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Outline

• the	big	picture	
• a	good	model	among	many	

- some	background	
- some	formulation	
- verification	&	validation	

• results	form	ongoing	work	
- rupture	to	rafters	in	Istanbul	
- linear	versus	not



Big Picture



Why	regional	assessment?
• Hazards	affect	regions.	The	big	picture	is	needed	for	

– Actuarial	plans	(insurance	companies)	
– Urban	planning	&	public	policy	(government)	
– Emergency	service	planning	(1st	responders)	

• Built	environment	is	highly	interconnected	
– Transportation	networks	
– Lifelines	(water,	power,	communications)	
– even	buildings



Challenges
• Data	☞	metadata	☞ models	

– Diverse	sample	population	(requires	sophisticated	data	harvesting	tools)		
– Access	to	detailed	data	may	be	not	be	possible	(requires	estimation	missing	data,	
machine	learning)	

– Processing	requires	large	computational	resources	(would	break	records	for	civil	
engineers)	

• Models	☞	decision	variables	
– Heterogeneous	analysis	tools	need	to	be	stitched	in		

– {OpenSHA,	SW4,	Hercules},	OpenSees,	R2D,	PACT	
– New	tech	needs	to	be	brought	in	(data	analytics,	Bayesian	inference,	etc.)



Objectives

Develop (semi-) automated 
interactive platforms that can 
evaluate the hazard vulnerability of 
complex networks: 

1. Generate predictive analysis models for 
civil infrastructure inventories using 
data harvested from various sources 

2. Carry out site- and structure-specific 
{seismic, wind, fire} analyses 

3. Evaluate the consequent economic 
losses at the network-level

B.	John	Garrick	Institute	for	the	Risk	Sciences

Zeytinburnu District, Istanbul (Zhang et al. 2022)



Objectives

Existing predictive 
computational tools and IT 

capabilities allow
unprecedented granularity

for such seismic risk and loss 
assessment studies

B.	John	Garrick	Institute	for	the	Risk	Sciences

Zeytinburnu District, Istanbul (Zhang et al. 2022)



Regional PBSA of Ordinary Caltrans BridgesData



rupture to rafters 
regional physics-based seismic simulations
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Our	Workflow
Regional-scale	domain

Physics-based	GM	Sim	(Hercules	by	Bielak	&	Co.)

Fault

Infrastructure	inventories

Local	analyses	of	critical	infrastructure	(ABAQUS,	OpenSees)
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Physics-based	large-scale	ground	motion	simulation
Istanbul	model:	50	km	by	50	km	by	25	km	(depth)

Simulations were performed using Hercules on 
Frontera / Stampede (TACC)

50	km

50
	k
m 30	km
12
.5
	k
m

Model	parameter Linear Linear	+	
topography

Nonlinear Nonlinear	+	
topography

	(Hz) 16.4 16.4 8.2 8.2

	(m/s) 250

Points	per	wavelength 10

Min	element	size	(m) ~1.5 ~1.5 ~3 ~3

Number	of	elements	
(billions)

8.4 11.1 5.4 7.2

Number	of	nodes	
(billions)

8.48 11.60 5.48 7.48

Time-step		(s) 0.0004 0.0004 0.0004 0.0004

Simulated	duration	(s) 30

Number	of	cores 8400 8400 22400 28000

Core	usage	time	(hours) 11.1 16.6 33.5 47.5
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Nonlinear Behavior of Soils 
confined deep soils
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Deep	Soils

• High	confinement	
• Strains	<	%3	
• Minimal	permanent	deformations	(except	perhaps	deep-layer	liquefaction	events)	
• Highly	hysteretic	
• Nonlinear	backbone	(strain-dependent	moduli)

Hardin BO, DrnevichVP (1972). Shear modulus and damping in soils: design equations and curves. ASCE J. Soil Mech. Found. Eng. Div., 98,667–692.
Seed HB, Idriss IM. Soil moduli and damping factors for dynamic analyses. EERC Report No. 10-10, University of California, Berkeley, CA, 1970. 
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Deep	Soils

Darendeli MB (2001).Development of a new family of normalized modulus reduction and damping curves. PhD Dissertation, UT Austin.

• High	confinement	
• Strains	<	%3	
• Minimal	permanent	deformations	(except	perhaps	deep-layer	liquefaction	events)	
• Highly	hysteretic	
• Nonlinear	backbone	(strain-dependent	moduli)
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Deep	Soils

Darendeli MB (2001).Development of a new family of normalized modulus reduction and damping curves. PhD Dissertation, UT Austin.
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Deep	Soils

Darendeli MB (2001).Development of a new family of normalized modulus reduction and damping curves. PhD Dissertation, UT Austin.

• High	confinement	
• Strains	<	%3	
• Minimal	permanent	deformations	(except	perhaps	deep-layer	liquefaction	events)	
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Deep	Soils

ROSRINE 
(Resolution of Site 
Response Issues 
from the Northridge 
Earthquake) Project 

Darendeli MB (2001).Development of a new family of normalized modulus reduction and damping curves. PhD Dissertation, UT Austin.

• High	confinement	
• Strains	<	%3	
• Minimal	permanent	deformations	(except	perhaps	deep-layer	liquefaction	events)	
• Highly	hysteretic	
• Nonlinear	backbone	(strain-dependent	moduli)



UCLA 21

Deep	Soils

• Many	nonlinear	soil	models	offered		
- equivalent	linear	models	(1D	site	response)	
- one-dimensional	phenomenological	nonlinear	models	(1D	site	response)	
- multi-surface	plasticity	models	(pressure-dependent,	larger	strains,	near	surface)	
- minimalist	multiaxial	plasticity	models	(G/Gmax,	damping)
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Deep	Soils

• Many	nonlinear	soil	models	offered		
- equivalent	linear	models	(1D	site	response)	
- one-dimensional	phenomenological	nonlinear	models	(1D	site	response)	
- multi-surface	plasticity	models	(pressure-dependent,	larger	strains,	near	surface)	
- minimalist	multiaxial	plasticity	models	(G/Gmax,	damping)

Borja et al. (2000). Modelling non-linear ground response of nonliquefiable soils. Eq. Eng. Struct. Dyn., 
29, 63-83.
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Lotung	Large	Scale	Seismic	Test
Tang HT, Tang YK, Stepp JC (1990). Lotung large-scale seismic experiment and soil-structure interaction method validation. Nuclear 
Engrg. and Des., 123, 197–412.
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Lotung	Large	Scale	Seismic	Test
Tang HT, Tang YK, Stepp JC (1990). Lotung large-scale seismic experiment and soil-structure interaction method validation. Nuclear 
Engrg. and Des., 123, 197–412.
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Borja-Amies	multi-axial	nonlinear	soil	model

Borja et al. (2000). Modelling non-linear ground response of nonliquefiable soils. Eq. Eng. Struct. Dyn., 29, 63-83.
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Borja-Amies	multi-axial	nonlinear	soil	model

Model Category Scope Viscous 
effects Number of parameters

Borja-Amies nonlinear soil model  
(Borja and Amies, 1994)

Elastic-plastic model with 
vanished elastic region 3D Yes 4 (frictional only) 

6 ( frictional and viscous)

J2	bounding	surface	plasjcity	
(Wang	et	al.,	2006)

• 1D	nonlinear	site	response	analyses	(Borja	et	al.,	1999,	
2000;	Rodriguez-Marek,	2000	)	

• 2D	numerical	analysis	of	drilled	piers	(Wang	et	al.,	2006)
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(a)	hysteresis	curve	 (b)	stiffness	reduction	and	damping	ratio	curves.
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Borja-Amies	multi-axial	nonlinear	soil	model

Model Category Scope Viscous 
effects Number of parameters

Borja-Amies nonlinear soil model  
(Borja and Amies, 1994)

Elastic-plastic model with 
vanished elastic region 3D Yes 4 (frictional only) 

6 ( frictional and viscous)
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Borja-Amies	multi-axial	nonlinear	soil	model

Model Category Scope Viscous 
effects Number of parameters

Borja-Amies nonlinear soil model  
(Borja and Amies, 1994)

Elastic-plastic model with 
vanished elastic region 3D Yes 4 (frictional only) 

6 ( frictional and viscous)
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Validation	of	the	Borja-Amies	model

Free-field	accelerations

Centrifuge	data	by	Hushmand	et	al.	(2016)	@CU	Boulder
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Validation	of	the	Borja-Amies	model

Bending	Strains	on	Specimen

Centrifuge	data	by	Hushmand	et	al.	(2016)	@CU	Boulder
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Validation	of	the	Borja-Amies	model

Surface	settlements

Centrifuge	data	by	Hushmand	et	al.	(2016)	@CU	Boulder
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Validation	of	the	Borja-Amies	model

Surface	settlements

Centrifuge	data	by	Hushmand	et	al.	(2016)	@CU	Boulder

Int. J. Num. Anal. Meth. Geom.
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Centrifuge	experiments	@	UC	Davis	(Seylabi	et	al.,	2018)

Box
Width (m) Height (m) Thickness (m)

2.667 4.267 0.2

Pipe
Inside diameter (m) Thickness (m)

2.6 0.034
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Centrifuge	experiments	@	UC	Davis	(Seylabi	et	al.,	2018)
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Horizontal	accelerations	(soil)

Motion #09 (left array) Motion #03 (middle array)
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Bending	strain	(rectangular	structure	motion	#09)
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Bending	strain	(rectangular	structure	motion	#09)
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Application to
Istanbul 
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Overview

• Not	enough	historical	earthquake	data	
is	available	for	the	city	of	Istanbul	

• Large-scale	physics-based	3D	
earthquake	ground	motion	simulations	
are	performed	for	the	south	European	
side	of	Istanbul	

• Regional-scale	seismic	loss	assessment	
of	buildings	and	infrastructure	systems	
are	being	performed



PhyGMS: an Application to Istanbul

Fault 
rupture 
model

Vs30 
profile

Topography & 
bathymetry

2,912 instrumented borehole arrays!



57 broadband (8~12 Hz) physics-based GMS Horizontal velocity magnitude

All simulations are performed using Hercules on Frontera



Soils
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Building inventory for Zeytinburnu district 
16,030 reinforced concrete buildings



3D nonlinear time history analysis using OpenSees
Horizontal PGA of simulated ground motions 

16,030*57 = 913,710 FEAs



Seismic fragility analysis
IM: Sa (T1) EDP: Story drift ratio Probability of collapse
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Seismic loss assessment
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Pelicun is used to estimate the seismic 
losses of all 16,030 buildings in the 
Zeytinburnu district. 

Lognormal 
distribution

1,000 
random 
EDPs

Loss = 
Mean(damage+repair costs)

Originial building cost

Loss assessment



Linear v. Nonlinear Soils



Metadata for simulations @ FRONTERA

Simulation type Linear Nonlinear
Maximum frequency (Hz) 8 8

Simulation time (sec) 30 30

Minimum element size (m) 3.1 3.1

Number of elements (billions) 6.6 6.6

Time increments (sec) 0.0005 0.0005

Number of cores 22400 28672

Wall clock (h) 4.7 33.3



PGV Nonlinear Linear



Sa @ several stations
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PGXa / PGXb
a = 3D Nonlinear GMSim, b = 3D Linear GMSim

a = 3D Nonlinear GMSim, b = 1D Nonlinear SRA



PGXa / PGXb
a = 3D Nonlinear GMSim, b = 3D Linear GMSim

a = 3D Nonlinear GMSim, b = 1D Nonlinear SRA



▪ Soil nonlinearity can both amplify and de-amplify 
seismic intensity measures relative to linear 

▪ Nonlinearity should be incorporated into simulations 
pending research 

‣ regional soil metadata 
‣ parametric studies for specific applications

Observations

a = 3D Nonlinear GMSim, b = 3D Linear GMSim



▪ Soil nonlinearity can both amplify and de-amplify 
seismic intensity measures relative to linear 

▪ Nonlinearity should be incorporated into simulations 
pending research 

‣ regional soil metadata 
‣ parametric studies for specific applications

Observations

▪ Nonlinearity can be incorporated into simulations

Simulation type Linear Nonlinear
Maximum frequency (Hz) 8 8

Simulation time (sec) 30 30

Minimum element size (m) 3.1 3.1

Number of elements (billions) 6.6 6.6

Time increments (sec) 0.0005 0.0005

Number of cores 22400 28672

Wall clock (h) 4.7 33.3

a = 3D Nonlinear GMSim, b = 3D Linear GMSim
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