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Damage Range &  Damage States and Performance Level Thresholds

No damage, continuous service.

Damage States and & 73
Pe rfo r m a n Ce Leve | Opér‘a”t 0Nnal  continuous service, faciiity operates and functions after

Negligibl

Thresholds : —

Most operations and functions can resume
Immediately. Repair is required to restore some non-
essential services. Damage Is light.

Operational

Light

Structure Is safe for occupancy immediately after
are pi , non-

Moderate

Life safety is generally protected. Structure is
damaged but remains stable. Falling hazards remain
secure.

6 i i Damage is building
features or contents may be protected from damage.
Ll }fe

e
3|| cdiabse

Structural damage is severe but collapse is
fall.

- b
zg Portions of primary structural system
2| colapse
8
1 Complete structural collapse.




Earthquake Performance Level

Fully Operational Operational Life Safe Near Collapse
Frequent e} fe)
(43 year) Unacceptab?e
T Perfarmance
5 (for New Construction)
Occasional o
5, (72 year)
‘n
a
% Rare o
3- (475 year)
£
t
o
w
Very Rare
(970 year)

11

Vision 2000

Relationship developed
between:

Performance objective ( B 1Z1E8E
Type of facility (¥&3& D F&)

Probability of earthquake (HIEDHESER)
and

Response parameters related
to each performance
Objective: (i% 247 - 574f)

Specific demand parameters

identified, and (E3RZEH)

Initial acceptance criteria are
established. (254 7T17)

- Basic Approach

Performance objective increases
(i.e., less damage): (gD mA L)

for a high probability earthquake (SHEEME. EEE)

(one that may occur several times
during the life of a structure), or

for an important structure or (EEE%))

dangerous occupancy (i.e., a
hospital or dynamite plant)

Conversely, more damage is
acceptable: (BEDHZE. FEMIEE)
for a rare, severe earthquake, (*@(ﬁ@ﬁiﬂ%)
for less critical or temporary (EEE. REREWD)

facilities.
(Acceptability Analysis for Performance Based Design
:Capacity Spectrum Method)

12




Capacity Spectrum Method (CSM)

Fre%rggniﬂ 975) Sigmund A. Freeman
Mahaney et. (1993) B

Roma Prieta #hZE 2% FH
Vision 2000 (1995)

acceptability analysis@)—™D
ATC-40 (1996)

RCEM D FHiEE L TEEHfRET
SEAOQOC Blue Book (1999) _

forco-dsplacement approach Sl

DBD method (%ﬁﬁff‘%ﬁ?ﬂ:,ﬁ) Elstner AssocF:at’es, Inc'. b

FEN_IA 440 (200? . UC Berkeley, BS(Civil) 1955
Lfi;ED LB D hTHRY EIF MS(Civil) 1957

Capacity Spectrum Method (CSM)

Spectral Acceleration, Sa (g)

Spectral Displacement, Sd (cm)

REVIEW OF THE DEVELOPMENT OF THE CAPACITY SPECTRUM METHOD, S. A. Freeman
ISET Journal of Earthquake Technology, Paper No. 438, Vol. 41, No. 1, March 2004, pp. 1-13




ATC M

Seismic evaluation and retrofit
of concrete buildings
Volume 1

Seismic evaluation and retrofit
of concrete buildings (1996)
ATC 40

Nonlinear Static Analysis Procedures
Capacity Spectrum Method
Displacement Coefficient Method
Secant Method

Pushover Curve (Capacity Curve)
Demand Response Spectrum (ADRS)
Performance Point Calculation

Spectral Acceleration

A

Note:
1. K = Initial Stiffness
2. Area A, = Area A,

i

L £

A

/

A,

ilinear resentati
C ity Spectrum

)

dy
Spectral Displacement

_p
a

T=2rx

pi

Ep = Energy dissipated by damping
= Area of enclosed by hysteresis loop
= Area of parallelogram

Bilinear representation
of capacity spectrum

- gﬂ%’é’/&:{,"&‘ﬁﬂ tiangle % il
sy
|
1 'Skéagilyfé?i;cemant
63.7x(a,d —d a,)
IBef'(%): ay .CI; 4 L5

k=1(Type A), 2/3(Type B),1/3(Type C)

Capacity Spectrum Method (ATC 40)-1




i

Spectral Acceleration
>
:
g i

dy Ty
Spectral Displacemant
63.7x(ad, —d a.)
i B (%)= = =
T=2m ] = a,d
p k=1{Type A}, 2/3(Type B),1/3{Type C)

Capacity Spectrum Method (ATC 40)-1

Spectral Reduction Factor
A Demand spectrum _ Intersection point of demand spectrum
3.21-0.68In(8,;) and capacity spectrum

4 2.12 Note:
ay, d, = trial perfromance point
d, = displacement intersaction point

The trial performance point, api,dpi, is

o 231-041In(5,)

i o
\\3

Spectral Acceleration

V
1.65 acceptable If 0.95d, <d, < 1.05 d,,
— Bllinear on

Comparison with Response cap‘d‘y"l’ m
Data (FEMA 440)
for short periods (<0.5s)

larger than twice q, 3, >
for longer periods(>0.6s) Spectral Displacement

25 to 35% larger

Capacity Spectrum Method (ATC 40)-2

18




Spectral Reduction Factor

3-21—&.68]11[,@_,*} and capacity spectrum
= 212 Nota:
8y, d, = trial perfromance point )
231-0411In(8,) i e s
SR, = - - The trial performance polrt, apl,dpi, is
165 i accaptable if 0.95d, <d £ 1.06 ¢,
Comparison with Response
Data (FEMA 440)
forshort periods (<0.55)

largerthan twice oy a4 o

for longer periods(=0.65) Spectral Disol :
25 to 35% larger

Capacity Spectrum Method (ATC 40)-2

Improvement of Nonlinear Static
Seismic Analysis Procedures (2005)
FEMA 440

/:, A Evaluation of Current Nonlinear
—i A - Static Procedures

Imprpvement f)f o Capacity Spectrum Method (ATC 40)
Nonlinear Static Seismic Displacement Coefficient Method
Analysis Procedures (FEMA 356)
Jne 205 Improved Procedures for

& FEMA fiEhrp Displacement Modification

Equivalent Linearization

Federal Emergency Management Agency

National Earthquake Hazards Reduction Program
20




Recommended
Lateral Force Requirements
and Commentary

1999
Seventh Edition

Seismology Committee

Structural Engineers Association of California

Recommended Lateral Force
Requirements and Commentary (1999)
SEAOC Blue Book

Appendix | (The last of Appendices A-1)
Tentative Guidelines for Performance
-Based Seismic Engineering

Part B Force-Displacement Approach

Attachment 1

Procedure for Determining Earthquake

Ground Motion Response Spectra
Attachment 2

Equations for Determining Spectral Points
Attachment 3

Historical Perspective and Context

Capacity Versus Inelastic Response Demands

21

BQ-I

EQ-II

Seismic Hazard

BHQ-IV

Earthquake Performance Level
(Structural or Non-Structural Systems)

BQ-III}f =

Level 1 Level 2 Level 3 Level 4
SP1
o] (o} o)
NP1 Not Considered
SP1 SP2 for New Construction)
GQ% ! o) o
%% SP3
0
NP3

SP3 SP4

NP4

22




IEE —ZTHRBEARIRL (1994F /—R )y E)

1994 Northridge Earthquake Spectra

(Average of Two Horizontal Components)

0.33 Sec. 0.5 Sec. 0.75 Sec. 1.0 Sec.
3.0 ; . -
' —e— Atleta Spectrum (CDMG Station No, 087)

25 F —o— Newhall Spectrum (CDMG Station No. 279)
: ~o-— Sylmar Spectrum (CDMG Station No. 514)
= SEAOC Spectrum, Soil Type S2 - Zone 4

20}
- 133

Peak Spectral Acceleration (g)
3

10}
|20

03 110

" 6 12 18 24 30

Peak Spectral Displacement (Inches)

RETAMMEE TR EARIML (FE%. 20%)

{_ 1 B 20% Damping - — — ——-
5% Damping

124 4 | I". \ = 2 o
i | "‘. L Vabd S9%a

Spectral Acceleration, Sa (g)

N
I
|
!
1

1
| —J

40 44 48 52 %6

i

o L LA
Spectral Displacement, Sd (in)
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Ay A p =INELASTIC DISPLACEMENT CAPACITY
8 3Ap 3AP ZAP ZAP
hid
@ -—7

p—
O| NOMINAL — e T 3
2 YIELDING el STABILITY
(72 LIMIT
w b,
£ STRUCTURAL RESPONSE ENVELOPE
& (PUSHOVER CURVE)
= |
<
2 /
o - o o ¥ ©
o /8 5 5 5 5
B e
DISPLACEMENT

®

Structural Performance Levels Seismic Response Curve for Structural Systems

25

Inelastic
Structural System Displacement | Nonstructural | Nonstructural

Performance Qualitative | Displacement Demand Performance Damage

Level Description Limit Ratio (IDDR)) Level Ratio
SP1 Operational A . 0% NP1 0%-10%
SP2 Occupiable A y+3 X 30% NP2 5%-30%
SP3 Life safe A /+6 An 60% NP3 20%-50%
SP4 Near collapse A /+8 Ko 80% NP4 40%-80%

SP5 Collapsed ApAg 100% NP5 >70%

(Refer to Section IB-2.3)

Structural Performance Levels Seismic Response Curve for Structural Systems

26




Recommended Displacement Ductility Limits for Preliminary Design

System Displacement Ductility Limits Related to
Performance Level

Structural Systems SP-1 SP-2 SP-3 SP-4
Concrete

Shearwall (1 SHL <5) 1.0 25 4.0 5.0

H/L=102 1.0 16 21 25

Coupled shear wall 1.0 3.0 5.1 8.0

SCMRF 1.0 3.6 6.2 8.0
Steel

SCBF 1.0 25 4.0 5.0

EBF 1.0 3.6 6.2 8.0

SMRF 1.0 3.6 6.2 8.0
Masonry

Shearwall (1 SH/L <5) 1.0 21 33 4.0

H/L=102 1.0 1.4 2.8 2.0

MMRF 1.0 2.5 4.0 5.0
Wood

Plywood shear wall 1.0 2.9 4.8 6.0
Special Technologies

Base isolated systems® 1.0 1.0 1.0 NA

PED systems* 1.0 1.0 1.0 NA

Recommended System Damping Values For Preliminary Design

System Damping Values Related to Performance
: Level
'f_s,t_rﬁ{:tgral Systems SP-1 SP-2 SP-3 SP-4
Concrete
Shear wall (1 £H/L £5) 5% 15% 18% 20%
Coupled shear wall 5% 16% 22% 24%
SCMRF 5% 18% 25% 28%
Steel
SCBF 5% 10% 15% 20%
EBF 5% 10% 20% 25%
SMRF 5% 10% 20% 25%
Masonry
Shear wall (1 SH/L <5) 5% 15% 18% 20%
MMRF 5% 10% 15% 20%
Wood
Plywood shear wall 5% 10% 156% 20%
Special Technologies
Base isolated systems 5% 15% 25% 30%
PED systems? 5% 15% 25% 30%




Recommended Drift Targets for Preliminary Design

System Drift /alues Related to Performance Level
Structural Systems SP-1 i SP-3 SP-4
Concrete
Shearwall  H/L=1 0.003 0.0055 0.008 0.010
H/L=2 0.004 0.008 0.012 0.015
H/L=3 0.010 0.019 0.028 0.035
Coupled shear wall 0.005 0.015 0.030 0.040
SCMRF 0.005 0.015 0.030 0.040
Steel
SCBF 0.003 0.008 0.012 0.015
EBF 0.004 0.013 0.022 0.032
SMRF 0.005 0.018 0.032 0.040
Masonry
Shear wall  H/L=1 0.003 0.055 0.008 0.010
H/AL=2 0.004 0.007 0.010 0.012
H/L=3 0.010 0.017 0.024 0.028
MMRF 0.005 0.011 0.022 0.030
Wood
Plywood shear wall 0.005 0.015 0.024 0.030
Special Technologies?” 3
Base isolated systems 0.003 0.005 0.008 0.010
PED systems 0.005 0.014 0.022 0.030

29

Spectral damping factors

(/148 SEAOC)
3.21-068LN(1003) ooy

2.12
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lllustration of DDBD and EBD Concepts

over-

strength)

factor -

DEMAND CURVES
FOR 5%, 10%, 15%, 20%

DAMPING

Terr

CAPACITY SPECTRUM
PUSHOVER CURVE

20% DAMPING

24"
QA CAPACITY

\AT =TARGET DISPLACEMENT

DDBD : Direct Displacement-Based Design Procedure (Priestley, Kowalsky, et.)
EBD : Equal Displacement-Based Design Procedure (Newmark-Hall)

Direct
Displacement-
Based

Design
(DDBD)

m)

Displacement (m

|

I
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|
[

800

A |

(a) MDOF to SDOF
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400 -
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10%
15%
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Period (sec)
(c) Obtaining effective period

Damping (%)

w
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7 - Design for V,,

25
20
}
15
10
5
0 T Te T T
[ 4 10
Displacement Ductility
(b) Hysteretic damping
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(d) Obtaining design force, v,




Bozorgnia, Bertero, “Earthquake Engineering: From Engineering
Seismology to Performance-Based Engineering”, CRC Press, 2004

Earthquake engineering (EE) is an integration of
o it multidisciplinary knowledge
EﬂHTH[}U}!{HE e Historical development of EE and its modern goal
EMG'NEEHlNE ® Geoscience principles needed to define seismic hazards
e Engineering characterizations of ground motion, as well
I:T:h:l'!r:;lm-l! as geotechnical hazards
I FeriaeTasce 3352 e Deterministic and probabilistic methods of analysis (Wen)

ey e Performance-based EE, its applications and future
. 1T, el T direction
B ofs. = I:;T;f:.:-lﬂl.lwﬁ[:ﬂrlfu * Innovative strategies and techniques (Wada et.)
LTt e Seismic behavior and earthquake-resistant design of
building structures using different structural materials

(RC: Sozen)(Buckling Restrained Brace S: Nakajima et.)
e Seismic analysis and design of nonstructural elements

SEAOC BLUE BOOK

Seismic Design Recommendations
2009 (31 articles)

SEAQOC
BLUE
BOOK

Seismic Design

Recommendations

Seismic Force-Resisting Systems
Analysis Procedures
Nonlinear Static Procedures

Capacity Spectrum Method
(ATC-40)

Displacement Coefficient Method
(FEMA273)(FEMA356)

FEMAA440:differences and improvements

34
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Jacobsen (“Engineering Vibrations”)(1958)
Caughey (1960, 1963)
B (TEEREIZ1)(1965)
Jennings (1968)
Idris, Seed (1968)
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