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Objective 

•  Estimate bridge performance hazards considering 
several sources of uncertainties using the PEER 
PBEE framework 
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PEER Performance-Based Earthquake Engineering 
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PEER Performance-Based Earthquake Engineering 

Intensity  
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Peak accel 
= 0.4g 

Column drift 
= 3 % 

 Damage 
= spalling 

 Repair cost 
= $3k 

DV 

DV IM 

I
M IM = PGA DV = Repair Cost ? 

total probability theorem 

IM Hazard curve DV Hazard curve 



PEER Performance-Based Earthquake Engineering 
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From numerical analysis 
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Target Structure = Bridge system on liquefiable soil 

•   Five-span bridge 

•   Pile group foundation 

•   Liquefiable soil / various layers 



Target Bridge System 

Seat wall abutment Bridge structure Pier section 

N1,60 below embankments 

61 pile 
group 4D 

32 pile 
group 3D 

1 embankment 

2 med. stiff clay 

3 loose-med sand 

4 stiff clay 

5 dense sand 

Soil type 



Numerical modeling of target bridge system in 
OpenSees 

Bearing pad spring Pile cap passive
 earth pressure

 spring 

abutment
 reaction spring 

Pressure Independent
 Multi Yield material 

clay 

Pressure Dependent
 Multi Yield material 

+ 

Fluid Solid Porous
 material 

liquefiable
 soil 

py
 (liquefiable) 

py spring
 (dry sand) 

py (stiff clay) 

Nonlinear fiber
 beam column 

Mackie &
 Stojadinovic

 (2003) CL



Numerical modeling of target bridge system in 
OpenSees 

OpenSees model 

Bridge Idealization 
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•   4 hazards of input motions  (I-880 bridge site, near-fault) 

•   Return periods (15, 72,475, 2475 years) 

•   10 motions for each hazard 

Input Motions and Intensity Measures (IMs) 

•   Motions scaled to a constant value of a target magnitude corrected PGA 

•   Remove free-surface effect (Proshake) 



System Response 
Lateral Spreading 

TR= 72 yrs 

(50% in 50 yrs) 

TR= 2475 yrs 

(2% in 50 yrs) 



Northridge motion (0.25g) 

time time 

System Response 
Soil Strain Profile during shaking 



Loma Prieta (1.19g) 

time time 

System Response 
Soil Strain Profile during shaking 





20 cm 
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40 cm 

System Response 



System response 



System response 



System response 



contact to abut. wall 

Abut. wall shear-off 

Initial gap (10cm) 

System Response 



EDP groups in bridge system 

Residual pile cap disp. (m) 
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Numerical modeling allows evaluation of
 median values for each EDP and
 corresponding uncertainties. 
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Uncertainties in EDP estimation 



Record-to-record uncertainty (EDP-IM relationship) 

PGA PGV Ia 

CAV5 Sa(T) Cordova 
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Record-to-record uncertainty (IM efficiency) 

Right slope res. settlement Pier 4 max. drift 

Why is the IM efficiency important? 



Parametric uncertainty  

Sensitivity analysis 
xi

+ 
 = x (1+COV/2) 

x  = x  

x
- = x (1+COV/2) 

simulations 

FOSM analysis 

Slope res. lateral disp. 

Tornado diagram 



Spatial variability uncertainty 

Gaussian random field  

(Yamazaki and 
Shinozuka 1988) 

Fstochastic = (1+COV) Ftrend  FGaussian 

mean (trend) field 

After Phoon and Kulhawy (1999) 



Spatial variability uncertainty 

Gaussian stochastic field (mean + residual) -  

Gaussian field (residual) -  

Original field (mean) -  



Total uncertainty in EDP estimation 

90-95% 5-10% 



•  IM hazard curve: power law 

•  EDP-IM relationship: power law 

•  A constant lognormal probability distribution of EDP residual to 
median along IMs 

EDP hazard 

IM = k0 (IM)-k EDP = a (IM)b 

ln(EDP), 
r-r 

Jalayer (2003) 

+ ln(EDP), 
para 

+ ln(EDP), 
spat 

Uncertainty-based amplification 



EDP hazard 

Pile cap 4 res. lateral disp (cm) Pier 4 max. drift ratio (%) 

TR=475 yrs 



Importance of IM efficiency 

Pile cap 4 res. lateral disp Pier 4 max. drift 
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IM hazard curve EDP|IM relationship EDP hazard curve 

DM fragility curves DM hazard curve DV hazard curve 

Integration of Uncertainties through PBEE Framework 

DM fragility curve 

? 

EDP = Pile cap 1 horizontal displacement 



EDP Hazard to DM/DV Hazard 

edp,
 negligible 
edp, minor 

edp, moderate 

edp,
 severe edp,
 catastrophic 



EDP Hazard to DM/DV Hazard 



EDP Hazard to DM/DV Hazard 

DM fragility matrix 

minor moderate severe catastrophic 



EDP Hazard to DM/DV Hazard 

DV fragility matrix 



EDP Hazard to DM/DV Hazard 

DV fragility curve 

RCR=0.4 RCR=0.5 RCR = 0.6 

RCR=0.1 RCR=0.2 RCR = 0.3 



IM hazard curve EDP|IM relationship EDP hazard curve 

DM fragility DM hazard curve DV hazard curve 

Integration of Uncertainties through PBEE Framework 

DM fragility 

EDP = Pile cap 1 horizontal displacement 



Integration of Uncertainties through PBEE Framework 
EDP = Pile cap 1 horizontal displacement 

DV hazard  

Repair Cost Ratio  Damage State  

EDP: pile cap 1 disp. (m)  PGV (cm/sec) 

EDP hazard  

DM hazard  

IM hazard  
IM 

D
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ED
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D
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72 yrs 

475 yrs 
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Bridge Damage and Loss 
A series of repair cost analyses were performed using the Matlab code
 developed by Mackie et al. (2006).  This code is set up to produce
 conditional probabilities of various repair cost levels given an intensity
 measure, which was taken as peak velocity. 

damage model repair method and cost performance group 

 Total repair cost =S Repair methods and cost 

 Total repair cost  IM 
Mackie & Stojadinovic damage and loss model 



Bridge Damage and Loss 

DV hazard  IM hazard  DV/IM fragility 

Mackie & Stojadinovic damage and loss model 

1/475yr 

45% total repair cost 
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Deaggregation of Repair Cost Greatest repair cost 
temporary support of the 
superstructure 

For 475 year return period 
greatest repair cost is 
temporary support of the 
superstructure followed by 
additional piling 



Liquefaction case 

Non-Liquefaction case 

Fixed-base case 



Liquefaction case 

Non-Liquefaction case 

Fixed-base case 

Liquefaction case 

1/100yr 

1/1000yr 

15% 50% 



Liquefaction case 

Non-Liquefaction case 

Fixed-base case 

1/100yr 

1/1000yr 

5% 20% 

Non-Liquefaction case 



Sensitivity of Bridge Losses to Soil Conditions 



Sensitivity of Bridge Losses to Soil Conditions 

All three curves coincide – 
soil relatively stiff, no pore 
pressure generation 



Sensitivity of Bridge Losses to Soil Conditions 

Total stress and fixed base 
cases similar – strains low 
enough that soil remains 
relatively stiff 

Pore pressure generated – 
soil stiffness and strength 
decrease 



Sensitivity of Bridge Losses to Soil Conditions 

Fixed based case more 
demanding than total 
stress case due to base 
isolation effect in clay 
layer. 



Sensitivity of Bridge Losses to Soil Conditions 

Repair cost less than 40% 
for fixed based case even 
at 100.000 years return 
periods 

Total stress similar to 
effective stress case due 
to large deformations in 
clay layer. 
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At PGV < 65 cm/sec 
greatest repair cost are 
repairs o cracks and spalls 



! "! #!! #"! $!!
!

!%$

!%&

!%'

!%(

#

#%$

#%&

#%'

#%(

$
)*#!

"

+,*-*./0*1211*345678

9
:
;
<=
>?
@
<>
:
;
*<
:
*A
)
B
A
4
<A
C
*=
A
B
D
>=
*4
:
7
<*
3E
8

1<=@4<@=A*A)4DFD<>:;
1<=@4<@=A*?D4GH>II
JA5B:=D=K*7@BB:=<*37@BA=7<=@4<@=A8
JA5B:=D=K*7@BB:=<*3D?@<5A;<8
1<=@4<@=DI*4:;4=A<A*3?=>CLA8
1<=@4<@=DI*4:;4=A<A*3H::<>;L8
1<=@4<@=DI*4:;4=A<A*3DBB=:D4M*7ID?8
NLL=ALD<A*?D7A*3DBB=:D4M*7ID?8
OD=*=A>;H:=4>;L*7<AAI*3?=>CLA8
OD=*=A>;H:=4>;L*7<AAI*3H::<>;LP*=A<D>;>;L*QDII8
RB:)K*>;SA4<*4=D4G7
2ABD>=*5>;:=*7BDII7
9:I@5;*7<AAI*4D7>;L
T:>;<*7ADI*D77A5?IK
RID7<:5A=>4*?AD=>;L7
U@=;>7M*7<AAI*B>BA*B>IA
V=>FA*7<AAI*B>BA*B>IA
N7BMDI<*4:;4=A<A
,@C*SD4G>;L
O=>CLA*=A5:FDI*3B:=<>:;8
9IAD;*CA4G*H:=*5A<MD4=KID<A
U@=;>7M*5A<MD4=KID<A
J=AD<*?=>CLA*CA4G
OD==>A=*=D>I
2A!4A;<A=*4:I@5;

At PGV’s 65-140 cm/sec 
greatest repair cost is 
temporary support of the 
abutment 
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At PGV >140 cm/sec greatest 
repair cost is temporary 
support of the superstructure 



Sensitivity of Bridge Losses to Uncertainty 

Liquefaction  

Uncertainty in response, 
damage, and loss modeling 
not significant for return 
periods < than 200 yrs 



Sensitivity of Bridge Losses to Uncertainty 

Liquefaction  Non- Liquefaction  

Uncertainty in response, 
damage, and loss modeling 
not significant for return 
periods < than 5000 yrs 



Thank You 



Questions and Comments 



Backup slides 



Input Motions and Intensity Measures (IMs) 



Soil displacement  (liquefaction) 

Soil displacement  (no liquefaction) 

After Northridge earthquake motion 
(PGA=0.224g) 

Liquefaction Effects 



Local Responses 

15 yrs 72 yrs 475 yrs 2475 yrs 15 yrs 72 yrs 475 yrs 2475 yrs 



Slope top displacement & Northridge (0.10g) 

(a) left abut. slope (b) right abut. slope 
Bridge column 4 : max. curvature 

Tornado diagrams (small shaking) 

Parametric Uncertainty 



EDP Hazard to DM/DV Hazard 

DV fragility curve 



IM hazard curve EDP|IM relationship EDP hazard curve 

DM fragility curves DM hazard curve DV hazard curve 

No uncertainty in 
repair cost estimation 
from DM 

Bridge column damage uncertainty 

Integration of Uncertainties through PBEE Framework 



PEER Performance-Based Earthquake Engineering 
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