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Outline

e Seismic Loading Failure modes
* Technical background: plate tectonics, types of faults

e Strong ground motion analysis

— Seismic source characterization: fault source, areal sources
— Attenuation (GMPEs)
— De-aggregation plots

— Site response: hazard curve, time histories, CMS

Fault rupture hazard
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Seismic Failure Modes of Dams

e Sliding and cracking — concrete dams
e Liquefaction of foundation

e Embankment deformation and loss of
freeboard

* Cracking of embankment leading to pipi
~* Fault displacement of dam '




Lower Van Norman Dam February 9, 1971

M 6.6 earthquake at about 14 km =0.5¢g




Van Norman Dam pre and post earthquake
cross sections
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1999 M7.6 Chi-Chi Earthquake, Taiwan
Shih-Kang Dam “rupture”
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2011 M9.0 Tohoku Earthquake, Japan

GEER 2011 (photos: Kelson)
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General Dam Performance

Dams generally
performed well with
minor or moderate
cracking occurring at
embankment dams.

-~~~ Projection of fault surface
é%% (NIED Fault Model)

e Concrete gravity o concrete arch  m Rockfil o Earthfill
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Fujinuma Dam — View of Breach of Main Dam from Left Abutment
(April 23, 2011)




View of Upstream Side of Failed Auxiliary Dam
Rapid Drawdown Following Failure of Main Dam?
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Collapse of Approach Road and Levee Fill
on Naruse River Right Levee, River Kilometer 30.0
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Drawing Depicting Major Levee Damage along Naruse River

Due to Earthquake-Induced Foundation Liquefaction
(from MLIT, 2011)
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Aerial View of Treated and Untreated Levee Reach along
Naruse River Right Levee at River Kilometer 15.0 - 14.7
(adapted from Google Earth 2011)

Previous Foundation
Treatment
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View of Treated and Untreated Levee Reach along Naruse
River Right Levee at River Kilometer 15.0 - 14.7




Right Levee Naruse River, Miyagi Prefecture
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Earthquakes 101

Earthquake!
* Release of energy and rupture of Earth’s crust (measured via magnitude)
Radiating waves felt at ground surface (measured via intensity)
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Earthquakes 101

View into
the Earth
along the
fault of the
December 2003
earthquake. Arrows
show how much each patch of
fault moved. The largest movement

mﬁ% was 9 feet. [Chen Ji, UC Santa Barbara]
(RS /0,?

white patches
did not slip
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Plate Tectonics: The Process That Drives EQs
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USGS (2014) NSHMP
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Reclamation Dams

Quaternary Faults




Normal Reverse
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Types of Faults

Strike-Slip Subduction Zone
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Normal Fault Rupture

Station 41.7in
Stten T-1
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Two ruptures within 4,000 yrs
Holocene slip rate 0.2-0.4 mm/yr
East-down normal displacement




Strike-slip Faulting
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Example: Strike-slip Faulting

Narrow zone of surface faulting from two well-defined, linear segments of strike-slip
ruptures: (a) right lateral offset from the 1906 San Francisco earthquake northwest of
Olema (Lawson, 1908) and (b) right-lateral offset from the 1999 Kocaeli earthquake
(Turkey). (from Bray and Kelson, 2006)
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Example: Strike-slip Faulting
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Figure 6. (a) Map of fault-trace across old dam between Upper and Lower Crystal Springs
fence line of:

Lakes (Schussler, 1906). (b) Photograph looking southwest across dam crest, showing

fset (Schussler, 1906). (from Bray and Kelson, 2006)
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Example: Strike-slip Faulting




Example: Strike-slip Faulting




Example: Strike-slip Faulting




Reverse Fault Rupture
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Primary Fault Rupture

: Moderate Variable
Variable Severe i clight damage form
damage from strong building building strong ground
ground motion damage damage motion
- »le— | —>| = >
Uplift,
Folding, & e
Bulldozing | :
1||l L i
B e el il «— Qriginal
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<t Footwall
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Primary Fault Rupture




Purpose of Seismic Hazard Studies

Develop probabilistic earthquake loadings for
dam stability analyses

— |dentify earthquake sources
— Characterize activity rates and magnitudes
— Estimate ground motion exceedance rates

— Develop probabilistic time-histories
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Ground Motion Analysis

Seismic source characterization

Deve
Deve
Deve

Deve

opment of hazard curves
opment of uniform hazard spectra (UHS)

opment of target response spectra
opment of scenario ground motio




Fault Sources

 Geologic, geomorphologic, paleoseismologic data

e Develop rate of earthquake activity, inferred from
— Slip rate and simple fault model and/or
— Site-specific rupture chronology

e Fault model properties
— Geometry (location, length, dip, down-dip extent)

— Sense of slip (strike slip, normal, reverse)
— Segmentation — rupture scenarios

j\RTMENT (0]3 THE
5 VEges
" VT

BUREAU oF mecLAMATION



ource Characterization Logic Tree

Localizan , Seds e arthquak ME
n or OQut G _zg Source i Rupture RLME Recurrence | Recurrence ko e o
of Cluster hiiopia Ceometr Crenehs Orientation M ived Method Dat REpilrranae SIS o
el Feature CERTRY Thickness B HETlES ; 22 Model Frequency
6.6
Earthquake
Recurrence 2 Earthquakes o
90 deg Dip Inlervals . in 2.1=3 kyr_ Poisson
(0.5) (1.0) (1.0) (1.0)
ISikm:
(0.5)
Quaternary (0.05)
Trace (0.5)
5 S0 deg Dip
10:8) (1.0) Extended - {b si' - 6.6
Trace :
(0.1)
Earthguake
Recurrence Time to
Intervals Previous Cycle Poisson
Queternary - ® —
Trage (1.0) (1.0) (1.0}

Extended
Trace

©.1)

(1.0)

*see Tables 6.1.4—2 and 6.1.4-3

NEOW Strike Earthquake
(0.1) Randem 90 fo Recurrence 2 Earthquakes
15 km 40 deg SW Dip b Intervals in 2.1-3 kyr_ Poisson @
(0.5) (1.0) . (1.0) (1.0) (1.0)
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Source Characterization Logic Tree

SOURCE
GROUND MOTION SEISMIC GEOMETRY MAXIMUM EARTHQUAKE SLIP RATES
PREDICTION MODELS SOURCES (Rupture Length, MAGNITUDE RECURRENCE
Seismogenic Distance, MODEL
and Dip)
Colby Pass Fault
Farewell Fault
Chiou and Youngs(2014)
(0.25) Rag Gulch Fault M-0.3 Characteristic . (See Tables 1 and 2)
0.7 -
Kern Canyon Fault
Abrahamson et al. (2014) See Tables 1 and 2 for
(0.25) White Wolf Fault rupture scenarios, segmentation M (See Table 1)
= fault rupture length, (0.6)
seismogenic depth, and dip.
Campbell and
Bozorgnia (2014)
(0.25) SHE AR SR E M+ 0.3 Maximum Magnitude
(0.2) ©3
Boore et al. (2013)

{0.25)
Background
earthquakes
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Earthquake Recurrence Models

Recurrence Models

Truncated Characteristic Maximum
Exponential Connorarat 1985 Magnitude
£ £ E
z z z
= =]
g § g




Areal Source Zones
(Background Seismicity)

e Accounts for earthquakes on
unidentified faults
Truncated

e Maximum magnitude Exponential

— Western US, usually assume M ~ 6.5
— CEUS usually assume M ~ 8

(New Madrid Seismic Zone, now M77?)

Log N(m)

ARTMENT OF THE
5 VEges
T G




Background Seismicity Zones: Example
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Regional Seismotectonic Zones in the

Central and Easter

n US

Explanation
[ seismotectonic zones (1)
CEUS independent catalog (E[M]) (1)

<3
3-3.99
() 4-4.99

() s5-599
O »s

Source: 1. CEUS SSC Project

Base map: GEBCO_08 Grid
(BODC, 2009)
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Scenario-based DSHA

 Goal: Estimate range, center, and body of values

 Deterministic SHA required by state regulation,
but PSHA process still used to estimate Mmax

* Consider all reasonable fault geometries to
evaluate the range of magnitudes

* Interpret likely Mmax from range of cases
DSHA ground motions derived from Mmzg
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Seismic Source Model

C7 B T P

San Francisco Bay

Explanation
Active fault Conditionally active fault
Slip rate category Slip rate category ® Fault source bend
Very high (= 9 mm/yr) Low to moderate (£ 0.1to 1.0 mm/yr) e Fauit source end point
High (1.1 to 9 mm/yr) -
Moderate (0.1 to 1.0 mmiyr) Categories from DSOD, 2002 % SCVWD dam locations
Low to moderate (= 0.1 to 1.0 mm/yr)

NIRRT I TNING TR B A

@ Fault source alternative end point
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Criteria for Assessing Seismogenic Potential
and Calculating Rupture Width

Master fault
(strike-slip)

Land surface

Dependent fault
(reverse, oblique)

8 km cut-off depth

45

Frictional crust (stick-slip)

Base of seismogenic zone

/
7

/

Nucleation depth, M, > 5.5

Ductile crust

SNBUREAY oF pEcLAMATION

/

Ductile crust (creep)

Triggered slip

———— |ndependent source or triggered slip \j



Mmax calculations for Active faults

Stanford-Monte Vista Fault Sargent Fault
6
5 100% 1 L 100%
> & o
c 4 80% X s 3 - 80% °
1)
S 3t | 60% 2 5 | 60% 2
L Mmax = 6.7 g T | 409 3
2 1 +40% E 1 €
& | L 20% O
1+ + 20%
60 62 64 66 68 TO0 72 T4 _00/0
L I i L L L 0, R . = g & % % H
? 60 62 64 66 68 70 72 74 B Magnitude
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Carnadero Fault Evergreen-Warm Springs Fault
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60 62 64 66 68 70 72 74 60 62 64 66 68 70 72 74

Magnitude Magnitude

Mmax = Median magnitude + one standard deviation
ARTMENT OF THE
5 pEP 'WTE,?/

" alPlbd o

BUREA oF RECLAMATION



Ground Motion Prediction Equations (GMPE)

Examples of GMPEs for two magnitudes, with schematic uncertainties

Distance (Km) Distance (Km)
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Site Response

Ground motion prediction egns depend on site conditions

— Soil column response - characterized by shear wave velocity
(V<30) — shear wave velocity in upper 30 m

— Shallow basin response — characterized by depth to 1.0 or 2.5
km/s layer depth

Determined by geophysical exploration

Site Class Generalized Description V100 (ft/s) V30 (mfs)
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

Very Dense Soil/Soft Rock 1,200 to 2,500 ft/s 360 to 760 m/s

Stiff Soil 600 to 1,200 ft/s 180 to 360 m/s

Soft Clay Soil <600 ft/s <180 m/s

Requires Site Response Analysis

SNBUREAY oF pEcLAMATION



Probabilistic Seismic Hazard Analysis

Determine rates at which specific peak ground motions are
exceeded (PHA, PHV)

* Include contributions from all potential earthquake
sources

* Incorporate rate and magnitude of all earthquake sources
Technical Input
— Paleoseismic and historical seismicity data
— Empirical reIatlonshlps between ground motior




PSHA Fundamental Premise
Rate(loading ) = Rate( EQ)xPr(loading | EQ)

e Loading rate < Earthquake rate
e Loading return period > Earthquake return period

e Earthquake rate = loading rate, for loadings = 0.
means the y-intercept of hazard curve provi




PSHA Principles

 For multiple independent earthquake sources,
the total loading rate is just the sum of the
rates of the individual sources

e Rates are additive

* Loadings are not additive

— Loading considering all sources is deterr
from the total loading r

BUREAU oF mecLAMATION
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Peak Horizontal Acceleration Hazard Curve
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Peak Horizontal Acceleration Hazard Curve
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Peak Horizontal Acceleration Hazard Curve
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Seismic Hazard Curve
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Uniform Hazard Spectrum

* Provides the response spectral acceleration at
a specified return period as function of
spectral response period

e Same hazard, e.g. 1 in 10,000, for all response
periods (uniform)

e Determined by reading values fror
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Uniform Hazard Spectra

Latitude: 36.92851 Longitude: -90.28381

200
B BCc20%
B BC50%
L B BC100%
BC 20.0 %

150 BC 1.0 %

Spectral Acceleration (g)

1.00
Period (sec)

0.75
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http://geohazards.usgs.gov/hazardtool/application.php
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Uniform Hazard Spectrum
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Target Spectra and
Conditional Mean Spectra (CMS)

e For risk analyses, realistic scenario earthquakes must be
generated at a range of specified return periods, and this
requires generating target response spectra

e UHS is not a realistic target response spectrum
— Not the response spectrum of any actual earthquake

— Actual earthquakes often have a peak at one spectral
period, but the level tends to diminish away from the peak
period

— Unlikely for an actual earthquake to have peaks at all
spectral response periods

— UHS sets the envelope of the set of target spec
specified return pen o .
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eismic Source De-aggregation

FSH Deaggregation on NEHRP BC rock
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Conditional Mean Spectra

Response spectrum obtained from actual earthquakes
conditioned on the peak response occurring at a
specified target spectral period

— Typically chosen as the critical period of a
structure (as known or approximated)

Critical period for a particular structure is rarely
— Structures may have nonlinear beh |
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CMS Target Spectra, Tc=0.5 Sec.
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Spectral Acceleration, g

CMS Target Spectra, Tc=0.75 Sec.
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CMS Target Spectra, Tc=1.5 Sec.
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Time Histories

e For dynamic analyses, ground motion time histories
(velocity or acceleration) are developed for a set of
return periods (typically 1,000 to 50,000 years)

e Suites of time histories are developed for each return
period to represent the intrinsic variability in
potential ground motions of future earthquakes
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Time History Development

A PSHA does not necessarily provide all important
earthquake characteristics for engineering analyses,
for example -

— Duration of shaking

— Timing and phasing of peak ground motions

e This limitation is partly addressed by selecting records
of historical earthquakes at similar magnitudes and
distances, and then modifying those records to be
consistent with the hazard calculated from the PS

e |n order to do this, the total hazard must be
dlsaggregated to flnd the mag
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The Other Seismic Loading: Surface Fault Rupture

Dams in the US have been built across active faults,
sometimes knowingly.

Coyote Dam
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Lake Isabella Auxiliary Dam

E

Active: I\'/Iuiftiple_ -_

*Maximum magnitude: M,,7.5 (distance = 0 km)
sEast-down fault displacement

. *About 45 m wide beneath right abutment
} e 4 Estimated max displacement: 2.1 m (6.8 ft)
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Fault Rupture Characterization

Active Fault Strand Location

Width of Surface Deformation

Amount of Surface Deformation

o e TW \

— Primary Fault Rupture

— Secondary Deformation

Sense of Slip
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Fault Characterization: Kern Canyon Fault

ocal Site Data

Two paleoseismic trenches
(16-ft-deep, 350-ft-long)

Eight shallow soil borings up to
. 40 ftdeep

Multiple geotechnical
boreholes on dam crest and
abutment

I‘iha . . D_a:m Con

Undifferentiated
—~ L
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Four fault strands (two active), slightly asymmetric tectonic basin

WEST DAM STATIONING (feet) EAST
A 52+00 54400 56+00 58+00 60+00 A'
| | | | | | | | | |
2600~ ~1F-331
BAR-B-51 rBAR-B-8!
BAR.s.gPWHT o S .-}L. T
R 2F-07-28 [ PeFrosz o
DIORITE CPT-05-16 - e BAR-B7! 7 i r2F-06-01
; ‘ 2F-05-02 CPT-05-204  2F-07-17 CPT-05-21
2550 { [
EPTBE L o IR VIS S R T T —my e B SRl (i R T | [ e R W o
£
s |G - = = R — 3l A [ . s
[=]
E
£
: | F
g nea s m
i GRANODIORITE/ ‘, P
o 2450 QUARTZ | m
: sl
: 1z
12
i = .
s o GRANODIORITE b
) sl A r 1
] 11 1
] 1ol 1
0y l“‘ ® :
1 ) -
2400 N t A
= . g
\ . \ , Down-to-the- east normal sense
| ‘l ‘ ‘l GRANITE .
1 St :
TP \ of dlsplacement
sl 1 1
1 1 1 Continues to 2293 elev.
2359 r | — : ¥ ; . .

BUREAU oF pecLAMATION



F

ault Characterization: Kern Canyon Fault

i Two active fault
strands, 50 ft apart

Secondary deformation
between two primary
strands

Tectonic displacemer
In 150-ft-wic

—iy
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racterization: Kern Canyon Fault

Fault Ch

BUREAU oF ReCLAMATION

Two primary zones
(Fault A and Fault B)

Secondary zones of
faulting and tilting

Zone of deformation: 45
m (150 ft) wide

East-down displacemn

Probable ma:

| C




From Characterization to Design

30.0 ‘ ‘
=<~ Minimum Displacement

55 0 «@m=Average Displacement .
----Maximum Displacement /',

20.0

Normal Fault Rupture Displacement (ft)

-

_'.-4

5.0-5.5 5.5-6.0 6.0-6.5 6.5-6.75 6.75-7.25 7.25-7.50 7.5-8.0

Moment Magnitude Range (Mw)
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From Characterization to Design

----Minimum Normal Fault Offset (ft) - Wells and Coppersmith (1994) Empirical Approach for Risk Evaluation
g == »/verage Normal Fault Offset (ft) - Wells and Coppersmith (1994) Empirical Approach for Risk Evaluation
‘2 — - Maximum Normal Fault Offset (ft) - Wells and Coppersmith (1994) Empirical Approach for Risk Evaluation
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From Characterization to Design

20" wide aggregate base

T R\prapover FSORURRN USRS N

16" Bedding ‘
: 12" Cobbles over 8" of Bedding Material
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1.5' Filter 2,
5 Drain,
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Summary

e Seismic loading failure modes
* Technical background: plate tectonics, types of faults

e Strong ground motion analysis

— Seismic source characterization: fault source, areal sources
— Attenuation (GMPEs)
— De-aggregation plots

— Site response: hazard curve, time histories, CMS

Fault rupture hazard
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