapters 4 through 8.

(b) Frame example 7.
Figure 5-2 Definition of Chord Rotation
ZF 1
Beams: 0,6 = —22°f 5-1
Y~ 6EI, (-1
ZF [

Columns: 8, = —M(l—i) (5-2)

! OE c Pu?
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Table 5-6 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel

Components
— TR SN
Modeling Parameters <Acceptance Criteria )
_——
Plastic Rotation Residual Plastic Rotation Angle, Radians
Angle, Strength
Radians Ratio Primary Secondary
Component/Action a b c 10 LS CP LS CP
Beams—flexure
e — —— ——
a. ?é% | |
>4 I iy |F, |
“Wa SHE S lfye 96, 116, 06 | 18 66, 86, 98, 116, !
XAE =G} and | I
EAMEAZ T b Al8 | '
< (Deform. S JFye | |
Controlled ————— E— -
member2 £ , 5L, 65
Eg)u 2If /
e Ne 48, 66, 0.2 0.256, 26, 3, 38, 48,
or
h . 640
hu M‘FJ'G
Linear interpolation between the values on lines a and b for both flange slenderness (first term) and
c. Other web slenderness (second term) shall be performed, and the lowest resulting value shall be used

5
@
@,
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+

V. Acceptance Criteria for Steel
Moment-Resisting Frames When
Using LDP

S eA

| Ve[
1

3\
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1. Design Strengths

General
Classification of steel component actions as deformation- or force-controlled, and calculation
of design strengths, shall be as specified in Sections 5.5:

Deformation-Controlled Actions
 Design strengths for deformation-controlled actions shall be taken as expected strengths
obtained experimentally or calculated using accepted principles of mechanics.

» Expected strength shall be defined as the mean maximum resistance expected over the
range of deformations to which the component is likely to be subjected.

* When calculations are used to determine mean expected strength, expected material
properties (including strain hardening) shall be used:

» Unless other procedures are specified in this standard, procedures contained in AISC-LRFD
Specifications to calculate design strength shall be permitted, except that the strength
reduction factor, ¢, shall be taken as unity.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU



Force-Controlled Actions

* Design strengths for force-controlled actions shall be taken as lower-bound strengths
obtained experimentally or calculated using established principles of mechanics.

» Lower-bound strength shall be defined as mean strength minus one standard deviation.
When calculations are used to determine lower-bound strength, lower bound material
properties shall be used (IS 2MAl= SFSH=ELEEZEN SEE X

» Unless other procedures are specified in this standard, procedures contained in AISC (1993)
LRFD Specifications to calculate design strength shall be permitted, except that the strength
reduction factor, ¢, shall be taken as unity.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU ‘{@@



1. Beams: The strength of elements of structural steel
under flexural actions with negligible axial load present
shall be calculated 1n accordance with this section.
These actions shall be considered
deformation-controlled.

The expected flexural strength, O, of beam
components shall be determined using equations for
design strength, M,,, given m AISC (1997) Seismic
Provisions, except that ¢ shall be taken as 1.0 and £,
shall be substituted for F,. The component expected
strength, Q. of beams and other flexural

deformation-controlled members shall be the lowest “Flexural Limit
value obtained for the limit states of yielding, \ States for beam
member: “PH,

lateral-torsional buckling. local flange buckling, or

shear yielding of the web.

FLB, WLB, LTB”

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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For fully concrete-encased beams where confining
reinforcement 1s provided to allow the concrete to
remain in place during the earthquake, the values of
b= 0and L, = 0 shall be permitted to be used. For bare

beams bent about their major axes and symmetric about
both axes, satisfving the requirements of compact
sections, and L < L ,, O shall be computed in

accordance with Equation (5-6):

Ocg = Mcg = Mycg = ZF,, (5-6)
where:
bf = Width of the compression flange
Ly, = Length of beam
L, = Limiting lateral unbraced length for full

plastic bending capacity for uniform bending
from AISC (1993) LRFD Specifications

M, = Expected plastic moment capacity

F, = Expected yield strength determined in
' accordance with Section 5.3.2.3

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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If the beam strength 1s governed by the shear strength of

the unstiffened web and 2 < 218 , then V¢ shall be
r“-‘ ,\/-F—'J_.

calculated m accordance with Equation (5-7):

QCE = VCE = 0'6F3=e ‘41»- (5-7)

where:

Vep = Expected shear strength

4,, = Nommal area of the web = dr,,
t,, = Web thickness
h = Distance from inside of compression flange to
mnside of tension flange
F, = Yield strength; must be in ksi when used in
Equation (5-7)

if L 418 , then the value of V£ shall be calculated

rw A./‘Fl

from AISC (1997) Seismic Provisions.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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2. Columns: This section shall be used to evaluate
flexural and axial strengths of structural steel elements
with non-negligible axial load present. These actions

shall be considered force-controlled.

The lower-bound strength, Q. of steel columns under
axial compression shall be the lowest value obtained for

the limit states of column buckling, local flange
buckling, or local web buckling. The effective design
strength or the lower-bound axial compressive strength,
P ;. shall be calculated in accordance with AISC
(1997) Seismic Provisions, taking ¢=1.0 and using the
lower-bound strength, F.; , for yield strength.

The expected axial strength of a column in tension,
Ocr» shall be computed in accordance with Equation

(5-8):

Oce=Tce= 4L, (5-8)
where:
A, = Area of column
F,, = Expected yield strength of column
T~y = Expected tensile strength of column

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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3. Panel Zone: The strength of the panel zone shall be
calculated using Equation (3-5).

Ocg = Vep = 0.55F, d_t (5-5)

ye ¢p

4. Connections ..
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2. Acceptance Criteria

o . . Orr 2 O 3-20
1. Beams: The acceptance criteria of this section shall mKQex 2 Qup -20)
apply to flexural actions of elements of structural steel
with negligible axial load. Beam flexure and shear shall
! . L, -L
be considered deformation-controlled. m. =C.lm- (m _ 1)_p
e b (5.9)
L -L,
Values for the m-factor used in Equation (3-20) shall be
as specified in Table 5-5. If Qce < MpCE due to lateral
torsional buckling, then m in Equation (3-20) shall be
replaced by me, calculated in accordance with Equation
(5'9) Table 5-5 Acceptance Criteria for Linear Procedures—Structural Steel Components
m-factors for Linear Procedures’
Primary Secondary
Component/Action 10 LS CP LS CP
Beams — flexure
a. ,f—-:fé 52
& F
fanc;/: 2 6 8 10 12
h 418
b. %fz 65
2 F_
forﬁ 1.25 2 3 3 4
b 640
LN/
Linear interpolation between the values on lines a and b for both flange slenderness
c. Other (first term) and web s\endemess_(second term) shall be performed, and the lowest N . )“
resulting value shall be used S 4@-\0
L2~ 4
Y
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2. Columns (beam-column): For steel columns under combined axial compression
and bending stress, where the axial column load is less than 50% of the lower-bound
axial column strength, PCL, the column shall be considered deformation-controlled

for flexural behavior and force controlled for compressive behavior and the
combined strength shall be evaluated by Equation (5-10) or (5-11).

For 0.2 < Pue <05

| |

I

| F)CL :

I\/I

: PUF 8l M, <10 (5-10) |

| CL ) (m X M CEx (m yM CEy |
I

| For —— Pur <0.2 |

: PeL |

M
I I_:_)EF 4 M X y :
| |

N
o
e
=
o
Y
_|_
LB
<
o
I
IA
H
o
‘0
_
=




* Steel columns with axial compressive forces exceeding 50% of the
lower-bound axial compressive strength, PCL, shall be considered force-
controlled for both axial loads and flexure and shall be evaluated using
Equation (5-12):

S » ST <1 5-12) |
| PoL /\MCLX MCJ ( )

e d
e
Y, 5

o

L

S
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* Steel columns under axial tension shall be considered deformation-
controlled and shall be evaluated using Equation (3-20).

* Steel columns under combined axial tension and bending stress
shall be considered deformation-controlled and shall be evaluated
using Equation (5-13):

M M
T <1 (5 - 13)
<rﬁtTCE meCEx myMCEy/)

e e e e == = T

V.
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W



Steel Braced Frames (CBF//EBF), (Table 5-5, FEMA 356)

Z

Table 5-5 Acceptance Criteria for Linedr Procedures—Structural Steel Components (continued)
7 1
/ m-factors for Linear Procedures
/ Primary Secondary
Component/Action £=/ 10 LS CP LS CP
I Braces in Compression (except EBF blaces]
I a. Double angles buckling | 1.25 [§] 8 T 9
I in-plane I
b. Double angles buckling I 1.25 5] 7 5] g
| out-of-plane |
I c. Worlshape l 1.25 4] a8 6 g
d. Double channels buckling i 1.25 [§] 8
I in-plane I
I e. Double channels buckling | 1.25 5 7 6 8
I out-of-plane I
I f. Concrete-filled tubes : 1.25 5 7 5 T
|

)

Z
P

’/ |
il

S
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| Dynamics of Building Structures Back-up Materials

Brief Review of the State of the Art
US PBSD Practice

CHEOL HO LEE
Dept. of Arch and Arch Engrg, SNU
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Outline

v 1. Introduction

v' 2. Elements of PBSD
v 3. Some Notes on US PBSD procedure

v 4. Closing Remarks




v’ 1. Introduction
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R Factor Approach: Pros and Cons

Europe: g factor
Japan: D factor

R factor:

 Converted from former
UBC empirical K factor,

« Committee consensus
factor,

 Socio-economic factor,

« To specify design force
level simplistically,

* Function of system

ductility and overstrength.

4> 2 OrArgnd

0.8

0.6

0.4

0.2

0

IS x"ACW "

V (base shear) =

Strength demand for
“elastic” response

Internationa

R=15t081

uilding Code

Code-strength supply

| I i I

0 1 2




R Factor Formula: Uang’s Formula (1991)

Strength level for “R 7}

elastic response
\. p Base shear \
— A v _s_ T

v V. = IR WR %V
| S - = XI
\ VE/' 1 / E N Q/ \ /:X D
~N - / = |
/
Rﬂ J
/
—_—— e { e —_——
/
/! |
RQ / I
/,
|
— —— | — — ~ ~ I
I
- = ¥ \l ~ “If connection fractures or
VE / R | I soft story forms”
\‘R’ | | >
| A A, ieal _
| ’ wideal | Roof drift
A

Code-prescribed
design force level q A! :CE x A
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Damage or Performance Control in Current Codes
(e.g., ASCE 7, KBC 2016)

* Indirect/Implicit Approach: Code tends to become more unclear and
prescriptive

HEELD/ERE
(Seismic Use Group)
\ Seismic Design Category (SDC)
] / A, B,C{D,E F}
X2 XN&AE T Se_ s
(Seismic Risk) e

Indirect damage/performance control

S/
P4

Rl

S
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Year 2010 _ after the 1994 Northridge EQ

Performance-based Des

Building Codes Niay Not Provide Enough Protection

Building codes are not intended to protect
property or business conlinuity.

Building codes are intended only to protect
the public safety, by avoiding structural
collapse. They are not intended to avoid
damage to buildings or equipment, or provide
for continuity of business operations. The U.S,
Borax Corporate Headquarters complex in
Santa Clarita, California, was constructed just
two years before the Northridge earthquake
and fully conformed to the applicable codes.
Damage to the buildings was so severe that  The U.S. Bwax Buikling folowing the Northridge

N

earthquake

D LEIND
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \\fg, 0



“Highrise buildings=> often Undefined
Seismic Load Re5|st|ng System R=?

'msfs

San Francisco’s 57-story One Rincon Hill (right) and the two towers of
The Infinity (left, by crane), designed using a performance-based
approach

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU L :



Traditional Approach

“R factor approach”

Linear analysis model

Simplified design base
shear

I
| Owners informed of :
| code conformance, |
| |
| |

but not building
performance

; TE =



* PBSD: Appealed after the1994
Northridge/1995 Kobe earthquakes

* Strl engineers satisfied/ other stakeholders
unsatisfied after the1994 Northridge

Reply from Calif. EQ engrg. community

Urban EQs

Direct costs, _g
Rt =
millions of © -%
dollars 3 S
2500001 o 3 & 230000
e 2 9
2000004 + &
(3' ﬁ
e 150,000
150000+ 2 R :
S~
100000+ 2 9
ion of Codes” E
50000} 30.000 l
6,00
0 :
Event

It was supposed
to provide
Immediate Occupancy!!

Should I call my
- attorney?




Soon after the1994 Northridge

FIGURE 1
VISION 2000 PERFORMANCE OBJECTIVES

« ate Prof. V. V. Bertero” Building Performance Levels

Fully Life Near
Functional  Operational Safe Collapse
Frequent
o Earthquakes
g (50% - 50 years)
3 100 year EQ
§ Rare
° Earthquakes
= (10% - 50 years)
=  DBE (500 year EQ)
-
O
~
o
Very Rare
Earthquakes
(2% - 50 years)

MCE (2500 year EQ)




SEAOC Performance Objectives in 1960

Note: Very well-known seismic
performance level implied in
SEAOC Blue Book (1960)

v' Qualitative performance statements
v Resist

v' minor levels of earthquake shaking
without damage SLE

v moderate levels of earthquake
shaking without structural damage

v' major levels of earthquake shaking
with structural and nonstructural
damage but protect life safety DBE

v’ the most severe levels of
earthquake shaking ever anticipated
without collapse  MCE

\‘:
¥
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Standard Performance Level

0| S48 ZAE 1 QloiotN SUYUX |
e e e e e e N
::E:::::::::':::::::::':::::::::::::::':::; e e e i e
- ; :
----- Ty T |
|
|
.................................................. |
. . | . |
Operational Immediate | Life
70-year EQ Occupancy Safety Prevention
(minor) 200-year EQ i DBE MCE i
(moderate) (53X X CIEE N
2 ut229 BSO (Basic Safety Objective) i 500~1000-year EQ 2500 year EQ i
= | ' |
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Operational

The lowest level of
overall damage to the
building.

The structure will retain
nearly all of its
pre-earthquake
strength and stiffness.

More Detailed Damage Description

_p..l.l

Immediate Life Safety Collapse
Occupancy Prevention
Overall damage to the Structural and The structure sustains

building is light. nonstructural damage severe damage. The
Damage to the structural s significant.

systems is similar to the  Buildings designed to
Operational Performance meet the life safety

lateral-force resisting
system loses most
of its pre-earthquake

Level, _ performance strength and stiffness.
However, repair and level may not be safe Load-bearing columns
cleanup may be needed. for continued and walls function

Many building owners occupancy until repairs ¢ the building is near

may wish to achieve this  are done.
level of performance

when the building is

subjected to moderate

levels of earthquake.

collapse.
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Graphical lllustration of “Acceptance Limits”

- N -
Based on cyclic

............................... : strength and stiffness

deterioration at

Lateral force

4 pEisTRLEE R global/local level
i (experimental/past
experience; often
judgmental)
LS | CP |
| I Collapse
| | ‘
Lateral Disp (e.q, story drift) SnR
v

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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Japanese Dual Spectrum Approach_ instrumental

Oj=4 ds71gdAHe H+2

Japanese 500yr
EQ (for ultimate

PSV spectrum__ soft rock site

trum strength)
S| Korea:
| bl 4— 13,000yr EQ

L~ 5,000yr EQ
#+=]_ 1500yr EQ

Japanese 50yr EQ (for
serviceability)
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2. Elements of PBSD Procedure

(1) Step 1: Establish multiple seismic hazards-multiple
seismic performance objectives

(2) Step 2: Predict seismic demands through structural
analysis

(3) Step 3: Evaluate performance based on acceptance
criteria and iterate until satisfaction

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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Much of the framework for PBSD In the
USA...

“Late Prof. V. V. Bertero”

/

1. SEAOC (1995). Vision 2000: Performance Based Seismic Engineering of Buildings, SEAOC:
ZZ2 CHYS WO HST|BIEiEE ZREOZ 33

2. ATC 40 (1996). Seismic Evaluation and Retrofit of Concrete Buildings, Report SSC 96-01,
CSSC,ATC: J|E 232 E X2 WAESEII Y BEx/2LE HA=

3. FEMA 356 (2000). Prestandard and Commentary for the Seismic Rehabilitation of Buildings,
FEMA: [} 8t DRSS AL SHII Y B4/22HS IFHOR 33

4. ASCE/SEI 41-13 (2013): Seismic Evaluation and Retrofit of Existing buildings.

Much of the framework for performance-based design in the USA can be traced to Vision
2000 (SEAQC, 1995), ATC 40 (ATC, 1996) and FEMA 356 (FEMA, 2000).

More recently, guidelines for performance base seismic design of high-rise buildings have
been issued by regulatory bodies in Los Angeles (LATBSDC, 2015) and San Francisco

(SEAONC, 20%?).  D=212 £@ @2 T Al “Tall Buildings-Specific PBSD”

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \‘\f:,,:



SOM Design Reference for GBC

PEER/ATC 72-1 (2010). Modeling and Acceptance Criteria for Seismic Design and
Analysis of Tall Buildings

PEER (2017). Tall Buildings Initiative: “Guidelines for Based Seismic Design of Tall
Building, Version 2.01”  pacant Tall Buildings-Specific PBSD Documents

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU



Deformation-Controlled vs. Force-Controlled
Actions (per ASCE 41-13)«—
Often referred by PEER (2017)

Q

Qy

“‘Deformation-controlled if e > 2g” “Force-controlled”
i Hardening A L
(stable) 2 Q 2,3 Q
1 1 Loss of 1,2,3
.....................é. De.grad.lh.g. ............................................. S— 1 _g.r.av].ty_ ......................................... )
: o 1 supporting Elastic
: | (unstable) | capacity -brittle
_ 3
L oa \ Poa |
=— |, supporti D
~ ——timit—" |
g e d 4 0 g e A0 g A
Type 1 curve Type 2 curve Type 3 curve

. Figure 2-3 Component Force Versus Deformation Curves

“Should be based
on cyclic envelope
curve”

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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Classification of force- or deformation-
controlled actions are specified for
framing components in Chapters 5
through 8.

Classification as a deformation-
controlled action is not up to the

discretion of the user: AFZ2 X2l & ZH0|
AN DO TR SIS

A given component may have a
combination of both force- and
deformation-controlled actions.

Deformation-controlled actions have been

defined in this standard by the designation

of

m-factors or nonlinear deformation

capacities in Chapters 5 through 8.

Table C2-1 Examples of Possible
Deformation-Controlled and
Force-Controlled Actions

Deformation- Force-
Controlled Controlled

Component Action Action

Moment Frames

* Beams Moment (M) Shear (V)

* Columns \1 Axial lnad (P) VWV

* Joints = Vi

Shear Walls M,V P

Braced Frames

* Braces P --

+ Beams - P

» Columns - P

» Shear Link vV P, M

Connections PV, M P.V,M

Diaphragms M, V2 P, V.M

1. Shear may be a deformation-controlled action in steel moment frame

construction.

2. Ifthe diaphragm carries lateral loads from vertical seismic resisting
elements above the diaphragm level, then M and V shall be
considered force-controlled actions.

3. Axial, shear, and moment may be deformation-controlled actions for
certain steel and wood connections.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU \\Z:‘,,



« Limits for each performance level_ largely judgmental, not a

matured science

« Example_ LS= 0.70*CP 10= 0.50*LS

Q Q
— A — A |
Qy Q, ‘ 10
b e 8 lps LS
S P s CP
a | ' 3 P s
10178 c B c s| /B c
- | - 2
/ ¢ D E|¢ D _
OorA 1.0 L - Deformation or deformation ratio
(a) Deformation 6 4 f
(b) Deformation ratio (c) Component or element deformation
acceptance criteria
: Figure C2-1 Generalized Deformation-Controlled Component Force-Deformation
Relations for Depicting Modeling and Acceptance Criteria
SLED®
K
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PEER (2017). Tall Buildings Initiative: “Guidelines for Based Seismic Design

of Tall Building, Version 2.01” “—]_ “Developed in Southern Calif: and should be
adjusted if needed for GBC project with low to
moderate seismicity’

Action — A sfrain, displacement, rotafion or other deformation resulfting from the application of
design loads.

Deformation-copirolled action — An action expected fo undergo nonlinear behawior in
response to earthguake shaking, and which is evaluated for its abilty fo sustain such
behavior.

Force=-controlled action — An acfion that is not expected o undergo nonlinear behawvior in
response to earthquake shaking, and which is evaluated on the basis of ifs available

strength.
T Critical action — A force-controlled action, the failure of which is likely to lead to partial or
tofal structural collapse.

Ordinary action — A force-controlled action, the failure of which might lead to local collapse
compnising not more than one bay in a single story.

Noncritical action — A force-controlled action, the failure of which is unlikely to lead fo
structural collapse.

Capacity Design — A design approach wherein the strucfure is configured and proportioned fo
restrict yielding and inelastic behavior fo specific deformation-controlled actions for which
structural defailing enables reliable inelasfic response without critical strength decay, and which,
through their plastic response, limit the demands on other portions of the structure such that
those other parts can be designed with sufficient strength to reliably remain essentially elasfic.

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU




PEER (2017). Tall Buildings Initiative: “Guidelines for Based Seismic Design
of Tall Building, Version 2.01”

2.2.5 Conceptual Design

Select the structural systems and materials; their approximate configuration,
proportions and strengths; and the intended primary mechanisms of inelastic
behavior. Apply capacity design principles to establish the target inelastic
mechanismes.

For all members of the structural system, define deformation-controlled actions and
force-controlled actions. Categorize each forced-controlled action as being Critical,
Ordinary, or Noncritical.

Commentary: The Engineer of Record is to identify deformation-controlled actions
and force-controlled actions, and is to categorize force-controlled actions as being
Critical, Ordinary, or Noncritical, subject to approval by the peer review.

Appendix E provides a list of typical force-controlled actions and recommended
categories. Individual design and peer review teams should consider this list when
formulating the categorization of component actions for specific projects and
supplement and modify as is appropriate to those projects.

Seems more reasonable than “automatic or mechanical” ASCE 41-13 -
RS PR

Y
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W



Appendix E

Typical Force-Controlled Actions and Categories

In these Guidelines, member actions are classified as either deformation-controlled or force-

controlled. In addition, Chapter & requires force-controlled actions to be further classified in

Seems more reasonable than

different categories of criticality. Table E-1 identifies fypical force-controlled actions and

categories. (13 3 : 2
= automatic or mechanical
Table E-1 Force-controlled actions and categories ASC E 41 13
Category
Action . ) Non-
Crifical Ordinary critical
Connections of braces to beams, columns and walls X
Axial demand on braces in Eccentric Braced Frames X C
Caolumn splice forces x i ategory
s Action . . Hor-
& Axial loads on column X Critical Crrdinary .
-1 critical
— | Moments and shears on moment connections X - -
2= - - Force transfer from diaphragms to vertical elements of the
2| Compression on vertical boundary elements of steel plate % seismic-force-resisting system, including collector forces y
E shear walls and shear-friction between diaphragms and vertical
w | Compression on horzontal boundary elements of stesl elemenis
plate shear walls In-plane nermal forces in diaphragms other than collectors® x
Forces in members of transfer trusses X ) ; ) -
Shear in shallow foundation elements, including spread
All other force-controlled actions® X footings and mat foundations X
Shear in beams, columns, and beam-calumn joints of ks Moment in shallow foundation elements, including spread
special moment frames footi . x
otings and mat foundations
Shear in columns not part of special moment frames X B
= e e All other force-controlled actions? X
Axial load in columns of intentional cutrigger systems, orin %
columns supporting discontinuous vertical elements "Structural steel elements designed and detaled to conform to the preseriptive requirements of AISC 341 and
2| Combined moment and axial load in gravity columns? X SAISC 358 need not be g'ualual:ec in ma"ce_mt" me c"lena f-::rf-::n:;e—-c,-::nt'c- &d elements. i
E gravey *Cither force-controlled items should be categorized considering the criticality of the action to the overall building
o Shear and moment in transfer girders X performance. The default category is shown as Critical.
S | Shear in structural walls that are part of the primary lateral- *As an altemative, column flexure combined with axal force can be modeled as a deformation-controlled action if
9| force-resist 1 X appropriately detaled,
g system . . . : .
E ACioupling beam shear may be considered an ordinary action only if the conseguence of element falure is
Shear and moment in basement walls minimal.
=] ; - - Py “Where walls beneath transfer diaphragms are adequate o provide reguired |ateral force resistance in the event
Shi ling by thout Id | - h - ; i
% :Ei:forr;?nﬂ?,"'p ing beams witioul special diagona X of diaphragm failure, transfer diaphragms may be treated as ordinary force-controlled actons
v g “Dhaphwagm chord forces fall into this category.
Compression on struts in strut and tie formulations X
Temsion on struts in strut and tie formulations x
In-plane shear in transfer diaphragms® X
In-plane shear in other diaphragms x

3 ¥
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PEER (2017). Tall Buildings Initiative (2017): “Guidelines for Based Seismic
Design of Tall Building, Version 2.01”

1 INTRODUCTIOM . s msses nans crssrnmsssssases sores sssmsasassss s vess snsss ssaas vesons sssssaaas sesss passsmaases sevens sem 11

1.1
1.2
1.3
1.4
1.5

PUMNPOSE coviiiismsesaasns conrsssssssnsas serrrassssssnnss seessensssss saans eenes seess snasas sepenssssmanesss snessees =1

0 [ T SO Py |

Use of these GUideliNeS ..o s ssssssssssass sossssssssssssss sesss smsssmsssas sessrses =28

INEErPrEtAtIoN (s s sreessssssanass seser anassss sssass cores snsssanases ppprrssssnssssss snnennns |~

I T U — B

2 DESIGH PROCESS, RISK CATEGORY, AND PERFORMANCE OBJECTIVES....... 21
e 1 R |
DESIQON PrirCESS s sssssnnin sonnesssssaanns sssss snmassssssass sonns nsss aaases spssasssnssass seeessn = |

21
2.2

221
222
223
224
225
226
227

Establish the Risk Category of the Buildimg ... 222
Establish Performance Ohjectives e e 20
S DIt e 28
Lo T I O S.
L =TT = SOOI ..o |

3 GROUND MOTION CHARACTERIZATION .o ssmesssnsas srsssnssssmssanans nss s sssmmsassa srnssnn =1

31
3.2

3.3

3.4
3.5
3.6

i 1 3-1
Ground Motion Hazard AnalySis ... s smssss s sesssssss e sssssssss s ssa= 1

321
322

Probabilistic Seismic Hazard Analysis ..o e cemcee e e snmeeen 3 1
Deterministic Seismic Hazard Analysis ..o e ee e e

Target SPeciTa e s ssss sss s sss s e s sssssssses peersssssnasass s ssnd -

Site Response analysis s s s sssssssss s sessssssss s s ssd =0
i = = R, £ |
Selection and Modification of Ground Motion Records e sssss s 39

“Developed in Southern
Calif. and should be
adjusted if needed for GBC
project with low to
moderate seismicity’

ASCE 7-16:
loading code
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4 MODELING AND AMALYSIS..... T ]

4.1 i 1
4.2 T T s T

421 System ldealization ..
422 Dnft and Drift Ratic DemandE
ASCE 7-1 6: 423 Component Force and Deformation Demands ..o e eseacvven s
. 424 Floor Diaphragms .
Ioadlng COde 425 Geismic Mass, Torsion, and Exp-ected Gr..:.'-.nt:g.r Loads e
426 Load Combinatioms e
427 Eguivalent Viscous Dammpimg e e e e
428 P-Delta Efects..

428 Verical Ground Motion Effects .

4.3 Linear Analysis |(Service Level]

Do not use 431 Response Specinum ANalsis .o e e
component models 432 Response History Analysis .o
that do not account 4.4 Monlinear Analysis (Service of MCEgr LEVE]) wieniececssssssnssnssens

for post-peak 441 Imporant Modeling Parameters. .. -
Strength 442 Methods for Establishing Cumpc-nent F'r-:npemes.

deterioration or for 443 Component Anabtical Models e

cyclic deterioration 444 Residual Dirt Demands.
y . 445 Ground Motion Duration. ..
for nonlinear

. 45  FOUNDATION MODELING AND SOIL-STRUCTURE INTERACTION
analysis.

451 Soil-Structure Interaction Efects e
ASCE 41 may be 452 Modeling Subterranean CompPomEnis ... e

referred for non“near 453 Foundation-Level Ground Motions. ... e
modeling 454 Seismic Pressures on Basement Walls .o
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4.6

Structural Modeling Parameters ..o s

4.8.1
482
483
484

Table 4-3

Reinforced concrete effective stiffness values.

Senvice-Level Linear Models

MCEgr-Level Monlinear Models

Component
Aial Flexural Shear Axial Flexural Shear

1in-
Sy S WS t0EA | 07SEG | D4E4 | LOE4; | 038E, | 0264

Structural walls (out-
of-plane) - 0.25E:i, - - 0.25E:l; -

Expected Material Strengths...ooeece e
Expected Component Strengths ...

. Central tendency

analysis (MLE)

Effective Member Stfmess ... e e

4641 Steel beams in bending ...
4642 Steel columns in bending ...
4643 Stesl beam-column joint pansl zones ...
4644 Steel column bases
4645 Steel EBF link beams o
4646 Steel axially loaded braces ...
4647 Steel buckling-restrained braces ............
4648 Steelplate shearwalls .

Refer to ASCE 41/

AISC 341 and..

P
K

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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485

4686

Eeinforced Concrete Components. ... o.ceeeeceee e e

4651
4652
4653
4654
46855
46856
4657
4658

Reinforced concrete beams inbending......

Reinforced conarete columns in bending ..o

Reinforced concrete beams and columns in shear ... Refer to ATC 72
Reinforced concrete slabs in slab—column frames ... (201 0): ASCE 41...
Reinforced concrete beam—oolumn joints s

Reinforced concrete shear walls in bending and shear.......

Reinforced concrete coupling beamis ..o

Mon-standard components

Response Modification Dewvices .

“Very brief”
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Calculated
story drift shall
not exceed
0.5% of story
height in any
story

SERVICE-LEVEL EWVAL UATIOMN .....ccocoecimmmnsssmss cesenmmmsssssssas sesnsmsesmsssnas
5.1 e
5.2 General System RequirgmMents s s s s s s

5.3
5.4

5.5

5.7

5.8

821 Structural System Design e
522  Evaluation Crbemia. .o e e e e e s e ane

Seismic Hazard Representation. ... s s s e s
Structural Modeling and AnalySis....cc e s e essses

541 General ..
542 Torsion ..
543 Fnundauc'n—snll Interfa-:e

544 Subiemansan LE"-'ElE-

Design Parameters and Load Combinations ........coovmemsssssssssnnsssnnes

851 Load Combimations: Linear Modal Response Spectrum Analysis........

8552 Load Combinations: Linear Response History Analysis. .
853 Load Combinations: Nonlinear Response H|5l.|::rg.-' Analy*sursu

_— —_— _— —_— _— —_— _— —_— _— —_— _— _ _
Global Acceptance Criteria...
Component Acceptance Criteria—Linear Analysis ..

£5.7.1| Deformation-Controlled Actions .| ...
8.7.2| Force-Conmtrolled ACtions ...t e

Component Acceptance Criteria— Monlinear AnalySig ...

£.8.1| Deformation-Controlled Actions .| e

5.8.2| Force-Conmtrolled Actions ... |t et

e .|-

LINEAR ANAL:

When response
spectrum or linear
response history
analysis is used for the
SLE evaluation,
calculated demand-to-
capacity ratios for
deformation-controlled
actions shall not exceed
1.5.

Calculated demand-to-
capacity ratios for
force-controlled actions
shall not exceed 1.0.

NONLINEAR ANAL:

* Deformation-
Controlled Actions:
Immediate Occupancy
performance as
contained in ASCE 41

* Force-Controlled
Actions: calculated
force-controlled actions
shall not exceed
expected strengths
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Only NDP permitted

R e L e —

At Global Level
* No unacceptable response

+ Peak Transient Story Drift: In each story, the mean

of the absolute values of the peak transient story

6.1 SCOPR. s srreresseeeesssssssssss e e e drift ratios from each suite or set of analyses shall
G.2 General Requireéments ... cersr s s e not exceed 0.03.
G.2.1  Structural System Design ..o
6.2.2  Torsion Sensitvity Check.......oooooooeooooef o Residual Story Drift: n each story, the mean of the
023 Byaliation Crena. i absolute values of residual drift ratios from the
6.3  Seismic Hazard Representation........ccecvinnans suite of analyses shall not exceed 0.01.
G4 Structural Modeling and ANalVSiS. . e
G5 Load Combinations e s osemsssss s soessssssssasasa seeessees
fﬂi _E!uE'ltiﬁ_{:atiﬂ Df_GIuEaI aid L_u{:aI Demands ..o
f o Global Acceptance Evaluation ...... 1 .......................... At Element Level
| i pmemsemsee. |- Strength demands on force-controlled actions or
| 873 Residusl Story D nﬁl elements are sufficiently smaller than the expected
L strength capacities such that the probability of
I 6.8 Component Acceptance Crlterla...] .......................... failure i tably small:
| fot Gemeral ] ailure is acceptably small;
| o[ st Cess o || . Deformation demands on deformation-controled
— o — — e ———————— (ductile) actions or elements are within deformation
6.9 Proportioning and Detailing ... comsssss s

G.8.1 General Requirsment.... .
§.8.2 Prescriplive Code Heq uirements for F"mpl::rtu:nr‘g

limits that have been verified by testing as being
sustainable without critical strength loss.

B.8.3 Cladding Systemis e e e e e e e e e e
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PRESENTATION OF RESULTS

71
7.2
7.3
7.4
7.5
7.6

7.7
7.0

PROJECT REVIEW

8.1
8.2

8.3
8.4
8.5
8.6
8.7

Basizs of DeSI0N s o s sssssssssssss sssssss
Geotechnical/Seismic Ground Motion Report.....cwne..
Preliminary/Conceptual Design s o ssssssms e

Design in Accordance with the Building Code Desiagn
REQUITSMENLS wurirrrrscrrrmsssssansns sererssssssssas snsssssssssssssass srssssss

Service-Level EValuation ... s sssss s vonnees
Maximum Considered Earthquake Evaluation ...

The Requirements for Independent Peer Review....

Selection and Reporting Requirements ... .
Scope of WOork o mssss oo s ssnss sosesssas
Peer Review ProCess ... imemnsssmmmenn
Design Responsibility s e
Dispute Resoltion. . s s sosenssas

Past-review ReViSionm v cessssss sossnmeses
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3. Some Notes on US PBSD procedure

Selection of Performance Objective
Basic Safey Objective (BSO)

Operafional Perfor- ~ Immedicte Occu- Life Safety Parfor- Collapse Prevention
mance Level (1-4) pancy Performance ~ mance Level (3-C) Parformance Level

Level (1-B) (3-E)
Em:'r*:al 50%/50 yeor 0 b ( d
| L
{y:ld-:ﬂm 20%/50 yeor 8 f g h

havinga  [FFE

specified i i |
robabilty o (10%/50 year)
being exceeded BSE.2 . n
(2%/50 yeor)

*Alpha-numeric idenfifiers in parentheses defined in Tuble 4-2

Notes:
1. Eoch cell in the above matrix rapresents o discrete Rehabilitation Objacive
2. Three specific Rehobilitution Objectives are defined in FEMA 356:

Busic Safety Objeciive =rallsk +p

Enhonced Objectives  =cellsk+ p+ anyof o, ¢,i b, f jorn

Limited Objectives = call k alone, or cell p alone

Limited Objectives ~ =uallsc, g, d, b, |

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU i :



Enhanced Objectives

Target Building Performance Levels*

Operafional Perfor-  Immedicte Ocou- Life Safety Parfor- Collapse Prevention
mance Level (1-4) pancy Performonce mance Level (3-C) Parformance Level

Level (1-B) (3-E)
Enﬂl:dquu ke | 50%/'50 year _ b ¢ d
Hazard Leve
(ground motions 20%/50 year - f g h
havinga |3 . .
specified | I
probability of (10%/50 your)
being exceeded
BSE-2
in a 50-year m n
period) (2%/50 year)
*Alpha-numeric identifiers in parentheses defined in Table 4-2

Notes:
1. Ench cell in the above motrix represents a discrete Rehabilitotion Objective
2. Three specific Rehabilitafion Objectives are defined in FEMA 356:

Busic Safety Objeciive = callsk +p

Enhonced Objectives =cellsk+ p+ onyofa, e, i b, f jorn

Limited Objeciives = cell k alone, or cell p alone

Limited Objectives  =callsc g, d, b, |

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU L :



Analysis Procedures

Tall,
irregular : . :
e Modelin Seismic input Advantage Disadvantage
buildings g P g g
Linear Static . . .
. Equivalent SDOF . Conservative/ Limitation
Analysis No Response spectra Very simple to analyze . .
structural model of applicablity
(LSP)
Linear
Dynamic Response spectra/| Compared to linear static Applicability decreases
) yes MDOF model Ground-motion procedures, higher modes | with increasing nonlinear
Analy5|s record can be considered behavour
(LDP)
Nonlinear Accounts for the non-linear Never be as accurate as
Static Not very |Equivalent SDOF behavior/ . :
. Response spectra . Nonlinear Dynamic
Analysis accurate | structural model The ductility of the structure Analvsis
(NSP) can be evaluated y
. Very complicated and
Nonlinear y comprieat
. time consuming /
Dynamic Detailed Ground-motion Calculated response can
) Yes The most accurate method .
An aIyS|s structural model record be very sensitive to the
(NDP) characteristics of specific

round moti M
: WGHR
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V.e
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5.6

5.7

5.8

Acceptance Criteria

The current thinking is that the performance of a component in the
system is critical to the overall seismic performance of the building.
Consequently, acceptance criteria are specified at the element level.

But global level criteria is useful and should be satisfied as well.

SERVICE-LEVEL EVALUATION .

8.1 Shony Dft Lt e e e
Component Acceptance Criteria—Linear Analysis ...

5.7.1 Deformation-Controlled Actions ...
A.7.2 Force-Controfled ACtIONS ..o s

Component Acceptance Criteria— Monlinear Analysis

5.8.1 Deformation-Controlled Actions ...
5.8.2 Force-Controlled Actions ..o

MCEr EVALUATION .

6.7 Global Acceptance Evaluation.........

M7 Unacceptable QEEF-:-nEE..............]
I 8.7.2 Peak Transient Story DAfi............
L9573 Residual Story Drift ... I
6.8 Component Acceptance Criteria......

§.8.1 General oo
§.8.2 Deformation-Controlled Actions....
583 Force-Comtrolled Actions ..............

Ve ¥
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* Relation of

Structural (global)

performance
levels to the

limiting damaging

states as

reported in FEMA

356.

Braced Steel Frames

“Rough guide”
Drift

Primary

Secondary
Drift

5% transient
or permanent

Extensive yielding and
buckling of braces. Many
braces and their
connections may fail.

Same as primary.

2% transient
or permanent

beams and column panels.
Many fractures at moment
connections, but shear

connections remain intact.

2 5% transient;
1% permanent

Many braces yield or buckle
but do not totally fail. Many
connections may fail.

Same as primary.

1.5% transient;
0.5% permanent

Table C1-3  Structural Performance Levels and Damage' % °*—Vertical Elements
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type 8-5 S-3 S
Concrete Frames Primary Extensive cracking and Extensive damage to Minor hairline cracking.
hinge formation in ductile beams. Spalling of cover Limited yielding possible at
elements. Limited cracking and shear cracking (<1/8" a few locations. No
and/or splice failure in width) for ductile columns.  crushing (strains below
some nonductile columns.  Minor spalling in nonductile  0.003).
Severe damage in shart columns. Joint cracks
columns. <1/8" wide.

Secondary Extensive spalling in Extensive cracking and Minor spalling in a few
columns (limited hinge formation in ductile places in ductile columns
shortening) and beams. elements. Limited cracking and beams. Flexural
Severe joint damage. Some and/or splice failure in cracking in beams and
reinforcing buckled. some nonductile columns.  columns. Shear cracking in

Severe damage in short joints <1/16" width.
columns.

Drift 4% transient 2% transient; 1% transient;
or permanent 1% permanent negligible permanent

Steel Moment Frames  Primary Extensive distortion of Hinges form. Local buckling Minor local yielding at a few

beams and column panels. of some beam elements. places. No fractures. Minor
Many fractures at moment  Severe joint distortion; buckling or observable
connections, but shear isolated moment permanent distortion of
connections remain intact.  connection fractures, but members.

shear connections remain

intact. A few elements may

experience partial fracture.

Secondary Same as primary. Extensive distortion of Same as primary.

0.7% transient;
negligible permanent

Minor yielding or buckling of
braces.

Same as primary.

0 5% transient;

2
Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU %@%v
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Performance Evaluation by LDP (Linear
Dynamic Procedure) permitted for SLE/ESE

3.3.2.2.3

Dynamic analysis using the response spectrum method
shall calculate peak modal responses for sufficient
modes to capture at least 90% of the participating mass
of the building 1n each of two orthogonal principal
horizontal directions of the building. Modal damping
ratios shall reflect the damping 1n the building at
deformation levels less than the yield deformation.

Response Spectrum Method

Peak member forces, displacements, story forces, story
shears, and base reactions for each mode of response
shall be combined by either the SRSS (square root sum
of squares) rule or the CQC (complete quadratic
combination) rule.

Multidirectional seismic effects shall be considered in
accordance with the requirements of Section 3.2.7.

“Developed in Southern
Calif. and should be
adjusted if needed for
GBC project with low to
moderate seismicity’

3.3.2.24 Time History Method

Dynamic analysis using the tune history method shall
calculate building response at discrete time steps using
discretized recorded or synthetic time histories as base
motion. The damping matrix associated with the
mathematical model shall reflect the damping in the
building at deformation levels near the yield
deformation. The signs of response

quantities preserved !!
Response parameters shall be calculated for each time
history analysis. If three or more time history analyses
are performed, the maximum response of the parameter
of interest shall be used for design. If seven or more
consistent pairs of horizontal ground motion records are
used for time history analysis, use of the average of all
responses of the parameter of interest shall be permitted
for design.

Multidirectional seismic effects shall be considered in
accordance with the 1eq1111e111e11‘rs of Section 3.2.7.
Alternatively, an analysis of a three-dimensional
mathematical model using simultaneously imposed
consistent pairs of earthquake ground motion records
along each of the horizontal axes of the building shall

Steel Structures and Seismic Design Lab., Dept. of Architecture, SNU
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LDP Acceptance Criteria for “Deformation-Controlled” Actions

“Equivalent linear strength”

N

mKkQcp 2 Qyp

where:

m = Component or element demand modifier
(factor) to account for expected ductility
associated with this action at the selected
Structural Performance Level. m-factors are
specified in Chapters 4 through 8

Ocp™ Expected strength of the component or
' element at the deformation level under
consideration for deformation-controlled
actions
K = Kappa= 1.0 for new construction

|QCE, the expected strength, shall be determined

Iconsidering all coexisting actions on the componen't
lunder the design loading condition by procedures
Ispec1f1ed in Chapters 4 through 8.

“JId P-M interaction0| 2
ANE JUAS (SAHXZIE U2

X

(3-20)

F 4 Equivalent
linear
dl
u -~ SyStem
Recall “equal
displacement assumption m
extended to member «
al
n
level m
; »
| -
d'
e 5-5 Acceptance Criteria for Linear Procedures—Structural Steel Components
e B
< m-factors for Linear Procedures! ,
e I ———————
Primary Secondary
nponent/Action 10 LS ‘ CP LS ‘ CP
ims — flexure
o b o
Y [ 2) . ) (. ) Wz HHEx
2 o=l
and \ \ s UHs=
h o418 \.‘ ZIHHO| HQ
tyo [F o H —I oT
LVERPY
o b &
'ff »V’F_\‘e
1.25 2 3 3 4
or
Lysh
fu mt'lFJ‘e
Linear interpolation between the values on lines a and b for both flange slenderness
c. Other (first term) and web slenderness (second term) shall be performed, and the lowest

resulting value shall be used

NHEZ OOt 22 T8 EUE DHGHOk 2 X
© X expected yield strength, lH£ 2] x_LPFE HIYIIS)

SE AEEOl A
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LDP Acceptance Criteria for “Force-Controlled”
Actions: J|2&C & “BFHddHE 21" m=1

3.4.2.2.2 Force-Controlled Actions

Force-controlled actions in primary and secondary
components and elements shall satisfy Equation (3-21):

p— — —

| XOcr2 Oup (3-21)

e — —

where: Kappa= 1.0 for new construction

Ocr = Lower-bound strength of a component or
' element at the deformation level under
consideration for force-controlled actions

Ir Oy the lower-bound strength, shall be determined !

| considering all coexisting actions on the component

] . . “Il M i i ;Y Sl= X &t
under the design loading condition by procedures QJL,OE z 2 |Hn : grgﬁz S'FO(;O;E lajflmoig [|;:10|' = =8
I_SPEIE:dEI Eh@eﬁ 531@1"%28'_ _____ I nominal yield strength AF23dt3 SLH& H )
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LDP Acceptance Criteria for “Beam-
Column” Member (mega brace?)

Beam-column member: For steel columns under combined axial compression and bending
stress, where the axial column load is less than 50% of the lower-bound axial column
strength, PcL, the column shall be considered deformation-controlled for flexural behavior
and force controlled for compressive behavior and the combined strength shall be
evaluated by Equation (5-10) or (5-11).

| |

|

| I:)CL :

|\/|

: PUF 8l M, <10  (5-10) |

| _CL ) (me CEx (m yM CEy |
|
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.
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* Steel columns with axial compressive forces exceeding 50% of the lower-bound axial
compressive strength, PcL, shall be considered force-controlled for “both” axial loads
and flexure and shall be evaluated using Equation (5-12):

S
i

L

x‘%l—fé

=c
Nl
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Acceptance Criteria for “Nonlinear”
Procedure

More straightforward, m factor not needed
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PEER (2017). Tall Buildings Initiative (2017): “Guidelines for
Based Seismic Design of Tall Building, Version 2.01”

G.8.2 Deformation-Controlled Actions

If the uliimate deformation capacity (&) associated with any mode of deformation in a
component is exceeded in any of the response history analyses, it is permitted either to:

1. Assume the strength associated with this mode of deformation is negligible for the
remainder of that analysiz and evaluate the stability of the structure and the effects on
related strength quantities, or,

2. Consider the analysis to have unacceptable response.

For this purpose, & shall be taken as the valid range of modeling as demonstrated by
comparnson of the hysteretic model with suitable [aboratory test data or as described in Chapter

4.

G.8.3 Force-Controlled Actions

Categorize all force-controlled actions as being either Crtical, Ordinary, or Moncrtical, in
accordance with Section 2.2.5.

Commentary. The Engineer of Record shouwd ideniify force-confrolled acfions, and force-
confrolled actions should be cafegorized as being Crtical, Ordinary, or Noncritical, subject fo
approval by the peer review. Appendix E provides recommended fypical force-conirolled
actions and their categonies.

Where force-controlled actions are limited by a well-defined yield mechanism, evaluate
adequacy of force-controlled actions in accordance with Equations (6-1) and (B-2).

(1.2+0.25,2)0+1.0L+Ey Zd.R, (B-1)

Conduct rigorous capacity
(0.9-0.25 ) D+ En = R design J4 (6-2)
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Unacceptable Response

6§  MCEgr EVALUATION PEER (2017). Tall Buildings
B SCOPErrrsssersseenesl [ itTALIVE (2017): “Guidelines for
6.2  General REgQUIremMents ... e Based Seismic Design of Tall
6.2.1  Structural System Design ... BU|Id|ng, VerSion 2.01!,

622 Torsion Sensitivity Check..... .
6§23 Evaluation Crtena........coccoeeee e e eece e

G.3 Seismic Hazard Representation......ccous s
G.4 Structural Modeling and Analysis. ..o,
3.5 Load Combinations ..o e e
6.6 Cuantification of Global and Local Demands...

6.7 Global Acceptance EValuation .. oo sseea
671 Unacceptable REEEF‘IEE...................................
§.7.2 Peak Transient Stony Drift..
6.7.2 Residual Story Drift ..o n

Unacceptable response to ground moticn shall consist of any of the following:
1. Analytical solution fails to converge;
2. Demands on deformation-controlled elements exceed the valid range of modeling;
3. Demands on cntical or ordinary force-controlled elements exceed the element capacity;
4

Deformation demands on elements not explicitly modeled exceed the deformation limits
at which the members are no longer able to camy their gravity loads;

Peak transient story drift ratio in any story exceeds 0.045; and
Residual story drift ratio in any story exceeds 0.015.

<
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State of the Art Practice and Limitations of Cyclic
Deterioration Modeling for PBSD

JCSR_2017_433

Saismic Retrofit of Weldad Steel Moment Connections with Highly Composite
Floar Slabs C.H. Lee (2017)
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Chapter 3
Modeling of Frame Components

* PEER/ATC 72-1 (2010): Modeling and Acceptance Criteria for Seismic Design and Analysis of Tall Buildings

3.2.1.5 Slab Effect

Steel beams are often part of a composite slab system. The presence of a
composite slab will move the neutral axis, change the moment-rotation
relationship, and affect the bending strength in both the positive and
negative directions (Ricles et al., 2004). This effect is not captured in tests
of bare steel connection subassemblies. In the positive moment direction
(top flange in compression), the presence of a slab will delay local
instabilities but will cause higher tensile strain demands in the bottom
flange and welds. In the negative moment direction (bottom flange in
compression), the presence of a slab can accelerate the occurrence of
lateral-torsional buckling.

If the slab is thick, or the beam depth is small, this increase in strength can
be a dominant factor. In the example shown in Figure 3-1, the capping
rotation is unsymmetric in the two loading directions (about 3% in positive
bending versus 1.2% in negative bending).

Unfortunately, the majority of currently available experimental test data
come from tests that do not include a composite slab. Because of the
scarcity of data on slab effects, recommended modeling parameters are
based on bare steel beam tests without the presence of a composite slab.

Figure 3-1

Momaent (kinf

y 3" Ricles ATLSS013-SPECI-E-MomentRotation
)

da % oE 2 ow oo
Chard Retation rass)

Tioe

Hysteretic response of a steel beam with composite slab (data
from Ricles et al., 2004).

[} e
Type 2 curve

Since modeling of component behavior beyond the onset of significant degradation
is an immature science, it is prudent to set conservative limits on deformations
associated with this limit state. These limits will typically be deformation values that are
beyond the capping point, but prior to the ultimate deformation capacity in the load-

deformation response of the component.
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Damping issue

Damping in seismic design especially when nonlinear behavior is
involved_ a kind of “chicken rib”; linear viscous damping model,
originated mainly from mathematical convenience, is far from being
reality; the damping constant itself is dependent upon response (stress)
level...

Fortunately, very long-period structures like GBC tower seem less
sensitive to the damping value assumed.
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An example of effect of damping on very long-period
structures (say, T1= 10 sec. like GBC tower)
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4. Closing Remarks

v Surely, next generation seismic code to circumvent
or replace irrational R factor approach

v There still exist a lot of, often inevitable, prescriptive
provisions in the overall evaluation procedure; not
the level of the Code of Hammurabi yet.

v Many miles to go...especially test-backed/reliable
cyclic deterioration modeling should be developed
and implemented with acceptable accuracy in user-
friendly commercial software; prudence needed.

End of presentation g
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