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SEISMIC REGULATIONS FOR
NEW BUILDINGS

AND OTHER STRUCTURES

I BUILDING [
||| SEISMIC  [PAkCHn
|| SAFETY Frovisions

she Naromal nsiouse o

2003 Edition

Note: The June §, 2006 ERFEATA has been incorporated into this document.

NEHRP RECOMMENDED PROVISIONS
FOR SEISMIC REGULATIONS

FOR NEW BUILDINGS

AND OTHER STRUCTURES (FEMA 450)
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Force Based Design <—— Displacement Based Design

Assumed :

Method : Force Based Displacement
Design Based Design

-

ength | Stiffness
N

Determined :

Uy
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“Standard” Structural
Performance Levels

Joe’s
%
. Immediate Life
Operational
P Occupancy Safety
0% Damage or Loss

Minor cracking.

Limited yielding
possible at a few
locations. Minor
spalling of

; concrete cover.
Morsal Mottaghi

Extensive damage to
beams. Spalling of
cover and shear
cracking in ductile
columns. Minor
spalling in nonductile

columns. Joint cracks.

Collapse
Prevention

99%

Extensive cracking and
hinge formation in
ductile elements.
Limited cracking or
splice failure in some
nonductile columns.
Severe damage in short
columns.
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Structural Performance Levels and Illustrative Damage
Table C2-4. Structural Performance Levels and lllustrative Damage

Seismic-Force-Hesisting
System

Type

Structural Performance Levels

Collapse Prevention (S-5)

Life Safety (S-3)

Immediate Dccupancy (5-1)

Concrete frames

Steel moment frames

Morsal Mottaghi

Primary elements

Secondary
elements

Drift

Primary elements

Secondary
elements

Drift

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

Extensive spalling in columns
and beams. Limited column
shortening. Severe joint
damage. some reinforcing
buckled.

Transient dnft sufficient to canse
extensive nonstructural
damage. Extensive permanent
drift.

Extensive distortion of beams
and column panels. Many
fractures at moment
connections, but shear
connections remain intact. A
few elements might
experience partial fracture.

Same as for primary elements.

Transient dnft sufficient to canse
extensive nonstructural
damage. Extensive permanent
drift.

Extensive damage to beams.
Spalling of cover and shear

cracking in ductile columns.

Minor spnIJ'mF in
nonductile columns. Joint
cracks.

Major cracking and hinge
ormation in ductile
elements. Limited eracking
or splice fallure in some
nonductile columns. Severe
damage in short columns.

Transient drift sufficient to

cause nonstructural damage.

Noticeable permanent drift.

Hinpes form. Local buckling
of some beam elements.
Severe joint distortion;
isolated moment connection
fractures, but shear
CONNECLiONS remain intact.

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

Transient drift sufficient to

cause nonstructural damage.

Noticeable permanent drift.

Minor cracking. Limited
vielding possible at a few
locations. Minor spalling of
CONCrele cover.

Minor spalling in a few places
in ductile columns an
beams. Flexural cracking in
beams and columns. Shear
cracking in joints.

Transient drift that causes
minor or no nonstroctural
damage. MNegligible
permanent drift.

Minor local yielding at a few

laces. No fractures. Minor
ckling or observable
permanent distortion of
members.

Same as for primary elements.
Transient drift that causes
minor or no nonstroctural

damage. Negligible
permanent drift.

14
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Table 6-5 Effective Stiffness Values FEMA 356

Component Flexural Rigidity Shear Rigidity Axial Rigidity

Beams—nonprestressed 0.3E.l, 0.4EA, — . " .
Beams—prestressed Eclq 0.4E Ay — LngU l.w J > ‘-Sc 0 )‘ (3
Columns with compression due to design 0.7E. 0.4E A EA LQ,Q l.w‘ Lg d0 ‘ e
gravity loads > 0.5 Agf. <9 " 9 éb QY (SR
Columns with compression due to design 0.5E.ly 0.4E Ay E A ‘)3'”"(.90 M;Jb )Q OQ)B.”> J)J
gravity loads < 0.3 Agf . or with tension

Walls—uncracked (on inspection) 0.8E.l, 0.4EA, EAg

Walls—cracked 0.5E.ly 0.4E A, EAg

Flat Slabs—nonprestressed See Section 6.5.4.2 0.4E Ay —

Flat Slabs—prestressed See Section 6.5.4.2 0.4EAy —
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Table 10-5. Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed® 0.3E1, 04EA, —
Beams—prestressed El, 04EA, —

Columns with compression caused by design 0.7E, 04EA, EA,

gravity loads 2 0.54, f/

Columns with compression caused by design 0.3Ed, 04EA, EA; (compression)
gravity loads < 0_]A_,_,ﬂ’ or with tension EA, (tension)
Beam—column joints Refer to Section 10.4.2.2.1 EA,

Flat slabs—nonprestressed Refer to Section 10.4.4.2 04EA, —

Flat slabs—prestressed Refer to Section 10.4.4.2 04EA, —

Walls-cracked” 0.5EA, 04EA, EA, (compression)

EA; (tension)

“For T-beams, I, can be taken as twice the value of I, of the web alone. Otherwise, I, should be based on the effective width as defined in Section 10.3.1.3.
Morsal Mottaghi For columns with axial compression falling between the limits provided, flexural rigidity should be determined by linear interpolation. If interpolation is 18

not performed, the more conservative effective stiffnesses should be used.

*See Section 10.7.2.2.
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Factors to Translate Lower Bound Material Properties to Expected Strength
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Lower-Bound Strength x Factor =Expected strength

NEW BUILDINGS ————> | Factor=1.15

Existing Buildings

Morsal Mottaghi

1-Table 5-3 FEMA 356 Factor=1.1 or 1.05

—
Steel 2- Experimentally

Table 6-4 Factors to Translate Lower Bound
Material Properties to Expected
Strength Material Properties

Material Propert Factor
—> FEMA 356 perty _

Concrete Compressive Strength 1.50

Reinforcing Steel Tensile & Yield 1.25

Strength

Connector Steel Yield Strength 1.50
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Auto Hinge Type
I ’ From Tables In ASCE 41-13

-]

Degree of Freedom
7 M2
@ M3

Transverse Reinforcing
A

Transverse Reinforcing is Conforming

Deformation Controlled Hinge Load Carrying Capacity
@ Drops Load After Point E

Select 8 Hinge Table
I Table 10-7 (Concrete Beams - Flexure) tem i - I

W Value From

@ Case/Combo [ DEAD T ]

) User Value

Reinforcing Ratic (p - p') / pbalanced

@ From Current Design

() User Value (for positive bending)

Table 10-7. Modeling Parameters and Mumerical Acceptance Criteria for Nonlinear Procedures—Reinforced Concrete Beams

Acceptance Crilera®

(7 s Extrapolated After Point E
0K
F
-
2 CP
e LS
= D
=
o
[
Frd |
A

Mcdeling Famamators”
——— Plastic Rotations Angle (radians)
Flastic Rctations Angls Strangth
[rudlans) [Fatla Parformanca Lavel
Conditions a B o 3 L= CF
[ Cancel Condition i. Beams coatrolled by flexure®
p-p Transverse v.o*
_F'u reinforcement” bdyT
=00 C =3 (0.25) (025 .05 02 QD 0025 008
=00 [ 26 (0.5) 02 004 02 0005 gz 004
=05 C <3 (0.25) o2 0ol 02 U5 a2 003
=05 C =6 (0.5) Q015 o2 02 U5 Qa5 o0
=00 NC <3 (0.25) 002 003 02 0005 gz 003
=00 NC 26 (0.5) ol Q015 02 Qa1 Ll | oos
=05 NC <3 (0.25) ol Q015 02 U5 LI | oos
=05 NC =6 (0.5) 005 ool 02 Qua1s 0005 o
E et 1 Condition ii. Beams controlled by shear®
i Stirmup spacing < &2 Q0030 o2 02 Qa1 Ll | o02
| Stirmup spacing = &2 (.00GE0 ool 02 Q1S Q05 oo
I Condition iii. Beams controfled by inadequate development or splicing along the span®
1 Stirmup spacing < &2 0050 002 a0 Qa1 ol o2
I Stirmup spacing = &2 Q0030 ool a0 Qa1 QU005 oo
II Condition iv. Beams coatrolled by insdequate embedment into beam-—column joint®
> Q015 003 02 M a2 o003

Lateral Deformation

Morsal Mottaghi

MOTE: {7 in Ibin® (MPa) units.

“Valugs between those listed in the table should be determined by linear interpolation.

“Where more than one of conditions i. i, iii. and iv ooowr for a given component, use the minimem approprizie numerical value from the tble.

= and “NC are abbreviations for conforming and nonconforming transverse reinforcement, rcsp-:dwr:{leB‘anLi'rc:'sc reinforcement is conforming if, within

the flexural plastic hinge region. hoops are spaced at < d'3, and if, for components of moederate and high ductility demand, the strength provided by the boops

(V) is at least 304 of the design shear. Otherwise. the transverse reinforcement is considered nonconforming. 2 1
Vs the desipn shear force from NEP or NDP
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FEMA 356, ASCE41-13 section 7.3.2.1

2.4.2.1 Nonlinear Static Procedure

The NSP shall be permitted for structures in which higher mode effects are not significant,
as defined in this section. To determine if higher modes are significant, a modal response
spectrum analysis shall be performed for the structure using sufficient modes to capture 90%
mass participation. A second response spectrum analysis shall also be performed,
considering only the first mode participation.

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.
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Approximately balance
areas above and balow

e

0.6V, i

5,
(a) Positive post-yield slope

10 LS
CP
=

&4

C
D E

Normalized force
>
o]

Deformation or deformation ratio

Normalized force

Approximately balance
areas above and below

&
(b) Negative post-yield slope '
|
10
lps LS
P S CP
P s
B C
D E
A

Deformation or deformation ratio
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Table C2-1 Examples of Possible

peformation- Contiolied and Local (Component-based) Acceptance Criteria

Force-Controlled Actions

Deformation- Force-
Controlled Controlled
Component Action Action /
Moment Frames | | ([ Life
= Beams Moment (M) Shear (V) e —,
« Columns M Axial load (P), V Immediate Safety
= Joints - Y1 Occupancy
Shear Walls M, v P
Braced Frames
- Braces P =
- Beams - P
= Columns - P \ Collapse
= Shear Link \ P.M Prevention
Connections PV, M3 BV, M < |
Diaphragms M, v2 PV, M
1. Shear may be a deformation-controlled action in steel moment frame
construction.
2. Ifthe diaphragm carmies lateral loads from vertical seismic resisting
elements above the diaphragm level, then M and V shall be 8 i pondS g ) S ped gl W 5 ladiged o) ¥ Jsds
considered force-controlled actions.
3. Amial shear. and moment may be deformation-confrolled actions for wg 5 S, s at
certamn steel and wood connections. IS S s =
gl e i =Y
o v e o V) "n (M) s 52 s
b o S S (V) il 2 g )
B E n ?.__. PI_'; e - by g
it o JyS K () sy sy (V) g 5 (M) o2 ¥ ol = V) 2 5 () copme s o
ik o ey (V) g (M) b 50 cam0 i 8 5L 5 3 gmm 8 530 o sl byt o510 86 Sppm (V) "o — Yl
(B) pgmo 59 (V) oy s (M) 23 5 s sl ¥
sad (ediplye gla ST
- (P) L5550 (G530 CXHATE
(P) coypma s — s 5
(P) Sy £ -— LIDQPLJ
(B) soome g3 3 (V) (8 5 (M) 23 50 "(B) oo sap s (V) iy (M) 2ed 53 2Ylail glpp ¥
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A A 10 LS
10 S i -

8 JtF'!S LS q'qo_; — 4§

ks P \s CP N B

g P Is g

N

[ B c > " D E

= ] Deformation or deformation ratio

= D E £ _

A
. . - - B~
Deformation or deformation ratio C )
B Chord Rotation:
. o -t
(c) Component or element deformation CP+< 0 Y
acceptance critera 0 Nvmwm—gy T
. 1 A
Define menu > Section Properties >
Frame/Wall Nonlinear Hinge L . >|
[
FIG. 10-6. Chord Rotation for Shear Wall Coupling Beams
Point Moment/SF Rotation/SF
02 -0.025 Acceptance Criteria (Plastic Rotation/SF)
D- 0.2 -0.015 ' Positive Megative
C- -1.1 -0.015 .
B 0 - Immediate Occupancy 3.000E-03
0 0 Life Safety 0.012
1. 0.
o 11 0.015 Collapse Prevention 0.015
H 0.2 0.015 Show Acceptance Criteria on Plot
0.2 0.025
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4 Component Gravity Loads for Load Combinations
REREERER;
S %
SRR § ] .
] jle 100 UL ol malS
& .: D = Dead-load (action).
L = Effective live load (action), equal to 25% of
> the unreduced design live load, but not less FEMA 356
¢ ¢ than the actual live load.
S = Effective snow load (action) contribution to
——— ~%- W, specified in Section 3.3.1.3.1.

YA-- | D 1.2D+AL If L<400 kg/m2 —> A=0.5
NEW BUILDINGS ———>

) L2hE If L>400 kg/m2 —> A=1.0

FEMA 356 1) 1.1(D+BL+S)
Existing Buildings | ASCE41-13
Yoo AD 4y 2) 0.9D

1) 1.1(D+BL)
Y7e-aY @ i
Morsal Mottaghi 2) 0.9D 26
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Define menu > Load Cases

— —
o TR

Edit View Define Draw Select Assign  Analyze Display Design Detailing Options
[ B L 2 LI J LI/ . L ~ - LpY -
FTywel v/ DV H 2o /@l @@ q @zl gl
T T 1 e (T o *
= Uﬁ x ﬁ 1l .X‘ &)g\/ T:l i @ 5{ g’ - A }": T3 Load Case Name 120+ Diesign...
|43 Model Explorer v x _[ 41 Elevation View - A ] Load Case Type [Nonlinear Static v] [ Notes... ]
Mode! | Display | Tables | Reports | Detaiing | Exclude Obiects in this Group [Net Applicable
(- Model ’
- Project Mass Source [ Previous v]
[l Stoucties | st - - _ -
m LoadGases Initial Conditions
@ Zero Initial Conditions - Start from Unstressed State
Load Cases Click to: () Continue from State at End of Nonlinear Case (Loads at End of Case ARE Included)
Load Case Name Load Case Type & Add MNew Case... ARTETEER |
EY{ALL} Linear Static Loads Applied
LIVE Red Linear Static Modify/Show Case... o
LIVE Red 05 T stoi Load Type Load Name Scale Factor -
. near ic b
@ [t T—— Load Pattem DEAD 12 Add
show Linear Satic Load P LIVE(FLOOR) 05 - Del
ad Pattem . ete
SD Linear Static — Show Load Case Tree.. L8
Load Pattem LIVE(ROOF) 05
EX(drift) Linear Static - e ne s
EY{drft) Linear Static 3
spec Responze Spectrum i R
1.20+L Monlinear Static = Modal Load Case [Modal ']
Geometric Nonlinearity Option [F‘—Daﬂa plus Large Displacements ']
Load Application | Full Load Madify/'Show....
A Results Saved | Final State Only Modify/Show...
STORYZ
Monlinear Parameters | Default Madify/Show....
STORY1
. oK | [ Cancel |
= [==] [=:] th BASE
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Lateral Load Distribution
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Response Spectrum Analysis .o <8 Lie Jdow j0 ol p > 78+ JBlo>
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ASCE/SEI 41-13

7.4.3.2.3 Lateral Load Distribution for
NSP Lateral loads shall be applied to the
mathematical model in proportion to the
distribution of mass in the plane of each
floor diaphragm. The vertical distribution
of these forces shall be proportional to
the shape of the fundamental mode in the
direction under consideration.

C7.4.3.2.3 Research in FEMA 440 ( 2005) has
shown that multiple force patterns do little to
improve the accuracy of nonlinear static

procedures and that a single pattern based on
the first mode shape is recommended.
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= I'U'!ndal Results

- Modal Participation Factors
‘... Modal Direction Factors

H- Structure Results

H- Frame Results
t]
H

=115

- Shell Results

[+~ EnengyVirtual Work
- Design

- Table Sets

_[ |43 Plan View - STORYS - Z = 244 (m) Hinges 1

- X _[ l_iﬂ?;-D View - Displacements

[ 1 43Model Bxplorer | v X
| Model I Displa}rl Tables | Reparts | Detailing|
= Tables
- Model
=8 Analysis
[ Options
-- Response Spectrum Functions
-- Load Cases
&1 Load Combinations
- Resufts
& Displacements
[+ Reactions

Modal Participating Mass Ratios \El
H 4 |11 of12 | b Bl | Reload Apply
Case Mode Period X uy uz Sum UX Sum LY Sum UZ
sec
Madal 1 1.355 0.6564 0.0004 0 0.6564 0.0004 0
Madal 2 1.332 0.0005 0.6207 0 0.6568 0.6211 0
Modal 3 1.128 4 383E05 |0.0358 0 0.6569 0.6569 0 |
Madal 4 0.521 0.1513 3421E05 |0 0.8082 0.6569 0
Madal 5 0.509 453505 |0.1445 0 0.3082 0.83015 0 :
Modal 6 D44 1.05E05 | 0.0078 0 0.8082 0.8093 0
Madal 7 D.287 0.0692 921906 |0 08774 0.8093 0
Madal 3 D.28 1.227E05 | 0.0671 0 0.8774 0.8765 0 '
Modal 9 0.247 6.294E-06 | 0.0019 0 0.8774 0.8734 0
Madal 10 0.197 0.0351 0 0 0.9126 0.5754 0
E: oda 0.13 1 0.0 0 0.3 (0.9 [
Madal 12 D.173 1.756E06 | 1.5695E05 |0 0.9126 0.9155 0

I
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FEMA 356
1. A modal pattern selected from one of the following:

1.1. A vertical distribution proportional to the values of Cvx given in Equation (3-12).

Use of this distribution shall be permitted only when more than 75% of the total mass
participates in the fundamental mode in the direction under consideration, and the uniform
distribution is also used.

1.2. A vertical distribution proportional to the shape of the fundamental mode in the direction
under consideration. Use of this distribution shall be permitted only when more than 75% of
the total mass participates in this mode.

1.3. A vertical distribution proportional to the story shear distribution calculated by combining
modal responses from a response spectrum analysis of the building, including sufficient
modes to capture at least 90% of the total building mass, and using the appropriate ground
motion spectrum. This distribution shall be used when the period of the fundamental mode
exceeds 1.0 second.

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

2.1. A uniform distribution consisting of lateral forces at each level proportional to the total mass
at each level.

2.2. An adaptive load distribution that changes as the structure is displaced. The adaptive load
distribution shall be modified from the original load distribution using a procedure that
considers the properties of the yielded structure.
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File Edit View Define Draw Select Assign Analyze Display Design Detailing Options Help |1 Load Case D_ X
s ¥ LW L e s o e -
HEHFSR YR DV H 2o /e » QaQQRQ (W 3drkel O o
General
T o + 1N
o él) g\/ C‘ Jﬂ @ i’ g‘ * A }”: 73 Load Case Name RSA Design...
g - x | [(HEevatonViea A |
A Model Explorer Load Case Type [Norlinear Static 7| [Netes.. ]
—2 | Model | Di Tabl its | Detaili
| splay | EE | Reports I = |ng| Exclude Objects in this Group | Mot Applicable
-.i (- Model
. - Project Mass Source [ Previous v]
([ Load Ca [ =
m - e Initial Conditions
() Zero Intial Conditions - Start from Unstressed State
Load Cases Click to:
@ Continue from State at End of Monlinear Case (Loads at End of Case ARE Included)
- Add New Case...
Load Case Name Load Case Type Monlinear Case [1.2[}+L v]
LIVE Red Linear Static Add Copy of Case...
LIVE Red 0.5 Linear Static Modify/Show Case... Loads Applied
SNOW Linear Static Load Name Scale Factor
Ih SD Linear Static @
| EX(drit) Linear Static i @ Show Load Case Tree...
EY(drift) Linear Static
spec Response Spectrum =
1.20+L Monlinear Static Other Parameters
“ RSA Nonlinear Static i Cancel Modsl Load Case [Modal v]
Geometric Nonlinearity Option [None ']
T Load Application | Displacement Cortrol Modify/Show... | 1
srorvd Results Saved | Mutiple States Modiy/Show... | 2
allh Monlinear Parameters |Defa|.||t Modify/Show... 3
&
= STORY1
N 4 [ Cancal |
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| Ji Results Saved for Nonlinear Static Case ‘ S|

Results Saved

() Final State Onby @ Multiple States

For Each Stage

Minimum Mumber of Saved States 10

Maximum Number of Saved States 100

m Load Application Control for Nenlinear Static Anal

| Save positive Displacement Increments Onby z
Load Application Control

) Full Load ) | 1
EEERETEEES

(@ Displacement Control

(©) Quasi-Static (run as time history) I
) 4 Solution Control
Control Displacement Mazimum Total Steps 200
@ Use Conjugate Displacement Maxdmum Null Steps 50
- . ) Madimum Constant-Stiffness terations 10
(L) Use Monitored Displacement Maximum Newton-Raphson terations 40
Load to a Monitored Displacement Magnitude of 150 mm heration Convergence Tole@nce (Relative) 0.0001
Use Event-To-Event Stepping Yes
Evert Lumping Tolerance (Relative) oo
Menitored Dizplacement Maxdimum Line Searches per fteration 20
. ) Line Search Acceptance Tolerance (Relative) 01
@ DOFtloint Ut v |[sToRYV? v| 11 e S Svon P e

| 4 Hinge Unloading
Unload Entire Structure

4 Paramet
Frame Tension or Compression Only Yes
onlinear Direct Int Histon Frame Hinges Tes
= Link Tension or Compression Only Yes
1 = Link Other Norlinear Properties Yes
Time Dependent Materal Properties No

Material Nenlinearity Parameters

19

Set to Default Values

[ ok | [ Cancel |
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100% EX AND DISPLACEMENT

ASCE/SEI 41-13 /30% DISPLACEMENT

Where the NSP is used as the basis for analysis, elements and components of
the building shall be analyzed for (a) forces and deformations associated
with 100% of the target displacement in the X direction only, plus the forces
(not deformations) associated with 30% of the displacements in the Y
direction only; and for (b) forces and deformations associated with 100% of
the displacements in the Y direction only, plus the forces (not deformations)
associated with 30% of the displacements in the X direction only.
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FEMA 356
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o0, =C,C,C,CS, ——on
T2 A
0,=C,C,S,—¢g ASCE/SEI41-13
Ar? 360-92 a
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NOTE: Linear interpolation shall be used to calculate intermediate values.
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T<T,>C= - . .. R
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) 00 T

Approximately balance
areas above and balow

Period Determination for NSP

Effective Fundamental Period

I=1, %
J;

Ki= Elastic lateral stiffness

By
Ke= Effective lateral stiffness (a) Positive post-yield slope
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7.4.3.2.4 Idealized Force—Displacement Curve for
NSP The nonlinear force—displacement relationship
between base shear and displacement of the control
node shall be replaced with an idealized relationship
to calculate the effective lateral stiffness, Ke, and
effective yield strength, /3, of the building,
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Idealized Force—Displacement Curves
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Acceptance Criteria

(1) V(125%5t)>Vy

2)

PYY

aal O U sl lisle gl

A, =1.2x0.025h

A, =1.2x0.02h

FEMA 356
The base shear at the target displacement, Vt,
shall not be less than 80% of the effective

yield strength of the structure, Vy, defined in
Section 3.3.3.2.4.

%
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7.5.3.2.1 Acceptance Criteria  for
Deformation-Controlled Actions for NSP
or NDP Primary and secondary components
shall have expected deformation capacities
not less than maximum deformation
demands calculated at target displacements.

7.5.3.2.2 Acceptance Criteria for Force-
Controlled Actions for NSP or NDP Primary
and secondary components shall have lower-
bound strengths not less than the
maximum analysis forces.
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