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1990s LESSONS
High Economic Losses
(Northridge & Kobe Earthquakes)

@ FORCE-BASED DESIGN
(Prescriptive / Code-Based)

PERFORMANCE-BASED DESIGN

{Objective / Qutcome-Basad)

PERFORMANCE-BASED DESIGN PROCESS

Select Performance Objectives

Perform Preliminary Design
Assess Performance Capability

Does Performance
Meet Objectives ?
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« SEAOC-Vision2000 (1995)
« ATC-40 (1996)

« FEMA-273, 274 (1997)
 FEMA-356 (2000)

« ASCE 31-03 (2003)

« ASCE 41-23 (2007-2023)
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ATC-13 (1985)

FEMA-227, 228 (1992)
FEMA-HAZUS (1997-2024)
FEMA P-58 (2012-2026)
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Decision-
making

Damage analysis

O: Location
D: Design

A(DV) = f f jp(DV|DM).p(DM|EDP).p(EDP|IM)./1(IM).dDM.dEDP.dIM
IM DM EDP
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Hypothetical building performance function. % /VE
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Assemble Building
Performance Model

Analyze Building
Response

Calculate
Performance

FEMA P-58

Define Earthquake
Hazards

Develop Collapse
Fragility

Flowchart of the performance assessment methodology
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Example Fragility Groups for a Two-Story Steel Frame Office Building
Fragility Eoe
Classification ULO-L?LW GQALO.C LJM )L&!I

Number Description Demand Parameter

Structural steel moment Story drift ratio parallel 1o frame

connections Usm LSLQOSJS

Exterior curtain walls Story drift ratio parallel to wall

:
53581z slaog S
Peak ground acceleration

ENRTe
Modular office workstations Floor acceleration

b : Solu

Unit Cost, $

Max. cost
- Uncertainty, B.

Story Dnft Ratio - % Min. quantity M q;}a"my Quantity

Example family of fragility curves for special steel
moment frame beam-column connections. Typical consequence function for repair costs. /PE
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Sample Collapse Modes, Collapse Floor Area Ratios, and Probabilities of
Fatalities and Serious Injuries for a Hypothetical 4-story Building

Collapse Modes

| Mode 1 | Mode 2 I Mode 3 | Mode 4 | Mode 5

Probability of
Collapse Mode

Probability of
Fatality

Probability of
Serious Injury

Collapse Floor Area Ratios
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Develop “R”
Simulated Demand Sets

!

For each of “R” Realizations
Compute Consequences

l

For each Consequence
Order Realizations from
Least Impact to Highest

!

FEMA P-58

Initiate
Realization

1

Determine
Damage

4

Does
Collapse
Occur?

No

W

Obtain Demand
Simulation

2 5lo g Sylws byl

|
!

Determine
Casualties

:

Is
Building

Repairable?

No

W

Repair cost = replacement cost
Repair time = replacement time
Embodied Carbon = replacement value
Embodied Energy = replacement value

Condition Tag = unsafe

For each Consequence
Plot Value of Realization Impact
against
Percentage of Realizations Having
Smaller Impact

Calculate
Repair Cost,
Repair Time,

Embodied Carbon,
Embodied Energy

Repair cost = replacement cost
Repair time = replacement time
Embodied Carbon = replacement value
Embodied Energy = replacement value
Condition Tag = unsafe

Flowchart for intensity- and
scenario-based assessments.

Determine
Condition Tag

\l(.
Calculate
Non-collapse
Casualties

Flowchart for performance calculation in each realization.
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Future Seismic Loss Initial Capital Cost (S)

- Direct Repair Costs
- Facility Downtime S b=l | jOC lo
- Rent & Income Loss he JS J G JJJ

- Casualties

Traditional prescriptive codes focus on single-hazard life safety, ignoring the long-term economic

imbalance of earthquake damage. True efficiency requires optimizing for Life-Cycle Cost (LCC) 1§ /IPE
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Life-Cycle Stages
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Construction
Manufacture
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Limestone Gl . r M 0
Transportation Transportation Seismic Repair Transportation \5_}:95[&:5.0.&0.1 ).l:! I _}3 J Y
Iron Clinker Concrete Replacement
Placing

Extraction Production
S ﬁ d ° O e 2 Fe ) &5
Coarse Cement Rebar Placing Operation 9 6“"9' LSLQMJ_Q L.J_‘s ' S J'b" Jb d_ol U
Aggregate Production =S OO
Extraction Coatn Formwork Maintenance Recycling o —
Placi ! .
Fine Aggregate — WBJ |3Soulo o Su vl
Production —— Retrofit o = =
Aggregate Finishing
Extraction Y
Aggregate Repair
Production
Hot-Rolling of Steel (COS (X) U CONS + COC)AF
Steel Rebar
Production
cte
Steel Rebar
Fabrication
Concrete CLC (t' X) == CIN (X) + CM (tr X) T CLSD (tl X)

Production
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1 — (1 Ll - Crsp(t = 1,X)
Crsp(t,X) = Cpsp(t = 1,X) X : Crsp(t, X) = i

Cosp(t = 1,X) = EALgrg + EALysp + EALysy + EALcony + EALggy + EALine + EALggpnt + EALyinormj + EALyajorimj + EALpae

DV

P(DV > dv) = j P(DV > dv|E = e)dA(e) = z P(DV > dv|E = e;)Al;
A —
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Annual Frequency of Exceedance

1 d
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Earthquake Intensity, e (g)
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The Area below the loss curve = EALpy
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Z P(DV > dv|E = e;) AA;
i=1

P(DV=dv | E = e))
Annual rate of exceeding dv

Decision Variable (dv) Decision Variable (dv)
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Find X = [xl,xz, ...,xng]T, x; € D;
F(X) = [Cin(X), Crsp (£, X)]"

A
ge(X) — L 0,
Apc

to minimize

subject to

X) = Ry 1<0
gS _(pR — 2/,

n
C,AE
el _ i)
A,

IscwpX) = g pe <0

gp(X) =

P(DV > dv|E =e;)) =1—P(DV < dv|E = ¢;)
= (o7) e
Bov

P(DV > dv) ~ z P(DV > dv|E = e;)A1; (EQ. 2)

i=1

(Eg. 3)

DV

1-AQ+i)°t
Crsp (£, X) = fz EALpy,

(Eq. 4)

Calculate mitial cost (f;)

2>l b (5 bw gy

FEMA P-58 time-based performance assessment

Assemble building performance

v

model

Perform linear analysis
and examine constraints

v

1l constraints
satisfied?

Define earthquake hazards
(shaking intensities)

v

Analyze building responses for
all shaking intensities

Perform pushover analysis

v

Assign a sufficiently large

penalty value to life
seismic damage cost (f;)

-
-
y

A

Develop collapse fragility

Calculate performance for each
shaking mtensity

End

K

s

Develop nR realizations

Develop the annual loss curve for
each consequence by aggregating
the mtensities results (Eq. 2)

v

v

Calculate seismic
consequences for each
realization

Compute expected annual losses (Eq. 3)

v

!

Calculate hife seismic damage

cost (f3) (Eq-4)

Develop a loss curve for each
consequence based on the
realizations results (Eq. 1)
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Basic information of C1 archetypes for loss estimation using FEMA P-58

10 12 14 16 18 20 22 Carbon emissions replacement (kg)

—e— Weekdays (Mar., Apr., Jun., Aug., Oct.)
Weekdays (Feb., May, Jul., Sep., Nov., Dec.)
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. _ Quantity?
Floors Fragility ID Name EDP Unit
3-story 6-story 9-story
All2 B1031.001 Bolted shear tab gravity connections  IDR 1EA 0-0 0-4 0-4
All B1035.021 (22)2  Moment connections (beam one side) IDR 1EA 4-4 4-0 4-0
All B1035.031 (32)2 Moment connections (beam both sides) IDR 1EA 6-6 8-8 8-8
All B2022.002 Curtain walls IDR  30SF 86.4-129.6 112.5-112.5 112.5-112.5
All C1011.001a Inf— E— e e E A eAs e aE e s e as A ity
All C2011.031b Floors  Fragility ID Name EDP  Unit Quantity
All C3011.002a 3-story 6-story 9-story
All C3021.001a ( All D4011.023a Fire sprinkler water piping PFA 1000 LF 4.32 4.5 4.5
All C3027.002 i Al D4011.053a Fire sprinkler drop PFA 100 EA 2 2 2
All C3032.004a Suspel All D5012.023c Low voltage switchgear PFA 225AP 3 3 3
All C3032.004b Suspendeq Al E2022.001 Modular office work stations PFA 1EA 151 158 158
All C3032.004c Suspended| All E2022.023 Desktop computers PFA 1EA 48 50 50
All C3034.002 Indep| All E2022.106a Bookcase PFV 1EA 43 45 45
All D2021.013a Cold wat{ All E2022.124a Lateral filing cabinet PFV 1EA 17 18 18
All D2021.013b Cold watq 1st  B1031.011a (b, c)* Steel column base plates IDR 1EA 10-10 12-12 12-12
All D2021.023a Cold wat{ 1st D1014.011 Traction elevator PFA 1EA 0 4 6
All D2021.023b Cold watq 1st D1014.021 Hydraulic elevator PFA 1EA 2 0 0
All D2022.013a Hot watd 1st D5011.013c Transformer/primary service PFA  225AP 6 14 20
All D2022.013b Hot wate] 1st D5012.013d Motor control center PFA 1EA 3 5 8
All D2022.023a Hot watg 1st D5012.033c Distribution panel PFA 225AP 3 5 8
All D2022.023b Hotwatel -°>  B1031.021a (b, ¢)* Welded column splices IDR 1EA 10-10 12-12 12-12
All D2031.013b S§ Roof B3011.011 Concrete tile roof PFA 100 SF 58.32 60.75 60.75
All D3041.011c HVACQ Roof D3031.013c Chiller PFA  75TN 3 5 8
All D3041.012c HVA({ Roof D3031.023c Cooling tower PFA  75TN 3 5 8
All D3041.032c HY Roof D3052.013f Air handling unit PFA 8000CFM 6 12 18
All D3041.041b VA\ Roof D5012.023c Low voltage switchgear PFA 225AP 3 3 3
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Specifications of optimal design options for 9-story building

direct cost ($)

NPV of annual costs (%)

153 Al g (53 )90 oxllho

Total cost ($)

Design

A

B

C

9,887

Element group

Cl
C2
C3
C4
C5
C6
C7
C8
C9

Bl
B2
B3
B4
B5

W14X283
W14X370
W12X252
W14X370
W12X230
W14X342
W14X145
W14X311
W14X82
W14X159
W33X141
W30X132
W30X124
W24X94
W21X50

W14X257
W14 X455
W12X252
W14X426
W12X252
W14X342
W14X159
W14X233
W14X159
W14X193
W33X141
W30X124
W30X124
W27X102
W21X50

W14X665
W14X808
W12X252
W14X665
W12X230
W14X455
W14X211
W14X455
W14X176
W14X342
W33X141
W30X132
W30X124
W24X131
W24X76

2,053
f,633

682,129
435,500
298,514

1,170,777
1,032,175
1,499,161

5,573
2,225
3,018

944,186
851,686
614,429

2,652,848
2,636,104
4,594,936

0,264
5,870
5,198

esigns

MRFs weight (kips)

Initial cost of MRFs (U.S. dollars)
Average annual repair cost (U.S. dollars)
Average annual repair time (days)
Annual downtime cost (U.S. dollars)
NPV of annual costs (U.S. dollars)

Total cost (U.S. dollars)

1473.85
3,154,039
36,445
0.96
60,264
1,381,557
4,535,596

1521.88
3,256,823
32,349
0.89
55,870
1,260,271
4,517,094

2136.95

4,573,073 |

26,801
0.72
45,198
1,028,557
5,601,630

5000
)

Average Annual Repair Cost (10008)

1,381,557
1,260,271
1,028,557

4,535,596
4,517,094
5,601,630

All Feasible Designs

® Pareto Front

T

T

Initial Cost

r Ll Al Ll

2500 3000 3500 4000 4500 5000 5500 6000

of MRFs (10008)

9-story



Shaking Intensity

Shaking Intensity

Shaking Intensity

v ® : ®) a DO
6 6 6
x 10 =10 =10
12 25 14
© 100 L 100
Design A Design A Design A 35
10 Design B = |~ 10 Design B % 12 Design B ~
- Design C 80 2 | & ~ Design C 80 z2 | & Design C 30 &
= g o -é o % 10 52 o
< = ) = A =
e 60 2|2 15 60 E|S §
e = B 6 =
Ep - 40 E‘: E 10 - 40 f‘: E 15 E‘:
> 2 = 03 o 4 10 2
= 20 |2 5 20| = S
2 5 =
2 5
0 0 0 0 0 0
1 2 3 4 5 6 7 8 1 2 3 B 5 6 R 1 2 3 4 5 6 8
Shaking Intensity Shaking Intensity Shaking Intensity
700 800 350
_ Design A 100 Design A - 100 s Design A 40
% 600 Design B - % 700 Design B - % 300 Design B ] =
=} Design C 80 .E |2 600 Degrt 80 E |2 Dagne -
= 200 = = |3 250 30 =
E |5 500 = =
=400 60 B |F L 60 2 |E& 200 E
5 g |5 400 8|5 20 £
2 300 E = B 2 150 G
o~ 40 2 | 300 40 2|z o
2 o |5 200 e 10 =
D 20| B 20| 8 <
= 100 = 100 = 30
0 0 0 - 0 0 0
1 2 3 -+ 5 6 7 8 I 3 R 5 6 8 2 3 R 5 6 8

3-story

6-story

9-story




Shaking Intensity

Shaking Intensity

. ® [ o) ) (J 0 DO
»
22 18 14
20 Design A ‘ 16 Design A ‘ Design A
18 Design B : Design B . 12 Design B
Ty Design C = 14 Design C || @ Design C
= 16 < = 10
& & &
e e e ]
& & &
= = =
=3 = =) 6
= = =
2
0 L
2 3 4 5 6 7 8 2 3 4 S 6 7 8 I 2 3 4 S 6 7 8
Shaking Intensity Shaking Intensity Shaking Intensity
8 j 4.5 . 4.5
- Design A | 4 Design A 4 Design A
= Design B H - Design B = Design B ’
?i 6 Design C { 3.5 Design C { 3.5 Design C
L L v L ;
3 . & 3 ilg 3
(" (=4 || 2
2 225 | 225
s 4 S g
= 2 92 4| = 2
= . 2% 2%
g = g 15 / g 15
3 &= &=
o 2 - -
l e 0.5 L 0.5
1 2 3 - 5 6 7 8 2 3 4 5 6 7 8 I 2 3 4 5 6 7 8

Shaking Intensity

3-story

6-story

9-story




® [ o) ) (J 0 DO
»
100 100 G
4.le() OXIO [ 8xl() -
“ob Design A 100 &b Design A 100 &b Design A
= 4 : = 8 : = 7 :
— Design B = | S Design B = | S Design B . >
A 3.5 Design C 2| 2 7 Design C tgo=| 2 ¢ Design C -50 =
S 80 2 | .S f Sl = G
Z 3 —|Z 6 | 2| & =
g 5 | E 5|8 S (408
= 2.5 -60 E | =2 5 60 = | 3 =
= g | = gl gz 4 -30 3
= 2 =2 4 |2 s
— _- . _- P
2 - 40 2 | 3 403 | = 3 S
& 1S 3 1S 20 &
= < = 5 < = 2 <
= X | E < "M = | B O
= 5 =
0 0 - 0 0 0
2 3 4 5 6 7 8 I 2 3 4 5 6 7 8 2 3 4 5 6 7 8
Shaking Intensity Shaking Intensity Shaking Intensity

= 100 1| = 100 = 100
= 90 Design A = 90 Design A = 90 Design A
S Design B 3 Design B 3 Design B
2 2 2
= 80 Design C = 80 Design C = 80 Design C
& 70 2 70 2 70
2 60 2 60 2 60
= = =
g0 50 g0 50 g0 50
= 40 = 40 = 40
.U .U .U
3 30 3 30 s 30
£ 20 £ 20 2 20
2 10 2 10 2 10
& 0 & 0 & 0

I 2 3 4 5 6 7 8 I 2 3 4 5 6 7 8 I 2 3 4 5 6 7 8

Shaking Intensity Shaking Intensity Shaking Intensity
3-story 6-story 9-story




D 9 (5590 oxllho

GO

gy 5l 2 b S Sloc (bl

Shaking Intensity No. 6 (= 3% POE in 50 years)

—~
(0]
=
@
D
>

o

Lo

=

LL

O

R

X

(@)

(Q\
U

~—
(Q\
o
Z
>
=
(%0)
c
(<5]
'}
=
(@)
=
=

©
=

)

V. STR

NSV

Design B

=
(32}

v (= v o
-l cl —t e

v O

(%) uonynqiyuoy)

9-story

o
(3]

S v QO

v wy (en]
«l ol — —

(%) uonnquyuo))

9-story

6-story

(=
o

S v O

w Lal o
ol ol — —

(%) uonnquyuo)

W O VW W

3-story

9-story




Lolas GLQJJDU'.:; J-UL 35e é..!u.:lng)JSD osllho

0.055

0.05

0.045

0.04

0.035

0.03

Max.IDR-Intensity No. 6
Max.PFA-Intensity No. 6 (g)
Max.PFV-Intensity No. 6 (in/scc)

0.025

Average Annual Repair Cost (10008)
Average Annual Repair Cost (10008)
Average Annual Repair Cost (10008)

0.02 10 10
600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800

Initial Cost of MRFs (10008) Initial Cost of MRFs (1000%) Initial Cost of MRFs (10008)

0.045

0.04

0.035

0.03

0.028

Max.IDR-Intensity No. 6
Max.PFA-Intensity No. 6 (g)

0.02

Average Annual Repair Cost (10008)

Average Annual Repair Cost (10008)

Average Annual Repair Cost (10008)
Max.PFV-Intensity No. 6 (in/sec)

0.015 15 15
2000 3000 4000 5 1000 2000 3000 4000 5000 1000 2000 3000 4000

Initial Cost of MRFs (10008) Initial Cost of MRFs (1000%) Initial Cost of MRFs (10008)




O-story

Average Annual Repair Cost (10008)

40

o
N

30

20
2500 3000 3500 4000 4500 5000 5500 6000

Initial Cost of MRFs (1000%)

0.029

0.027

0.025

0.023

0.021

0,019

0.017

0.015

J

Max.IDR-Intensity No. 6

Average Annual Repair Cost (10008)

o) U

45 0.94
40 : 0.92
35 0.9

30 0.88
25 0.86
20 0.84

2500 3000 3500 4000 4500 5000 5500 6000
Initial Cost of MRFs (1000%)

Max.PFA-Intensity No. 6 (g)

Average Annual Repair Cost (10008)

40

o
N

30

20
2500 3000 3500 4000 4500 5000 5500 6000

Initial Cost of MRFs (1000%)

38

s

Max.PFV-Intensity No. 6 (in/scc)

Average Annual Repair Cost (10008)

35

30

10

0.02

0.018

0.016

. 0.014

' 0.012
0.01

0.008

0.006

. 0.004

0.002

400

Q

600  R0O 1000 1400 1600

Initial Cost of MRFs (1000%)

1200 1800

Max.RD-Intensity No. 6

Average Annual Repair Cost (10008)

40 0.01
0.009
33 0.008
0.007
30 0.006
. 0.003
25 . . 0.004
3 0.003
20 0.002
0.001

15 0
1000 2000 3000 4000 5000

Initial Cost of MRFs (1000%)

Max.RD-Intensity No. 6

Average Annual Repair Cost (10008)

4

s
N

30

20
2500 3000 3500 4000 4500 5000 5500 6000

Initial Cost of MRFs (1000%)

0.005

0.004

0.003

0.001

Q

Max.RD-Intensity No. 6

3-story

6-story

O-story




UslS ojlw g 3)lg lojy jlus o jlw jg/edgl aiuje il 8l L siugs slozsb sl ©

i Ca
23 3obipo RS 6 jlw iy s JISISS 0sldbw jaesb el jo s lS b Culs eudgl o jo S s ©
351> (54508 Cady s SIS Wz b 450 oy Cuuwd g3k sdugs Sl b s

9 wlid sLalas yioljb 9> inlj81 e jule gi)L odugy sla>lsb s oulgl eduje Giulj81 L ©

Sobis0 Uil (516 ) & jlud o jo by S S b sdub e pu

UL 16 slacusuin cuxi | ¢jloislu Solgiiso odgl (souu jo (J81as L oougy =l b So il ©

S5l gy 2025 ol ué Cueiag oy (U B0 g3 %I £989 Jlaiol b slaslas, Uo)

Pr/PE



%Y o dg>d> EL:.D) )J|b uob.abl U'?Jb L5LQJ|9753 9 Ubl) LSLQU.\.U..UJLJ Soulo ﬁl.éﬂJ) o u.u'..w.?
NSD (sl jo! mgus o j oy il j81 b . (Jw o 4> £959 Jlaisl %P9 b (sl6j ) b vaxs

ol 5o Uil 381 Sl o0 ubus (516 jlw jué g (516 jLw (51521 pgow (Jolao 4> g 68l s S

szosi oy j3 NSA ljol pgw Jinlj8l o0 j2i0 ojlw audgl goajo (il j81 SIS jgb ou ©

-3gui 50 oSl

EE/PE



loih 6595 j1 ylgl 8 Lwlaas U



