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1994 Northridge Earthquake Damage Data

Total Number of Bridges in
Damage Data : 2209

Damage  Number of

State Bridges

No 1978

Damage

Minor 84 ‘I
Damage
Moderate 94
Damage

Collapse

231 damaged

§)

15t Level (Composite) ’

The entire sample represents a statistically
homogeneous population of bridges.
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Fragility Curve (PGA, Retrofit)

a : PGA Value (9)
a/C) C : Median (g9)

é’ ¢: Log Standard Deviation
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Network Modeling for Los Angeles (2003)
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Probabilistic Bridge Repair/Restoration Model
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Effect of Bridge Retrofit on System Restoration Curve

Social Cost Avoided = Shaded Area

0 50 100 150 200 250 300
Time after Earthquake (days)

= 160 /
(@]
O
> 140 —e— No Retrofit
E
£ 120 —4— 100% Retrofit
STy
&5 100+1-/// o f ) e R
= ©
©
: s 80 -
T 2
o = VL S S L L N\ __________|
A \E/ 60
n
o 40 -
= .
a
>
‘©
a

204t / 7777777777777777

~—1 Social cost in hour * average

hourly wages (—$21.77/h for
Los Angeles in 2005 DOL)

350

(Shinozuka’s Bridge Restoration Model, Low Residual Link Capacity Case)



Cost-effectiveness Evaluation Example

Benefit-Cost Retrofit
Total Social Cost Avoided ($Million) (1) 7,220
Total Bridge Restoration Cost Avoided($Million) (2) 86.7
Total Retrofit Cost($Million) (3) 1,665
Benefit/Cost Ratio in terms of Bridge Restoration Cost 0.052
Avoided (4)=(2)/(3) '
Benefit/Cost Ratio in terms of Social 434
Cost Avoided (5)=(1)/(3) '
Total Benefit/Cost Ratio
4.39

(6)=[(1)+(2)I/(3)

* Evaluation is based on
discount rate= 3%0; Low link residual capacity;
remaining life of retrofitted bridges T =50 years.




|| Cost-effectiveness Evaluation Summary

Discount Rate

Benefit/Cost

Cost-

Ratio Effectiveness
3% 4.39 Yes
5% 3.12 Yes
7% 2.36 Moderate
R=Benefit/Cost Ratio
No: R<1.5 Moderate: 1.5 <=R<2.5 Yes:R>=2.5

N



|| Conclusions

Q Carried out Multidisciplinary Analysis on Cost-Effectiveness of Bridge
Retrofit

O Developed and Integrated Analytical Models Consisting of Modular
Models for Contributing Factors:

* Engineering Seismology:Probabilistic Scenario Earthquakes
* Structural Engineering:Fragility Curves

* Transportation System Analysis: Traffic Assignment

* Socio-Economic Analysis

O Multilayer Monte Carlo Simulation Approach

O Found that Bridge Retrofit is Cost-effective if We Take Social Cost into
Consideration



PGA Distribution & Bridge Damage State (1)
-Elysian Park M7.1 (before retrofit)
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Condensation OD
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|| Networﬁ assignment m03e7
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Network assignment mode
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Economic Analysis (1)

Under any earthquake

I . Damage
Bridge Restoration Cost Statf
(repair or replacement) Minor

N Moderate
C rej :ZCiOR(kij) |
i=1 Major
Social Cost in Dollars Complete
— x*
Csc —Tsc CTSC

Social cost in hour * average hourly
wages(~%$21.77/h for Los Angeles in 2005 DOL)

Best Estimate Range of Damage
Damage Ratio Ratios
0.03 0.01-0.03
0.08 0.02-0.15
0.25 0.10-0.40
1.00* 0.30-1.00
(HAZUS)



Economic Analysis (2)

Expected Annual Benefit from Seismic Retrofit

M
D _ 0 R 0 R .
B = Z (Crpi = Cppi +Csi —Cgi)ep,
i=1
C o ,C . Bridge restoration cost before and after retrofit under earthquake i
C s +C e Social cost before and after retrofit under earthquake i
P Annual frequency of earthquake i

Total Benefit in T years (in present value)
L=
B

= E o [ i:discount rate

Total Bridge Retrofit Cost (in Present Value)

C. = ZN: C *r Replacement value($120/sq ft) * Retrofit cost ratio(25%) for All
R & 70 T retrofitted Bridges

Benefit-Cost Ratio



|| Future Study

Improvement of Models for Each Contributing Factor, in
particular,

* System Restoration Process
* Social Cost

« Better Quantification of Uncertainty associated with Each
Contributing Factors

* Risk Definitions Depending on Stakeholders

 Risk and Resilience Assessment under
— Flood
— High Wind
— Wild Fire
— Tsunami
— Man made hazards
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% Why Ports and Harbors ?

O Important nodes of transportation networks

= Provide shipping and distribution via water
= Major centers of commerce

= 97% of international cargo through seaports

im®p Down time results in severe economic loss

O Vulnerable to earthquakes
= located very near to faults

= Built on fill or soft natural material (Liquefaction)

mmp High risk of being damaged



%» Examples of Economic Loss

O Labor strike (Oakland, LA, Long Beach, 2002)
= Estimated cost to U.S. : $ 19.4 billion (10days)
Q Typhoon (S.Korea, 2003)

= collapsed 11 cranes : more than 1 year to recover

P e
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%» View of the Container Terminal

= View of Busan New Port 2-2 phase (S.Korea)



%» Container Terminal System
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%» Container Terminal System
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% Numerical Simulation

d Modeling of the quay wall
= FLAC (Itasca, 2005)
= Dynamic analysis for a reference structure (PC1, Kobe)

Backfilled gravel Reclaimed soil

Mound (gravel)

’\ X
A}
Replaced soil \Alluvial soil

Bed-rock * PC1 berth (Port Island, Kobe) ||



%» Numerical Simulation (4)

O Analysis results
* Displ. time histories of the upper seaside corner of the caisson

Displacement Time Histories
05 T T T |

Harizontal displacement
———Vertical displacement

Settlement of
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- Field investigation : 2.55 to 2.80m in the horizontal direction
1.13 to 1.41m vertical settlements



%» Identification of uncertainty

1 Considerable variability in seismic response

= Identical configuration, located at the same site,

with similar seismic intensity and similar soil conditions

> experienced different degrees of damage
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¢ Spatial variation of Soil Properties

O Spatially variable soil properties
= Soil properties : generally assumed deterministic
= Representing spatial variation with random fields

= Expressed using power spectral density function

> random field simulation
: 2D non-Gaussian random field

: Shear Modulus of backfill soil is focused

N



% Random field simulation
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O Time histories for 130 samples (Kobe EQ)

3» Effects of Spatial Variation
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» Damage Level
0 Damage state proposed by PTANC(2001)

= Based on Serviceability and Structural damage modes

Table 1. Proposed damage criteria for gravity quay walls

Level of Damage Degree | | Degreell | Degreelll | DegreelV
Normalized
: Residual ~1.5% 1.5~5% 5~10% 10%~
Gravity Horizontal displ
Wall P~
Residual tilting ~3° 3~5° 5~8 ° 8 °~
Apron | Differentidl ~0.1m N/A N/A N/A
settlement

* Highest damage degree among different criteria is the
final result of the evaluation.

N
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%» Fragility Analysis

O Fragility curves obtained from analysis

Fragility

= Comparison between no-spatial variation / variation

Curves for Quay Wall (Uniform Sail)
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%» Damage Level

0 Damage state proposed by PTANC(2001)
= Based on Serviceability and Structural damage modes

Table. Proposed damage criteria for pile-supported wharf

Level of Damage Degree | | Degreell | Degreelll | DegreelV
Differential
| Settlement O0.Im | 0.1-0.3m N/A N/A
Pile &
Deck Peak response : No : Plastic
: elastic | residual | repairable :
of pile deform hinge
: Normalized
Dllke/ Residual ~1.5% 1.5~5% 5~10% 10%~
319P€ | Horizontal displ.

N



Probability of Exceeding a Damage state
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%» Fragility Curves

Fragility Curves for pile-supported wharf (deterministic)
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Risk Assessment

Overview of the Loss Estimation Methodology

1. Port
inventory
2. Ship traffic

Container
throughput
(intact)

Reduced

A

Scenario EQ

Terminal
operation
simulation
model

> Container
throughput

4

A

Container

A

Fragility
analysis

T

Damage state
(Monte Carlo)

»  throughput
(damaged)

Direct
economic loss

Total
loss

/ Physical

N,

damage loss
(Repair cost)




—

.

%» System Fragility Curves
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%» Terminal Operation Model

d Simulation Software : ARENA
= discrete-event simulation : ship arrival,
container movement, etfc

O Actual Operation Data
= 15 container terminals’ operation records
- Ship's arrival
- Lift Per Call (LPC, the num. of container boxes
handled at each ship)
- The number of assigned C/C

- Handling time per Lift ||



%» Container Terminal System

Ship arrival
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%» Container Terminal System

Ship arrival
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%» Probabilistic Restoration Curves
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};’ Decreased TEU (based on Simulation)

(a) In case of PGA 0.2 g

Sample Berth 1 Berth 2 Berth 3 Berth 4 Decreased
number Damage | Repair | Damage | Repair | Damage | Repair | Damage | Repair | Throughput
state (days) state (days) state (days) state (days) (TEU)
I - 0 - 0 - 0 [ 39 2.365
2 - 0 I 57 - 0 [ 66 79,804
3 - 0 - 0 - 0 - 0 -
4 - 0 - 0 I 83 - 0 5.074
5 I 15 I 17 - 0 - 0 2,113
6 I 76 - 0 - 0 [ 86 109,180
7 - 0 [ 111 - 0 - 0 6,774
8 I 43 - 0 I 47 - 0 61,034
9 - 0 I 24 I 60 - 0 36,299
10 I 53 - 0 - 0 - 0 3,248




% Decreased Container TEU
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