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Outline / Key Concepts

Introduction
« Seismic Stability Analyses in a Risk-informed Framework

Deterministic Seismic Hazard Analysis (DSHA)
« Ground Motion Analyses: Basic Components
* “Worst-Case” vs. “Reasonable”

Probabilistic Seismic Hazard Analysis (PSHA)
» Seismic Source Characterization (Areal Sources, Fault Sources)
 Estimating Expected Strong Ground Motions
» Developing Seismic Hazard Curves
» Source-specific Contributions to Hazard
« Ground Motion Time Histories




Seismic Loading in Risk Assessments: PFMA Event Tree

Use Newmark analysis to elicit nodal
probabilities. No drain efficiency on

sliding place. Uplift changes based on
loss of base length.

.displacementtotopple_‘ FUII Breach

3D effects not enough to resist
sliding and duration of EQ enough
that displacements cause toppling
of monolith section.

{ displacement > 20 ft Hpa rtial B reaCh

Seismic Input

Evaluate probability that the Onset of Instability.
monolith will crack through. Internal plane cracks ‘ 4b
Base width at elevation 900 — through. '

is 83.95 feet.

- Post seismicinstability —<

displacement < 20 ft

Nofailure ‘

1.E+00

Evaluate stability of monolith
with upper and lower bound
of seismic hazard.

Seismic
Hazard

1.E-01

EQ Acceleration AEP

1.E-02

Same as A

Pool Duration

1.E-03 +

Internal Monolith Stability

Same as Above
1.E-04 +

1.E-05

Annual Exceedance Probability (1/yr)

AT Evaluate internal stability of
M_\ s .WrE””O monolith at elevation 900. 3

L e *" Acceleration (9)F—>
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Seismic Hazard Analyses
Deterministic (DSHA):

» Selects a few scenarios (magnitude, distance, standard dev. [‘epsilon™])

« For dams, typically “worst-case” earthquake (Max Credible EQ, “MCE”)
« Chooses largest expected ground motion from selected scenarios

Probabilistic (PSHA):
» Considers all scenarios (magnitude, distance, epsilon)
« Computes the rate of every scenario

« Combines rates of all scenarios and selected ground motion thresholds to
evaluate probabilities of exceedance of strong shaking




Ground Motion Analysis:
Basic Components

Source Effects
Path Effects
Site Effects

Fault Trace

r Epicenter
f'::: r] -- _}I.
s "t

Magnitude
Type of Slip
Occurrence Rate

Fault Plane Rupture Surface Hypocenter




Ground Motion Analysis:
Basic Components

Source Effects
Path Effects
Site Effects

Fault Trace

r Epicent
f'::: r] -- _}I.

er
s .

Path Geology
Propagation Direction

Source-to-Site
Distance

Fault Plane Rupture Surface Hypocenter




Ground Motion Analysis:

Basic Components

Source Effects
Path Effects
Site Effects

Site Class Generalized Description V100 (ft/s) V3 (m/s)
A Hard Rock >5,000 ft/s >1,520 m/s
B Rock 2,500 to 5,000 ft/s 760 to 1520 m/s
C Very Dense Soil/Soft Rock 1,200 to 2,500 ft/s 360 to 760 m/s
D Stiff Soil 600 to 1,200 ft/s 180 to 360 m/s
E Soft Clay Soil <600 ft/s <180 m/s

ll F Requires Site Response Analysis
r——

Gy

Site Class
Basin Effects
Ridgetop Effects




Peak Acceleration

Uncertainty
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Ground Motion Analysis:
Basic Components

Ground Motion Prediction Equations (GMPEs)
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CISN Peak Ground Acceleration vs Distance
American Canyon Earthquake of 24 Aug 2014, 6. 0Mw
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Ground Motion Analysis:
Basic Components

Ground Motion Prediction Equations (GMPEs)

A . . -
. Uncertainty Given GM varlab_lllty,
— in Attenuation what ground motion

S = should be selected as
g - a deterministic

= "*\: Magnitude M, maximum??
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Deterministic Approach:
Variability in Ground Motion Prediction

Cgrr:m(irégtz’&(lctic;: ) QR
elecC median E “worst-case™? =2.0 g .
or 84th-percentile o H it 1
ground motion level  ©s :
| !
But “worst-case” - i
ground motion will g HE— i
exceed these e :
selected values g :
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Number of Std Dev
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Probabilistic Seismic Hazard Analysis (PSHA)

Considers all possible EQs and all possible ground motion levels
« Computes rates for each EQ/GM scenario

« Ranks scenarios in order of decreasing severity of shaking, using specified
spectral acceleration

« Sums all rates of scenarios having ground motions above a specific level
Results in site-specific seismic hazard curve

Form of Hazard Calculation, with explicit treatment of ground motion
aleatory variability (M, R, €):

nSource
v(iSa>z) = X N;M_ )] T £, (M) fri(r.M) f2(e)P(Sa >z |m,R.&) dedR dM
=1

i= MReg




Seismic Source Characterization
Areal Source Zones (Background Seismicity)

Rate of activity from historical and
Instrumental seismicity catalogs

Log N(M) = a - bM

 Within seismotectonic zones,
assume spatial homogeneity for
specified grid size

» Calculate a- and b-values in G-R
relationship for each grid cell

Accounts for earthquakes on
unidentified faults Magnitude M

Maximum magnitude
» Western US usually assume M_, ~ 6.5
» Central_Eastern US assume M_, ~ 8

Recurrence relationship
(Gutenberg and Richter, 1944)
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Regional Seismotectonic Zones
(example: Central and Eastern US)

Explanation
: Seismotectonic zones (1)
CEUS independent catalog (E[M]) (1)
<3
3-3.99
4-499
5-5.99

>6

Cumulative Numbar of Annual Eventsikm?

1E-006
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Magnitude  Tima

3.00 3.50 1980-2003
3.50 4.00 1964-2003

N=207 &
Log N =-1.53 - (0.81+ 0.1+ M, :
Area = 51,292 km? |

CEUS-SSC
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Regional Seismotectonic Zones
(example: Central and Eastern US)

2014 NSHM CEUS catalog zones

PR T S R ' i .u‘-_I e L PR
f - =
N c7 -
e ' (1980,1920,1850) . —
5001 | : T -
L .
Cal
Te T
(1960.1900,1850)
40° - ©oh E . L -

c7 i
(1980,1920,1850) -

TRTMENT OF Thz
o vEET 5
m ( aliddse. 16

BUBERY o AEcuATIR—~




—GERARTEN OF TR
< "

BUBEAY 0 pEcLAMAT

Seismic Source Model: Faults




Cascadia Subduction Zone Seismic

Sources
Ductile Zone Locked Zone Crustal Source
Intraslab Earthquakes Interface Earthquakes Earthquakes

M,, from ~5.0-7.5 M,, from ~8.0-9.2 M,, from ~5.0-7.0

Pacific Plate » Juan de Fuca Plate
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Source Characterization Logic Tree (example)

Thickness

Orientation

Source Characteristics

Magnitude

&

(0.

Recurrence
Method

Recurrence

Recurrence
Data

Annual
Model
6

*

90 deg Dip
/ (0.5)

6.9

(epistemic uncertainty)

Logic trees allow PSHA to
capture uncertainty in knowledge

7.3

i
(0.45)

(0.3) -

Frequency
1

Temporal (Recurrence)

Recurrence 2 Earthquakes
in 2.1=3 kyr
(1.0)

Inlervals

(1.0)

Poisson

a.1)
7.4

(0.05)

(1.0)

—

(0.1}
= Earthguak
5 arthquake
(0.45) Recurrence Time to
® 4 6.9 Intervals Previous Cycle Poisson
Quaternary —— - - @ -
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T— ,—. 3
(0.1)
7.4
(0.05)
b.6
(0.1)
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Trace — 6.
i NBOW Strike 0.25) Earthquake
(0.1) Random 80 to (0.45) Recurrence 2 Earthquakes
15 km 40 deg SW Dip 6.9 Intervals in 2.1-3 kyr =
L g o i B O i
(0.5) (1.0) (0.3) (1.0) (1.0)
Randem _ =
in Zone OKA Zane 7.3
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7.4
(0.05) *see Tables 6.1.4—2 and 6.1.4-3
CEUS-SSCn (2012) Meers fault, Oklahoma 1%
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PSHA: Ground Motion Prediction Equations (GMPE)

Examples of GMPEs for two magnitudes, with schematic uncertainties
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Typical current practice uses “ergodic” models:
* USGS (2014) for screening and regional analyses
* NGA-West2 or NGA-East for site-specific analyses

Research moving toward “non-ergodic” models

Estimating Expected Strong
Ground Motions using worldwide
empirical databases
“Next Generation Attenuation”
equations
 Western US: “NGA-West 2"
« Central + eastern US:
‘NGA-East” (Sept 20177?)
« (Cascadia Subduction
Zone: “NGA-Cascadia”
(20187?)




USGS (2014)
National Seismic Hazard Mapping Project

EXPLANATION
Peak acceleration, expressed as
/| afraction of standard gravity (g}

0.8
0.4
0.3

0.2
0.14 E Areas where suspected nentectonic

earthquakes have been deleted

0.1

0.06
0.04
0.02
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USGS (2018) — PRELIMINARY RESULTS
National Seismic Hazard Mapping Project
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USGS (2018) — PRELIMINARY RESULTS
National Seismic Hazard Mapping Project
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USGS (2018) — PRELIMINARY RESULTS
National Seismic Hazard Mapping Project

Comparison of 5 Second Total Mean Hazard for Seattle, WA (47.6, -122.3)

NEHRP Site Class D (V¢ = 260 m/s)

107"

Annual Frequency of Exceedance

WUS Amplification:
Basin models for
SF, LA, UT, WA

0@ 2014 NSHM - Default
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2018 NSHM - Seattle07 | |
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5 Second Spectral Acceleration (g)

10°

48

47

-123° -122°

A (2018 — 2014)

S ammm——
L L L

-0.50 -0.40 -0.30 -020 -0.10 -0.05 005 0.10 020 0.30 040 0.50

Difference

-123° -122°

(2018) / (2014)

S mmm——
L

033 050 0.67 080 090 095 105 110 125 150 200 3.00

Ratio

RRTWENT OF THE
< pEPAT ” Wrez; 53
m (-l
Bty o pecLMATER




USGS Seismic Hazard Website Tools

| 400 Table 5.1 Peak Horizontal Ground Acceleration Summary (USGS 2014)
E+00 +
' Btk Return Period PGA
(years) (9)
Operating basis earthquake (OBE) 144 0.01
1.E-01 + Maximum design earthquake (MDE) 950 0.03
. for “non-critical” structures
IBC “maximum considered earthquake” 2,475 0.05
Intermediate earthquake 4 950 0.07
| E02 ICOLD Bulletin 72 (2010) earthquake 10,000 0.10

Important Note:

Mean hazard curve USGS website tools acceptable for regional
USGS NSHMP (2014) hazard screening and Periodic Assessments

1E-03 +

Annual Exceedance Probability, AEP

Hazard estimates not acceptable for critical

1E-04 4 AEP= 1/10.000 decisions or engineering design
Detailed analyses required for high-level risk
AEP= 1/100.000 assessments and design
1.E-05 e e : . .
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

PGA =0.1 29 Peak Ground Acceleration, PGA (g)
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Site-Specific Seismic Hazard Curve

10"

I I | I
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Total Mean Hazard

I I

144 yr
84th Percentile of }
MCE ground N
motion 475 yl':

~ 2,475 yr-

Annual Frequency of Exceedance
3
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0.25
Peak Ground Acceleration (g)

T
100,000 yr’

10

10,000

100,000

(s1e8h) pouad uiney
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Site-Specific Probabilistic Seismic
Hazard Analysis (PSHA)

For design
» Operating Basis EQ (OBE, 144 yr)
« MCE GM (50t or 84 percentile)

For risk assessment




Peak Ground Acceleration (g)

Example: Seismic Loading

o
00

Exceedance interval

Partition PGA —t—
0.7
0.6
0.5
Non-Exceedance S .
0.4  Interval Partition Probability
0.3 l'L\ =Continuopis
0.2 —Discrete Approximatign
1 2 3 4 5
0.1
1 0.1 0.01 0.001 0.0001

Annual Chance Exceedance

These partitions are mutually exclusive

27

1-0.5=0.5

0.5-01=04

0.1-0.01=0.09

Earthquake

0.01 - 0.001 = 0.009

0.001 -0 =0.001

> (partition probabilities)= 1




Si

te-Specific Seismic Hazard Curve: Fault Contributions

Annual Probability of Exceedance

R =

San Andreas

CRESB

Kern Canyon

White Wolf

Garlock

Pigeon Cresek Lineament
Success Valley Lineament
Rag Gulch

Central Coast Background
Central Valley Background
Owens Valley Background
Sierran Foothills Background
Total Mean Hazard

Other less significant sources
shown are not listed

10

100

Total Hazard Curve

« Shows sum of all
contributing sources
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o
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2016 Update
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= * U5GS 2014
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Peak Acceleration (g)

1 1.2




Site-Specific Seismic Hazard Curve: Fault Contributions

De-aggregation Plot

 Shows distance
and magnitude
characteristics of
specific sources

* |[dentify primary
contributors to
hazard

« Use for selecting
historical GM
records while
developing GM
time histories
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Portland 122.677° W, 45522 N.
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9.00, Oto | sigma (from peak R|M.g MegathrUSt
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BaCkground Deep - Important Note:
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| [ ot .
Sy I :L.. _:'1'. - I Hazard estimates not acceptable for
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Uniform Hazard Response Spectra

Latitude: 36.92851 Longitude: -90.28381

n_?5‘1£

200 The problem for complex structural analyses:
. 1% in 50 yr (4,975 yr) UHRS usually represent expected ground motions
2% in 50 yr (2,475 yr) from several different seismic sources
- 5% in 50 yr (975 yr) Not always representative of spectral accelerations
5 from sources that contribute most to certain
§ 1 20% in 50 yr (225 yr) spectral periods at a site
3 For example:
§ 1.00 « ”
=
:

0.50

0.00 0.25 0.50 0.75 1.00 125 150 175 200
Period (sec)

30



http://geohazards.usgs.gov/hazardtool/application.php

Conditional Mean Spectra (CMS)

“Composite” response spectrum obtained from multiple source-specific EQs
» Conditioned on peak response for a specified target spectral period (i.e., 0.3 sec)
» Target spectral period: typically chosen as the critical period of a structure

The sticky parts:

« Critical periods for structures rarely known

« Structures may have nonlinear behavior

« Many potential critical periods should be
considered

« Central range of response periods may be
best depicted by UHRS

 CMS can also be applied outside this
central range of response periods

ARTHENT OF TH,
Bunzay or pEcLAmAION

Spectral Acceleration, g

3.0

N
o

CMS Target Spectra, Tc=0.5 Sec.

: Total UHS

\

0\

— 10k UHS

- Crustal CMS
—— Interface CMS
——— Intraslab CMS

—_—
o

0.0

Target Spectra
for Each Source

0.01

0.1 1
Response Period, sec.




Ground Motion Time Histories
Using only PGA from PSHA neglects timing and duration of strong shaking

Instead, use ground motion records from actual EQs
« Similar to expected EQ at the site
« De-aggregate hazard to understand main contributors and types of EQs

“Scale” the history of expected ground motion to fit site hazard
« Scaling vs. Spectral Matching
« Select several historical earthquake records with comparable magnitude,
shaking duration, fault type, basin effects, etc.

Suites of time histories should be developed for multiple return periods

Needed for dynamic stability analyses (FLAC, SHAKE, or LS-DYNA)




Ground Motion Time Histories

De-aggregation Plot

 Shows distance
and magnitude
characteristics of
specific sources

* |[dentify primary
contributors to
hazard

« Use for selecting
historical GM
records while
developing GM
time histories

% Contribution to Hazard

7o

&

% Contrbution fo Hazand

PSH Deaggregation on NEHRP BC rock 475 yr

Portland 122.677° W, 45522 N.

FPeak Horiz. Ground Accel.>=0.1990 g
Ann. Exceedance Rate 214E-02. Mean Return Time 475 years

Mean (R.M.g,) 39.3 km, 7.24, 0.35

Modal (E.M.g.0= 89.7 km

9.00, 0.08 (from peak R M big

Crustal Faults,

9.00, 0to I sigma (from peak
tah=0.2, Dieliag=1.0

fos

RMLE

Cascadia
Megathrust

&

4

Background

Deep
Intraslab
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Ground Motion “Seed” Time Histories

For comparable
hazard-driving
seismic source:

Similar source
type, magnitude,
distance, and
site conditions

« |dentify reliable
historical GM
record(s)

» Scale or match
historical record
to target
spectrum
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Spectrally Matched Motion
Seed Time History

Time (sec)

Time History Spectrally-Matched
to Horizontal Short-Period CMS Conditioned
to 9,950-Year Return Period UHS,
Crustal Source
1999 Chi-Chi-05, Taiwan - HWAO035 (N)
Bonneville Dam - South

Spectral Acceleration (g)
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0.01

0.001

[

0.01

0.1

Period (Sec)

Target - Short-Period CMS Conditioned to 9,950-YR UHS
Spectrally Matched Time History

Scaled Seed

Response Spectra for Time History

Spectrally-Matched to Horizontal Short-Period CMS

Conditioned to 9,950-Year Return Period UHS,
Crustal Source
1999 Chi-Chi-05, Taiwan - HWAO035 (N)
Bonneville Dam - South




Ground Motion Time Histories

-k
@

Spectral Acceleration (m/s"2)
N
o

T
10,000-yr scenario
earthquake

Vertical

Spectral matching method
provided good fit to target spectra

1
Dashed lines = target spectra

Solid lines = spectra of matched
synthetic records for scenario EQ

Horizontals
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0.1
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Seismic Loading in Risk Assessments: PFMA Event Tree

Use Newmark analysis to elicit nodal
probabilities. No drain efficiency on

sliding place. Uplift changes based on
loss of base length.

.displacementtotopple_‘ FUII Breach

3D effects not enough to resist
sliding and duration of EQ enough
that displacements cause toppling
of monolith section.

{ displacement > 20 ft Hpa rtial B reaCh

Seismic Input

Evaluate probability that the Onset of Instability.
monolith will crack through. Internal plane cracks ‘ 4b
Base width at elevation 900 — through. '

is 83.95 feet.

- Post seismicinstability —<

displacement < 20 ft

Nofailure ‘

1.E+00

Evaluate stability of monolith
with upper and lower bound
of seismic hazard.

Seismic
Hazard

1.E-01

EQ Acceleration AEP

1.E-02

Same as A

Pool Duration

1.E-03 +

Internal Monolith Stability

Same as Above
1.E-04 +

1.E-05

Annual Exceedance Probability (1/yr)

o 8 Evaluate internal stability of
M_\ é o .WrE””O monolith at elevation 900. 36

L e *" Acceleration (9)F—>
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